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Current distribution and status of the Persea mite Oligonychus
perseae infesting avocado trees in Morocco

O. Tounia'?, A.Boutaleb-Joutei', N. Haddad?, A.El Gada* R. Lahlali' and M.C. Smaili**

Summary Surveys to assess the current distribution and status of the Persea mite Oligonychus perseae
Tuttle, Baker and Abatiello (Acari: Tetranychidae) and its natural enemies were conducted in 85 avoca-
do orchards in north-west Morocco between October 2023 and October 2025. The mite was recorded
on leaves in several orchards with low to high infestation while it did not occur on the fruits. A morpho-
logical identification of O. perseae is provided, based on Moroccan specimens. Currently, O. perseae is
not causing economic damage to avocado fruits in Morocco, but its establishment in new areas with-
in the country and the increase of its population on leaves may constitute a threat to fruit and yield in

commercial avocado cultivation in the future.

Additional Keywords: Hass variety, Integrated pest management, monitoring, Morocco

Introduction

In the Mediterranean region, Morocco is a
significant producer and exporter of fresh
fruits of avocado (Persea americana Mill.). In
the last decade, hectares of avocado culti-
vation area in the country have significantly
increased due to rising consumer demand,
mainly from European Union countries. De-
spite water scarcity in the country, avoca-
do production area expanded to approxi-
mately 11,770 ha with an annual production
of 116,207 tonnes of fresh avocados in 2024
(FAOSTAT, 2026).

Many sap-sucking pests attack this crop,
including mite species. Tetranychidae spe-
cies, can cause direct feeding injuries by
piercing and sucking out plant cell contents
from leaf and fruit surfaces. Oligonychus is
the largest genus in the family and based on
the orientation of the male aedeagus; it con-
sists of two subgenera: Oligonychus Berlese
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and Reckiella, Tuttle and Baker (Mushtaq et
al., 2023). Oligonychus Berlese is one of the
most economically important and largest
subgenus, with 211 species (Mushtaq et al.,
2021, 2024).

The Persea mite Oligonychus perseae
(Tuttle, Baker and Abatiello), is a known
major pest of avocado, especially in Cen-
tral America (EFSA et al., 2022). It is polyph-
agous, feeding on approximately 20 differ-
ent hosts in 17 botanical families (EFSA et
al., 2022; Torres et al., 2024; EPPO, 2026). Na-
tive to Central America, it was first described
in 1975 on intercepted avocado plants from
Mexico at a quarantine facility in Texas
(USA). Oligonychus perseae is the main cause
of economic damage in major avocado-
producing regions worldwide (Torres et al.,
2024). It is now widespread and has been re-
ported from North America (California, Flori-
da and Mexico), Hawaii, and Central America
(Costa Rica) (EPPO, 2026). Within the Euro-
pean Plant Protection Organization (EPPO)
region, O. perseae has been reported from
France (Auger et al., 2023), Greece (Bitsakis
et al., 2026), Israel (Maoz et al., 2011a), Italy
(Zappala et al., 2015), Morocco (Smaili and
Benyahia, 2018a), Portugal and Madeira Is-
land (Ferreira et al., 2006; Boieiro et al., 2013)
and Spain (mainland and Canary Islands)
(Torres et al., 2024). The Persea mite was in-
cluded in the EPPO alert list in 2003 and was
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then removed in 2008 (EFSA et al., 2022).

In Morocco, until late in the 2010s, avo-
cado groves were relatively free from major
insect pests. Since then, avocado produc-
tion has expanded into several new areas
within the country and subsequently sever-
al new pests were recorded starting in 2018
(Smaili and Benyahia, 2018 a,b; Boutaleb-
Joutei, 2019; Ait-Baddou et al., 2024; Smaili
etal., 2024; Haddad et al., 2025 a,b). Oligony-
chus perseae was first detected infesting av-
ocado leaves at Mnasra (Kenitra province) in
October 2018 (Smaili and Benyahia, 2018a).
Thereafter, no further studies or addition-
al details have been published, so very lit-
tle is known about its distribution within
the country. This study aims to provide a de-
scription of the current distribution and sta-
tus of O. perseae on avocado in Morocco. It
provides morphological diagnosis of the
species based on Moroccan specimens.

Materials and Methods

The survey for O. perseae was conducted in
western and northern region of Morocco,
where most avocados are grown, between
October 2023 and October 2025. In total,
85 avocado orchards were surveyed across
nine provinces (Fig. 1): Berkane and Oujda
(north eastern, Morocco), El Jadida (western
Morocco), Kenitra, Khemisset, Larache, Sale,
Sidi Slimane and Rabat (north western Mo-
rocco). Monitoring was conducted two to
three times in each orchard where ten trees
were randomly selected, and 20 leaves and
eight fruits were observed and examined
from each tree. Avocado leaves were col-
lected in small plastic bags and then care-
fully transferred to the laboratory for further
identification of pest presence. In addition,
the beating method (10 branches were beat-
en) was performed four times from each or-
chard (for each visit), using a white plastic
bag connected to a plastic funnel (20 cm in
diameter) to capture insects.

Natural enemies observed were also
collected for further identification to spe-
cies level. Total mites on the second major
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vein from ten avocado leaves that were ran-
domly picked from ten trees from each or-
chard. The infestation levels (%) were esti-
mated using the same formula as that used
in a previous study on avocado (Smaili et al.,
2024; Haddad et al., 2025b), based on the ra-
tio of insect-infested leaves (or fruits) to the
total number of leaves (and fruits) exam-
ined, multiplied by 100. Infestation levels
were categorized into four classes: absent
or rare when very few or no avocado mites
were found (0-<1%); low (1-<5%); moder-
ate (5-<10%); and high (10-100%). The aver-
age number of O. perseae on leaves was es-
timated using Machlitt's method (Machlitt,
1998). Samples of avocado leaves contain-
ing O. perseae were labeled and kept at 4°C
for subsequent identification.

Oligonychus perseae was identified by
Smaili and Benyahia (2018a). Identification
of O. perseae was conducted under a stereo-
microscope (Olympus SZX7, Japan) based
on the, morphological characters by Torres
et al. (2018), Mushtaq et al. (2021) and Auger
et al. (2023). Information on the pattern of
infested avocado leaves on which the mite
has been found facilitated species identifi-
cation. Photographs of mite and leaves in-
fested with O. perseae were taken in the lab-
oratory using a digital camera attached to
the same stereomicroscope.

Results and Discussion

Identification of Oligonychus perseae
(Tuttle, Baker and Abbatiello)

Macroscopically, O. perseae adult and
immatures are light-yellowish. Adult female
with oval-shaped body, slightly flattened
and elongated with two or three black spots
to metasternum (Fig. 2).

Microscopic specimens of O. perseae (n=
20) were identified with accurate descrip-
tion by Mushtaq et al. (2024). Female with 9
and 6 or 7 tactile setae on tibia | and Il re-
spectively (Fig. 2). Male ventrally bent part
of aedeagus short, with pointed tip. Female
with dorsal body setae slender, setae c1 and
d1 about three-quarters as long as distance
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Figure 1. Map of Morocco with inset showing sites studied between October 2023 and October 2025. Provinces (grey sol-
id square) sampled avocado sites (empty triangle), avocado sites with the current occurrence of Oligonychus perseae (Tut-
tle, Baker and Abatiello) (black solid triangle), avocado site with the first occurrence of the Persea mite during October 2018

(red solid circle). Credit 0. Tounia

between them, el reaching to bases of f1;
striae forming inverted V-pattern between
d1-f1 setae.

Biology

As other Tetranychidae species, O.
perseae has five developmental stages (egg,
larva, protonymph, deutonymph and adult
male and female) (Fig. 2). Feeding and re-
production activities occur in the character-
istic nests. Aponte and McMurtry (1997) re-

ported that the life cycle of the Persea mite
ranges from 34.9 days (at 15°C) to 9.8 days
(at 30°C). In this study, the average number
of nests built by a female was 12.17 at 20°C
and the greatest number of eggs per female
per nest was 5.20 at 25°C.

Occurrence, dispersal, damage, and eco-
nomic importance

Oligonychus perseae was recorded at sev-
eral of the 85 avocado surveyed groves in

© Benaki Phytopathological Institute
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Figure 2. Oligonychus perseae (Tuttle, Baker and Abatiello) in avocado. A. Habitus of adult; B. Habitat: avocado orchard; C.
Nymphal instars; D. eqg; E. Adult dorsal view in habitus with sclerotized area; F. View of the tibia and tarsus of the first and
second legs. Photographs by 0 Tounia and MC Smaili.

north and west Morocco (Fig. 1). This geo-  an expansion of several Km since the Per-
graphical distribution practically indicates  sea mite was first observed with restricted
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distribution at avocado orchards in Mnasra
(34.469535N, -6.532931W) (Kenitra province)
between October and December 2018 and
later in Laouamra zone (Larache province)
(Smaili and Benyahia, 2018a). In this survey,
population expansion was documented
near Azemmour city (Azemmour province)
and near Oujda city (Oujda province), about
199 km southwest and 425 km northeast of
the original detection site of Mnasra (Fig. 1,
red circle). In addition, O. perseae was newly
recorded in several other orchards between
12 to 79 km away from the original detec-
tion site supporting also potential further
spread of the mite considering the rising
number of the avocado growers in Morocco.

Infestation levels found on the leaf sam-
ples collected in the present study (Oc-

tober 2023 to October 2025) at these or-
chards are provided in Table 1. Oligonychus
perseae populations were found only on av-
ocado leaves, at low to high infestation lev-
els. Leaf damage was observed where O.
perseae had settled on the leaf underside
along the midrib and other larger veins to
feed on phloem sap. When population lev-
els were high, damage occured also in the
lamina area (between two veins) of leaves.
On the underside of leaves, feeding dam-
age showed minute necrotic and webbing
spots, called “nests” of about 1-2 mm? at
each damaged area (Fig. 3). Feeding from
the underside appeared as circular yellow
chlorotic spots on the upper side of the leaf.
Feeding damage was to cells of the epider-
mal and spongy and palisade parenchyma

Table 1: Infestation levels of Oligonychus perseae (Tuttle, Baker and Abatiello) in avocado or-
chards in Morocco: provinces sampled and leaf infestation levels [number of O. perseae on
leave according to Machlitt’s method] recorded between October 2023 and October 2025.

Provinces GPS coordinates Infestation on avocado leaf
El Jadida province 33,363699N, -8,228033W High 45.00% [51.60]
(Azemmour) (02/05/2025)

El Jadida province 33.374793 N, -8.234502W High 52.50% [66.72]
(Azemmour) (02/05/2025)
Berkane 34.981877 N, -2.199860W Abosent
(Madagh-Laatamna) (()12(/)0;0/5())22)]
Oujda province 34.651576 N, -1.899311W High 50.00% [64.80]
(near Oujda city) (07/06/2025)
Kenitra province 341417222 N, -6.7241389W High 48.75% [67.32]
(Bouknadel) (12/04/2025)
Kenitra province 34.469535 N, -6.532931W High 40.00% [58.32]
(Mnasra, first reported site) (02/11/2024)
Kenitra province 34.502650 N, -6.411888W High 16.25% [57.00]
(Had Oulad Jelloul) (12/04/2025)
Kenitra province 34.415837 N, -6.532931W High 38.75% [53.64]
(Mnasra) (16/05/2024)
Khemisset province 34.017926 N, -6.394414W Low 3.75% [47.28]
(Tiflet) (12/06/2025)
Khemisset province 33.825041 N, -6.237855W Moderate 6.25% [44.64]
(Tiflet) (12/06/2025)
Larache province 35.108592N, -6.128303W High 58.75% [66.48]
(near Larache city) (27/12/2024)
Larache province 35.101394N, -6.133627W High 41.25% [51.24]
(near Larache city) (10/11/2024)
Sidi Slimane province 34,264994N, -6,078167W High 17.50% [48.48]
(Dar Belamri) (19/04/2025)

© Benaki Phytopathological Institute
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Figure 3. Oligonychus perseae (Tuttle, Baker and Abatiello) infestation on avocado leaf. A. Tiny nest on veins; B. Heavy in-
festation and discoloration of leaf; C. Low infestation on veins limited by unfavorable climate condition; D. Low infestation.
Photographs by 0 Tounia and MC Smaili.

(Fig. 3). Heavy mite damage can lead to dis-  rence of O. perseae did not affect the fruits.
colored leaf tissue and leaf drop. The occur-  In Spain, O. perseae has been reported as an
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economically important foliar pest of avoca-
dos (Torres et al., 2023). High populations (>
500 mites per leaf) can cause partial or total
tree defoliation and increase the risk of sun-
burn to young fruit, leading to premature
fruit drop may (EFSA, 2022).

In the coastal production areas in the
northwest of Morocco (Larache and Keni-
tra provinces), O. perseae population may be
observed between September to May, with
their numbers and associated nest-picked
leaves becoming more noticeable from Oc-
tober until December. In those coastal prov-
inces (especially Mnasra, province Kenitra)
significant damages were recorded on avo-
cado leaves for a long portion in the grow-
ing seasons as humid air conditions and
more moderate temperatures can favour
the mite. Additionally, the micro-sprinkler
mounted within each tree’s canopy makes
the environment in tree canopies more suit-
able for mite development and persistence.
In Greece, the Persea mite rapidly spread
across nearly all regions where avocados are
cultivated in the western and coastal part of
Crete (Bitsakis et al., 2026). In drier regions,
far from the coast, with high temperatures
and low humidity throughout more of the
growing season, O. perseae did not persist
(significant numbers between October and
November) and less damage was observed.

Other recorded pests included the yel-
low cottony cushion scale, Icerya seychella-
rum (Westwood) (Hemiptera: Coccomorpha:
Monophlebidae) and the citrus leafhopper,
Penthimiola bella (Stal) (Hemiptera, Cicadel-
lidae) were found infesting the same area of
leaf with O. perseae (Fig. 4).

Natural enemies

Natural enemies of O. perseae recorded
during this study included Euseius stipula-
tus (Athias-Henriot) and Typhlodromus phi-
alatus (Athias-Henriot) (Acari: Phytoseiidae)
and Chrysoperla carnea (Stephens) (Neu-
roptera: Chrysopidae), with very low num-
bers on both on O. perseae-infested leaves
and non-infested leaves. Smaili et al. (2020,
2025) listed divers beneficial species, includ-
ing Phytoseiidae species, in Morocco and

gave insights into their potential use as bio-
control agents. In Morocco, most avocado
orchards are planted on sandy soil and are
overcrowded, with insufficient light for sup-
porting wild herbaceous ground cover that
support natural enemy populations. This is
likely one reason natural enemy species di-
versity and abundance within herbaceous
ground covers is often very low.

Inlsrael and Spain, maize pollen that sup-
ports natural enemies was sprayed on avo-
cado leaves and contributed to increased E.
stipulatus and Euseius scutalis (Athias-Henri-
ot) populations and reduced O. perseae in-
festations (Maoz et al., 2011b; Torres et al.,
2024). In addition, Maoz et al. (2011b) report-
ed that in Israel, field trials of Rhodes grass
(Chloris gayana Kunth) cover crop provid-
ed windborn pollen that helped conserve
native E. scutalis populations was a high-
ly effective and sustainable approach to O.
perseae management. Similarly, in Spain,
Gonzalez-Fernandez et al. (2009) planted
maize plants between rows of avocado trees
to support natural enemies of O. perseae.
The same authors reported that laboratory
experiments demonstrated that Neoseiulus
californicus (McGregor) (Mesostigmata: Phy-
toseiidae) feeds inside prey nests, where-
as E. stipulatus does not, thus reducing the
competition among predators.

Conclusions

Oligonychus perseae was found at several av-
ocado orchards in Morocco at low to high
leaf infestation levels, mainly between Oc-
tober and May. Infestation was observed
only on leaves especially in coastal avocado
production areas in north and west Moroc-
co. The expansion of Persea mite to new re-
gions and higher infestation levels may con-
stitute a threat to fruit and yield in these
commercial avocado orchards. Further re-
search is necessary to detect and prevent
the spread of O. perseae to new avocado
growing areas in Morocco, as the impact of
the climatic change and avocado farming
norms that reinforce overcrowded orchards

© Benaki Phytopathological Institute
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Figure 4. Oligonychus perseae (Tuttle, Baker and Abatiello). A. Tiny nest on underside Leaf; B. Nest next to the midrib of leaf;
(. Webb on nest; D. Nest next to the second vein; E. Presence of mite Tarsonemidae species (a) in the nest between two veins
(yellow arrow); F. Lorryia formosa (Cooreman) (Acari: Tydeidae) next to nest of the Persea mite. G. High 0. perseae-infested
avocado leaf with the presence of the citrus leafhopper Penthimiola bella (Stal). H. Leaf underside with the presence of the
yellow cottony cushion scale, Icerya seychellarum (Westwood) (red arrow), P. bella adult (white arrow) and nests of the Per-
sea mite (red arrow). Photographs by 0 Tounia and MC Smaili.
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and associated high humidity microclimat-
ic conditions might support increased pest
population. Research should include spac-
ing, pruning, and use of cover crops to sup-
port natural enemies in developing an inte-
grated pest management program against
the Persea mite.
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Y@IOTAMEVN KATACTACT KAl S1a0mopd TOU AKAPEWG
Oligonychus perseae o€ npoofeBAnpéva dévdpa aBokavrto cto

Mapoko

O. Tounia, A.Boutaleb-Joutei, N. Haddad, A.El Gada, R. Lahlali kat M.C. Smaili

NepiAnyn Emiokommoelc yia Ty afloAdynon tne UQIOTALEVNE KATAOTAONC Kal S100TTOPAC TOU aKAPE-
wg Oligonychus perseae Tuttle, Baker kat Abatiello (Acari: Tetranychidae) kat Twv @uaoikwv ex0pwv Tou
die€AxOnoav oe 85 onwpwveg afokavto oTto Bopelodutikd Mapdko peta&d OkTwRpiov 2023 kat OKTw-
Bpiou 2025. To Akapl KataypAa@nKe o€ GUANA O€ APKETOUE OTTWPWVEC Ue XaunAR éwg uynAn mpoofo-
AR, evw dev evtomioTnke o€ kapmouc. Mpayuatomolifnke pop@oloyikr Tavtomoinon tou O. perseae |
Baon deiypata amé 1o Mapoko. Mpog 1o mapdy, To dkapl dev MPOKAAEL OIKOVOUIKH {NUId 6TouC Kap-
mou¢ afokavto oto Mapdko, aANG N EYKATACTAGH TOU O€ VEEC TIEPLOKEG EVTOC TNE XWPAC KAl N avénaon
Tou MANBUGOHOU Tou aTa YUAAA UMOPEL VA amoTEAEDEL ameIA Yl TOUC KapmoUg Kal Tnv amédoon otnv

EUMOPIKN KAANIEPYELQ TOU ABOKAVTO OTO PENNOV.
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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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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-



66 Giagoudis et al.

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
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ogy of the Ministry of Development and Invest-
ments under the PRIMA Programme. PRIMA is
an Art.185 initiative supported and co-fund-
ed under Horizon 2020, the European Union’s
Programme for Research and Innovation (PRI-
MA2021-09).

Literature cited

Alba, J.M., Schimmel, B.C.J., Glas, J.J., Ataide, L.M.S.,
Pappas, M.L., Villarroel, C.A., Schuurink, R.C., Sa-
belis, M\W. and Kant, M.R. 2015. Spider mites
suppress tomato defenses downstream of jas-
monate and salicylate independently of hor-
monal crosstalk. New Phytologist, 205(3): 828-
840. https://doi.org/10.1111/nph.13075

Ali, M.Y., Naseem, T., Zhang, J., Pan, M., Zhang, F. and
Liu, T.X. 2022. Plant volatiles and herbivore in-
duced plant volatiles from chili pepper act as at-
tractant of the aphid parasitoid Aphelinus var-
ipes (Hymenoptera: Aphelinidae). Plants, 11(10):
1350. https://doi.org/10.3390/plants11101350

Ayelo, P.M., Yusuf, A.A., Pirk, CW.W., Chailleux, A.,
Mohamed, S.A. and Deletre, E. 2021. Terpenes
from herbivore-induced tomato plant volatiles
attract Nesidiocoris tenuis (Hemiptera: Miridae),
a predator of major tomato pests. Pest Man-
agement Science, 77(11): 5255-5267. https://doi.
0rg/10.1002/ps.6568

Bouagga, S., Urbaneja, A., Rambla, J.L., Flors, V.,
Granell, A., Jaques, J.A. and Pérez-Hedo, M.
2018. Zoophytophagous mirids provide pest
control by inducing direct defences, antixenosis
and attraction to parasitoids in sweet pepper
plants. Pest Management Science, 74(6): 1286—
1296. https://doi.org/10.1002/ps.4838

Cardoza, Y.J. and Tumlinson, J.H. 2006. Compat-
ible and incompatible Xanthomonas infec-
tions differentially affect herbivore-induced
volatile emission by pepper plants. Journal of
Chemical Ecology, 32(8): 1755-1768. https://doi.
0rg/10.1007/510886-006-9107-y



68 Giagoudis et al.

Cook, S.M., Khan, Z.R. and Pickett, J.A. 2007. The
use of push-pull strategies in integrated pest
management. Annual Review of Entomology,
52: 375-400. https://doi.org/10.1146/annurev.
ento.52.110405.091407

Da Camara, C.A., Akhtar, Y., Isman, M.B., Seffrin, R.C.
and Born, F.S. 2015. Repellent activity of essen-
tial oils from two species of Citrus against Tet-
ranychus urticae in the laboratory and green-
house. Crop Protection, 74: 110-115. https://doi.
org/10.1016/j.cropro.2015.04.014

de Boer, J.G., Posthumus, M.A. and Dicke, M. 2005.
Identification of volatiles that are used in dis-
crimination between plants infested with prey
or nonprey herbivores by a predatory mite.
Journal of Chemical Ecology, 31(11): 2473-2493.
https://doi.org/10.1007/s10886-005-7813-8

Dicke, M. and Sabelis, M.W. 1988. How plants obtain
predatory mites as bodyguards. Netherlands
Journal of Zoology, 38(2-4): 148-165.

Dicke, M., van Beek, T.A., Posthumus, M.A., Ben
Dom, N., van Bokhoven, H. and de Groot, A.E.
1990. Isolation and identification of volatile kai-
romones that affect acarine predator-prey in-
teractions. Journal of Chemical Ecology, 16(2):
381-396. https://doi.org/10.1007/BF01021771

Dicke, M. and Baldwin, L.T. 2010. The evolutionary
context for herbivore-induced plant volatiles:
Beyond the ‘cry for help.” Trends in Plant Sci-
ence, 15(3): 167-175. https://doi.org/10.1016/j.
tplants.2009.12.002

Drukker, B., Bruin, J. and Sabelis, M.\W. 2000. An-
thocorid predators learn to associate herbi-
vore-induced plant volatiles with presence
or absence of prey. Physiological Entomology,
25(3): 260-265. https://doi.org/10.1046/j.1365-
3032.2000.00190.x

Dudareva, N., Negre, F., Nagegowda, D.A. and Or-
lova, I. 2006. Plant volatiles: Recent advanc-
es and future perspectives. Critical Reviews
in Plant Sciences, 25(5): 417-440. https://doi.
0rg/10.1080/07352680600899973

Esmaeily, M., Ayoobi, A., Jin, G., Mandal, E., Shah-
mohammadi, N., Kim, C., Kim, K., Park, H., Khan,
F., Lee, D., Kim, H.-J.,, Ham, E., Choi, HW., Jeon,
Y., Sung, J. and Kim, Y. 2025. Methyl hexenoate
and linalool emitted by hot peppers repel west-
ern flower thrips (Frankliniella occidentalis) and
attract their predator (Orius laevigatus). Scien-
tific Reports, 15: 42959. https://doi.org/10.1038/
s41598-025-26633-6

Florencio-Ortiz, V., Novak, O. and Casas, J.L. 2018.
Local and systemic hormonal responses in pep-
per (Capsicum annuum L.) leaves under green
peach aphid (Myzus persicae Sulzer) infestation.
Journal of Plant Physiology, 231: 356-363. https://
doi.org/10.1016/j.jplph.2018.10.015

Francis, F., Lognay, G. and Haubruge, E. 2004. Olfac-
tory responses to aphid and host plant volatile

releases: (E)-beta-farnesene an effective kairo-
mone for the predator Adalia bipunctata. Jour-
nal of Chemical Ecology, 30(4): 741-755. https://
doi.org/10.1023/B:JOEC.0000028429.13413.a2

Geervliet, J.B.F.,, Posthumus, M.A., Vet, L.E.M. and
Dicke, M. 1997. Comparative analysis of head-
space volatiles from different caterpillar-infest-
ed or uninfested food plants of Pieris species.
Journal of Chemical Ecology, 23(11): 2935-2954.
https://doi.org/10.1023/A:1022575619612

Hare, J.D. 2011. Ecological role of volatiles produced
by plants in response to damage by herbivo-
rous insects. Annual Review of Entomology, 56:
161-180.  https://doi.org/10.1146/annurev-en-
t0-120709-144753

Heil, M. and Baldwin, I.T. 2002. Fitness costs of in-
duced resistance: Emerging experimental sup-
port for a slippery concept. Trends in Plant Sci-
ence, 7(2): 61-67. https://doi.org/10.1016/
S1360-1385(01)02186-0

Holopainen, J.K. and Blande, J.D. 2013. Where do
herbivore-induced plant volatiles go? Frontiers
in Plant Science, 4: 185. https://doi.org/10.3389/
fpls.2013.00185

Holopainen, J.K. and Gershenzon, J. 2010. Multiple
stress factors and the emission of plant VOCs.
Trends in Plant Science, 15(3): 176-184. https:/
doi.org/10.1016/j.tplants.2010.01.006

IBM Corp. 2020. IBM SPSS Statistics for Windows
(Version 27.0) [Computer software]. IBM Corp.

James, D.G. 2003. Synthetic herbivore-induced
plant volatiles as field attractants for ben-
eficial insects. Environmental Entomology,
32(5): 977-982. https://doi.org/10.1603/0046-
225X-32.5.977

James, D.G. and Price, T.S. 2004. Field-testing of
methyl salicylate for recruitment and retention
of beneficial insects in grapes and hops. Journal
of Chemical Ecology, 30(8): 1613-1628. https://
doi.org/10.1023/B:JOEC.0000045587.98461.79

Kant, M.R., Ament, K., Sabelis, M\W., Haring, M.A.
and Schuurink, R.C. 2004. Differential timing
of spider mite-induced direct and indirect de-
fenses in tomato plants. Plant Physiology, 135(1):
483-495. https://doi.org/10.1104/pp.103.038315

Kaplan, I. 2012. Attracting carnivorous arthropods
with plant volatiles: The future of biocontrol or
playing with fire? Biological Control, 60(2): 77-89.
https://doi.org/10.1016/j.biocontrol.2011.10.017

Karban, R. and Baldwin, I.T. 1997. Induced responses
to herbivory. University of Chicago Press.

Lins, J.C., Van Loon, J.J.A,, Bueno, V.H.P., Lucas-Bar-
bosa, D., Dicke, M. and Van Lenteren, J.C. 2014.
Response of the zoophytophagous predators
Macrolophus pygmaeus and Nesidiocoris tenuis
to volatiles of uninfested plants and to plants
infested by prey or conspecifics. BioControl,
59(6): 707-718. https://doi.org/10.1007/510526-
014-9605-x

© Benaki Phytopathological Institute



Predator and spider mite response to HIPV compounds of pepper 69

Maeda, T., Takabayashi, J., Yano, S. and Takafuji, A.
2001. Variation in the olfactory response of 13
populations of the predatory mite Amblyseius
womersleyi (Acari: Phytoseiidae, Tetranychidae)
to Tetranychus urticae -infested plant volatiles
(Acari: Phytoseiidae, Tetranychidae). Experimen-
tal and Applied Acarology, 25: 55-64. https://doi.
org/10.1023/A:1010667812788

Mallinger, R.E., Hogg, D.B. and Gratton, C. 2011.
Methyl salicylate attracts natural enemies and
reduces populations of soybean aphids (Hemip-
tera: Aphididae) in soybean agroecosystems.
Journal of Economic Entomology, 104(1): 115-124.
https://doi.org/10.1603/EC10181

Maselou, D.A., Anastasaki, E. and Milonas, P.G.
(2019). The role of host plants, alternative food
resources and herbivore induced volatiles in
choice behavior of an omnivorous predator.
Frontiers in Ecology and Evolution, 6: 241. https://
doi.org/10.3389/fevo.2018.00241

Matsui, K. 2006. Green leaf volatiles: Hydroperoxide
lyase pathway of oxylipin metabolism. Current
Opinion in Plant Biology, 9(3): 274-280. https://
doi.org/10.1016/j.pbi.2006.03.002

Mérida-Torres, N.M., Cruz-Lépez, L., Malo, E.A. and
Cruz-Esteban, S. 2023. Attraction of the two-
spotted spider mite, Tetranychus urticae (Acari:
Tetranychidae), to healthy and damaged straw-
berry plants mediated by volatile cues. Experi-
mental and Applied Acarology, 91(3): 413-427
DOI:10.1007/5s10493-023-00852-w

Mumm, R. and Dicke, M. 2010. Variation in natu-
ral plant products and the attraction of body-
guards involved in indirect plant defense. Cana-
dian Journal of Zoology, 88(7): 628-667. https://
doi.org/10.1139/Z10-032

Otto, P, Ninkovic, V., Meiners, T., Pashalidou, F.G.,
Fortuna, T.M., Louis, J., Milonas, P. and Cusuma-
no, A. 2025. Multifunctionality of plant VOCs in
agroecological systems: perspectives for biolog-
ical pest control. Entomologia Generalis, 45: 931-
949. https://doi.org/10.1127/entomologia/3506

Penaflor, M.F.G.V. and Bento, J.M.S. 2013. Herbivore-
induced plant volatiles to enhance biological
control in agriculture. Neotropical Entomology,
42(4): 331-343. https://doi.org/10.1007/s13744-
013-0147-z

Pérez-Hedo, M., Arias-Sanguino, A. M. and Urba-
neja, A. 2018b. Induced tomato plant resis-
tance against Tetranychus urticae triggered by
the phytophagy of Nesidiocoris tenuis. Frontiers
in Plant Science, 9: 1419. https://doi.org/10.3389/
fpls.2018.01419

Pérez-Hedo, M., Rambla, J.L., Granell, A. and Urbaneja,
A. 2018a. Biological activity and specificity of Miri-
dae-induced plant volatiles. BioControl, 63(2): 203-
213. https://doi.org/10.1007/510526-017-9854-4

Riahi, C., Gonzalez-Rodriguez, J., Alonso-Valiente, M.,
Urbaneja, A. and Pérez-Hedo, M. 2022. Eliciting
plant defenses through herbivore-induced

© Benaki Phytopathological Institute

plant volatiles' exposure in sweet peppers. Fron-
tiers in Ecology and Evolution, 9: 776827. https://
doi.org/10.3389/fev0.2021.776827

Silva, D.B., Weldegergis, B.T., Van Loon, J.J.A. and
Bueno, V.H.P. 2017. Qualitative and quantita-
tive differences in herbivore-induced plant vol-
atile blends from tomato plants infested by ei-
ther Tuta absoluta or Bemisia tabaci. Journal
of Chemical Ecology, 43(1): 53-65. https://doi.
org/10.1007/s10886-016-0807-7

Silva, D.B., Jiménez, A., Urbaneja, A., Pérez-Hedo,
M. and Bento, J.M. 2021a. Changes in plant re-
sponses induced by an arthropod influence
the colonization behavior of a subsequent her-
bivore. Pest Management Science, 77(9): 4168—
4180. https://doi.org/10.1002/ps.6454

Silva, D.B., Urbaneja, A. and Pérez-Hedo, M. 2021b.
Response of mirid predators to synthetic her-
bivore-induced plant volatiles. Entomologia
Experimentalis et Applicata, 169(1): 125-132.
https://doi.org/10.1111/eea.12970

Simpson, M., Gurr, G.M., Simmons, A.T., Wratten,
S.D., James, D.G., Leeson, G. and Nicol, H.I. 2011.
Attract and reward: combining chemical ecol-
ogy and habitat manipulation to enhance bio-
logical control in field crops. Journal of Applied
Ecology, 48(3): 580-590. https://doi.org/10.1111/
j-1365-2664.2010.01946.x

Steenbergen, M., Abd-el-Haliem, A., Bleeker, P.,
Dicke, M., Escobar-Bravo, R., Cheng, G., Haring,
M.A., Kant, M.R., Kappers, I., Klinkhamer, P.G.L.,
Leiss, K.A., Legarrea, S., Macel, M., Mouden, S., Pi-
eterse, C.M.J.,, Sarde, S.J., Schuurink, R.C., De Vos,
M., Van Wees, S.C.M. and Broekgaarden, C. 2018.
Exploiting thrips-induced defences to combat
pests on crops. Journal of Experimental Botany,
69(8): 1837-1848. doi: 10.1093/jxb/ery060.

Tak, J.-H. and Isman, M. B. 2017. Acaricidal and repel-
lent activity of plant essential oil-derived ter-
penes and the effect of binary mixtures against
Tetranychus urticae Koch (Acari: Tetranychidae).
Industrial Crops and Products, 108: 786-792.
https://doi.org/10.1016/j.indcrop.2017.07.040

Thaler, J.S., Humphrey, P.T. and Whiteman, N.K. 2012.
Evolution of jasmonate and salicylate signal
crosstalk. Trends in Plant Science, 17(5): 260-270.
https://doi.org/10.1016/j.tplants.2012.02.010

Turlings, T.C.J. and Erb, M. 2018. Tritrophic interac-
tions mediated by herbivore-induced plant vol-
atiles: Mechanisms, ecological relevance, and
application potential. Annual Review of Ento-
mology, 63: 433-452. https://doi.org/10.1146/
annurev-ento-020117-043507

Turlings, T.C.J., Tumlinson, J.H. and Lewis, W..
1990. Exploitation of herbivore-induced plant
odors by host-seeking parasitic wasps. Science,
250(4985): 1251-1253. https://doi.org/10.1126/
science.250.4985.1251

Van Den Boom, C.E., van Beek, T.A., Posthumus,
M.A., de Groot, A. and Dicke, M. 2004. Qualita-



70 Giagoudis et al.

tive and quantitative variation among volatile
profiles induced by Tetranychus urticae feeding
on plants from various families. Journal of Chem-
ical Ecology, 30: 69-89. https://doi.org/10.1023/
B:JOEC.0000013183.72915.99

Vet, L.E.M. and Dicke, M. 1992. Ecology of info-
chemical use by natural enemies in a tri-
trophic context. Annual Review of Entomology,
37: 141-172. https://doi.org/10.1146/annurev.
en.37.010192.001041

Wang, S., Zhou, J,, Zhan, C.,, Qiao, J., Caiyin, Q. and
Huang, M. 2024. Fine-tuning the function of
farnesene synthases for selective synthesis of
farnesene stereoisomers. Journal of Agricul-
tural and Food Chemistry, 72(49): 27355-27364.
https://doi.org/10.1021/acs.jafc.4c07338

Yuan, X., Liu, W, Zhang, X., He, Y.and Yin, K. 2022. Re-

Zhang, Y., Bouwmeester, H.J. and Kappers, I. F. 2020.
Combined transcriptome and metabolome
analysis identifies defence responses in spi-
der mite-infested pepper (Capsicum annuum).
Journal of Experimental Botany, 71(1): 330-343,
https://doi.org/10.1093/jxb/erz422

Zhang, N.X., van Loon, J.J.A., de Bruijn, P.J.A. and
Dicke, M. 2022. The omnivorous predator Mac-
rolophus pygmaeus induces production of plant
volatiles that attract a specialist predator. Jour-
nal of Chemical Ecology, 48(2): 166-177. https://
doi.org/10.1007/s10340-021-01463-3

Zhang, Y., Kashkooli, A.B., Blom, S., Zhao, T., Bouw-
meester, H.J. and Kappers, I.F. 2023. The Capsi-
cum terpenoid biosynthetic module is affected
by spider-mite herbivory. Plant Molecular Biolo-
gy, 113:303-321. https://doi.org/10.1007/5s11103-

pellence or attraction: secondary metabolites in 023-01390-0

pepper mediate attraction and defense against
Spodoptera litura. Pest Management Science,

79(1): 303-313. https://doi.org/10.1002/ps.7107 Received: 19 April 2026, Accepted: 7 June 2026

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.

Hellenic Plant Protection Journal 19: 58-70, 2026
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Winter survival of Culex pipiens biotype pipiens adults in
Central Greece
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C. Hadjichristodoulou® and N.T. Papadopoulos™

Summary Winter survival is a key life-history trait of insect vectors in temperate ecosystems, shaping
early seasonal population growth and vector-borne disease epidemiology. For West Nile virus infec-
tion in Europe, including Greece, Culex pipiens is the principal vector. We conducted overwintering ex-
periments in three areas in Central Greece, to assess winter survival of adult Culex pipiens biotype pipi-
ens under coastal (Nea Anchialos and Volos) and inland (Kalamaki) conditions. A proportion of females
survived winter at all sites, whereas males did not overwinter. Female survival reached 23.9% in Kala-
maki and 25.3% in Nea Anchialos, while in Volos it ranged from 9.4 to 15.7% across treatments. Surviv-
ing females were able to blood-feed and oviposit in spring, producing viable offspring. The proportion
of fertile females was 52.3% in Kalamaki and 47.4% in Nea Anchialos, whereas in Volos it ranged from
20.8 to 47.2%. Survival varied among locations and treatments, suggesting an effect of local environ-
mental conditions on overwintering success. The results provide evidence that females of Cx. pipiens
biotype pipiens can survive winter conditions in the study areas and subsequently initiate reproduc-
tion in spring. This study contributes to improving the understanding of the overwintering ecology of

an important vector and highlights the need for further studies in different habitats.

Additional keywords: longevity, mosquitoes, population dynamics, Thessaly, vector borne diseases

Introduction

In temperate and cold regions, mosquitoes
have evolved a variety of overwintering
strategies that allow populations to persist
through unfavorable environmental condi-
tions. Depending on the species, overwin-
tering may occur at the egg, larval, or adult
stage (Bale et al., 2010; Nelms et al., 2013;
Denlinger and Armbruster, 2016; Becker et
al., 2020). Low temperatures and precipita-
tion are among the most important envi-
ronmental drivers determining the duration
and intensity of overwintering, with effects
that vary across latitudinal gradients and lo-
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cal climatic regimes (Gill et al., 2017; ECDC,
2020; Rozsypal et al., 2021; Siperstein et al.,
2023). In most temperate areas, winter con-
ditions suppress mosquito reproduction
and population growth, leading to substan-
tial population declines prior to the onset
of the spring generation (Siperstein et al.,
2023). From an epidemiological perspective,
overwintering survival has been increasing-
ly recognized as a critical determinant of
early-season vector abundance and the re-
establishment of arbovirus transmission cy-
cles in temperate regions (Brugman et al.,
2018; Bellone and Failloux, 2020; Sauer et al.,
2022). The proportion of vectors that suc-
cessfully overwinters can influence the tim-
ing and magnitude of population growth in
spring, with important implications for the
persistence and amplification of mosquito-
borne pathogens.

The mosquito species Culex pipiens (Dip-
tera: Culicidae) is considered the principal
vector of West Nile virus (WNV) in Europe
(Kang et al., 2016; Brugman et al., 2018; Ro-
zsypal et al., 2021), including Greece, where
repeated outbreaks have been reported
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over the past two decades (Patsoula et al.,
2016, 2020; ECDC, 2021; Vakali et al., 2023).
The Cx. pipiens complex comprises two mor-
phologically indistinguishable but ecolog-
ically distinct biotypes, “pipiens” (Linnae-
us, 1758) and “molestus” (Forskal, 1775), as
well as their hybrids. These biotypes differ
in behavior, physiology, and overwintering
biology, traits that may influence their sea-
sonal dynamics and epidemiological impor-
tance (Becker et al.,, 2012; Papadopoulos et
al., 2016; Koenraadt et al., 2019; Vinogrado-
va, 2000; loannou et al., 2021).

In temperate regions, Cx. pipiens biotype
pipiens overwinters as inseminated adult fe-
males that enter facultative reproductive
diapause (Mitchell and Briegel, 1989; Den-
linger and Armbruster, 2016; Dorge et al.,
2020; Rozsypal et al., 2021). Diapause induc-
tion is primarily driven by decreasing tem-
perature and photoperiod during late lar-
val and pupal development (Denlinger and
Armbruster, 2014; Field et al., 2022). Adults’
diapause triggers a chain reaction of mo-
lecular changes, including reduced insulin
signaling and juvenile hormone deficiency,
leading to ovarian arrest and increased met-
abolic lipid accumulation (Zhou and Mies-
feld, 2009; Sharma et al., 2019; Meuti, 2026).
Diapausing females suppress host-seeking
and reproductive activity and rely on accu-
mulated lipid reserves to survive the win-
ter months, whereas males do not enter dia-
pause and typically fail to survive winter
conditions (Denlinger and Armbruster, 2014;
Vinogradova, 2000). With increasing tem-
peratures in spring, females terminate dia-
pause, resume blood feeding, and initiate
oviposition, giving rise to the first seasonal
generation. Optimal overwintering temper-
atures for adults’ range between 2 and 6°C.
Temperatures below 0°C are generally lethal
to overwintering adults if they last for sev-
eral days. Temperatures above 6°C lead to a
gradual increase in metabolic activity, caus-
ing depletion of stored lipids and reduced
winter survival (Dorge et al., 2020; Bergman
et al., 2020; Kampen et al., 2021; Rozypal et
al., 2021).

Overwintering survival is strongly in-

fluenced by microclimatic conditions with-
in hibernation sites, particularly tempera-
ture stability and humidity (Koenraadt et
al., 2019; Rozsypal et al., 2021; Sauer et al.,
2022). Shelters that remain relatively frost-
free, such as underground structures, barns,
and other protected habitats, are common-
ly used by overwintering Cx. pipiens females.
Mild winter conditions or frequent temper-
ature fluctuations may increase metabolic
activity and accelerate depletion of lipid re-
serves, thereby reducing survival, whereas
cooler and more stable environments tend
to enhance overwintering success (Koen-
raadt et al., 2019; Rozsypal et al., 2021; Sau-
er et al, 2022). In southern temperate re-
gions, including the Mediterranean basin,
evidence of adult mosquito overwintering
has been increasingly documented, high-
lighting the importance of local microcli-
matic conditions and human-made shelters
(Ravasi et al., 2022; Beleri et al., 2023; Luhrs-
en etal, 2023).

In the present study, we investigated the
overwintering capacity of Cx. pipiens biotype
pipiens adults in three regions of Thessaly,
Central Greece, encompassing both coastal
and inland environments. Using field-based
overwintering experiments, we aimed to (i)
assess survival patterns of adult mosquitoes
during the winter months, and (ii) deter-
mine whether overwintering females are ca-
pable of resuming blood feeding and ovipo-
sition in spring, thereby contributing to the
initiation of the first seasonal generation. By
providing field data, this study contributes
to a better understanding of the overwinter-
ing ecology of Cx. pipiens biotype pipiens in
southern temperate regions and informs fu-
ture investigations on vector population dy-
namics and disease risk.

Materials and Methods

Study areas and mosquito colonies
Overwintering experiments with Cx. pip-
iens biotype pipiens were conducted in the
region of Thessaly, Central Greece, at three
locations representing different environ-
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mental settings: (a) Kalamaki, an inland vil-
lage adjacent to Lake Karla, characterized by
extensive agricultural activity and wetland-
associated vegetation (b) Nea Anchialos, a
coastal settlement, and (c) Volos, a coastal
urban area (Fig. 1). Nea Anchialos and Volos
influenced by maritime climatic conditions,
with milder winter temperature fluctuations
and urban/peri-urban vegetation. The three
sites differ in their microclimatic character-
istics, particularly regarding humidity and
thermal stability during winter. The experi-
ments were designed as semi-field studies
aiming to assess adult overwintering surviv-
al under local winter conditions.

Two overwintering experiments were
performed. Experiment 1 took place dur-
ing the winter of 2012-2013 at Kalamaki and
Nea Anchialos. Experiment 2 was conduct-
ed during the winter of 2013-2014 in Volos
and included additional experimental treat-
ments to explore potential effects of organ-
ic material present in overwintering shelters.

Adult mosquitoes used in all experi-
ments originated from laboratory colonies
of Cx. pipiens biotype pipiens maintained at
the Laboratory of Entomology and Agricul-
tural Zoology, University of Thessaly (Vo-
los, Greece). Colonies were established from
egg rafts laid by laboratory-reared adults

and maintained for experimental use.

Rearing of immature stages and adult
pre-exposure conditions

Egg rafts (~70 per experiment) were
placed in plastic containers containing 12 L
of water and reared outdoors at the prem-
ises of the Department of Agriculture, Crop
Protection and Rural Environment, Universi-
ty of Thessaly, Volos, in protected locations
shielded from direct rainfall. Larvae were
provided with artificial food (Purina Adult
cat food, Friskies) and both food and water
were replenished at regular intervals to en-
sure adequate developmental conditions.

Immature development occurred un-
der natural autumn photoperiod and am-
bient temperature conditions. Upon pupa-
tion, pupae of both sexes were transferred
to plastic containers containing 250 mL of
water and placed inside Plexiglas cages (20
% 20 X 20 cm, bearing four 15 X 15 cm mesh
covered windows to facilitate ventilation)
for adults’ emergence.

Newly emerged adults were maintained
for 10-12 days in a temperature-controlled
storage room (15 £ 2°C) under natural light
conditions. During this period, adults were
provided with a 10% sucrose solution to al-
low mating and accumulation of lipid re-
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Figure 1. Map showing the locations (Kalamaki, Nea Anchi
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serves necessary for overwintering. After
this pre-exposure period, sucrose was re-
placed with plain water prior to transfer to
overwintering sites.

Overwintering experimental procedures

For Experiment 1, five cages (~100 adults
per cage) were transferred to Kalamaki on
December 30, 2012 and to Nea Anchialos on
January 4, 2013. Cages were placed in dark,
humid, and sheltered storage areas pro-
tected from rain and wind, simulating typ-
ical overwintering environments. Cages
were placed on shelves at 1-1,5 m above the
ground and 20-30 cm from the nearest wall.

For Experiment 2 in Volos, ten cages (~
100 adults per cage) were transferred to the
overwintering site on December 1, 2013.
Cages were randomly assigned to one of
the following treatments and placed in the
overwintering site as above:

— Treatment A: plain water only

— Treatment B: plain water plus organ-
ic-rich infusion (a vial containing lig-
uid collected from a composting bin,
as a proxy of natural detritus and mi-
crobial environment)

— Treatment C: plain water only, with
adults originating from a later egg-
hatching cohort (October 15, 2013),
serving as a temporal control

Each treatment consisted of five cages,

with one cage representing the experimen-
tal unit. No additional food sources were
provided during the overwintering period.

At the end of winter (early to mid-March),

a 10% sucrose solution was reintroduced
into all cages, and cages were transferred
back to a semi-outdoor area at the Univer-
sity of Thessaly. Transfer dates were March 7,
2013 (Kalamaki), March 14, 2013 (Nea Anchi-
alos), and March 19, 2014 (Volos).

Blood feeding, oviposition and egg
hatch

Surviving females from Kalamaki and
Nea Anchialos were pooled by location and
offered a two-hour blood meal on April 11,
2013, using an artificial feeding device. The
mosquitoes were fed certified human blood

maintained at 38°C using two custom-made
feeders connected to a circulating warm-
water bath (loannou et al.,, 2021).

The mating status of females was sup-
ported by published validation assays show-
ing that 1-day-old Culex pipiens females with
males under laboratory conditions achieve
100% insemination within 5 days, confirmed
by spermathecal dissection (Fytrou et al.,
2022). Oviposition containers (plastic cups
containing 250 mL of water) were placed in
the cages from April 20 to April 22, 2013.

In Volos, surviving females were offered
a blood meal on April 23, 2014, and oviposi-
tion containers were provided on April 28 to
April 30, 2014. Percentages of female fertility
in all cases were determined by dividing the
total number of single egg rafts laid with the
total number of surviving females. Egg rafts
were collected and examined under a ste-
reomicroscope to assess hatching success.
An egg raft was considered as succesful-
ly hatched when more than 50% of its total
eggs yielded neonate larvae. Since Exper-
iment 1 revealed hatching rates more than
90% (see results) for laid egg rafts, this pa-
rameter was not recorded in Experiment 2.

Survival monitoring

Adult survival was monitored at regular
intervals throughout the overwintering pe-
riod. Dead individuals were removed from
cages and recorded. Sex was determined
based on morphological characteristics. Ac-
cidental losses were recorded and excluded
from survival analyses where appropriate.

Meteorological data

Ambient temperatures throughout the
experimental period, from immature de-
velopment to oviposition, were recorded
with the help of special electronic devices
(HOBO, Onset, USA). Temperature data cor-
responding to each location are presented
in Figures 2-4, together with indications of
exposure periods, feeding events, and ovi-
position.

Statistical analysis
Survival analyses were performed using
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Figure 2. Average daily temperatures that prevailed throughout the experimental study of winter survival of Culex pipiens
biotype pipiens in Nea Anchialos (a coastal area) Thessaly, during the period 2012-2013.

Kaplan-Meier survival curves and log-rank
tests to compare survival between sexes
and among treatments. Cox regression was
employed to examine whether the sex of
adults and the overwintering site were sig-
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nificant predictors of adult mortality rates.
Statistical analyses were conducted using
R software (version 4.3.2; R Foundation for
Statistical Computing, Vienna, Austria). Sta-
tistical significance was set at a = 0.05.
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Figure 3. Average daily temperatures that prevailed throughout the experimental study of winter survival of Culex pipiens
biotype pipiens in Kalamaki (a mainland village), Thessaly, during the period 2012-2013.
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Figure 4. Average daily temperatures that prevailed throughout the experimental study of the winter survival of Culex pip-
iens biotype pipiens in Volos, Thessaly, during the period 2013-2014.

Results

Winter survival of Culex pipiens biotype
pipiens in Kalamaki and Nea Anchialos

According to the average daily tempera-
tures during the experimental period in Nea
Anchialos and Kalamaki, from immature de-
velopment to oviposition of overwintering
females, (Figs 2 and 3, respectively), in both
locations, temperatures remained relative-
ly high until late December, while the colder
winter period began in early January. An in-
crease in temperature was observed in ear-
ly March, marking the end of the winter peri-
od. Overall, winter temperatures were lower
in the inland location of Kalamaki compared
to the coastal site of Nea Anchialos.

In Kalamaki, a total of 450 adults (90
per cage; 173 females, i.e. 39% of exposed
individuals) were exposed to overwinter-
ing conditions, while in Nea Anchialos 456
adults were exposed (91.2 per cage; 294 fe-
males, i.e. 64.7% of exposed individuals), as
determined at the end of the experimental
procedure considering also accidental loses.
No males survived until the end of the over-
wintering period at either site (Fig. S1). Male
survival was generally longer in Kalamaki

than in Nea Anchialos.

Female mortality in Nea Anchialos in-
creased progressively throughout the win-
ter period (Fig. S1). In contrast, female sur-
vival in Kalamaki remained relatively high
until late February, followed by a significant
decline thereafter (Fig. S1). The reintroduc-
tion of sucrose solution in early March co-
incided with a stabilization of female mor-
tality in both locations. At the onset of
oviposition (April 20), the proportion of sur-
viving females reached 23.9% in Kalama-
ki (44 individuals in total) and 25.3% in Nea
Anchialos (76 individuals in total). Of these
females, 52.3 and 47.4% oviposited in Kala-
maki and Nea Anchialos, respectively, while
95.7 and 91.7% of the laid egg rafts hatched.

Mortality rates of males and females
at Kalamaki and Nea Anchialos were com-
pared with the Kaplan Meier curves and the
Cox proportional hazards model. Overall,
and in both locations, male longevity was
shorter than that of females with males fail-
ing to overwinter (Fig. 5; p < 0.01). The haz-
ard ratio of males compared to females was
12.9 (95%Cl: 9.69, 17.2) in Kalamaki and 78.9
(95%Cl: 47.4,131.0) in Nea Anchialos.

Cox regression analysis considering lo-
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Figure 5. Kaplan Meier curves (with 95%(l) including log-rank test (shown p-value) for the survival of males and females
in Kalamaki (A) and Nea Anchialos (B). Dashed lines represent the median survival for males (20 days) and females (66 days).

cation of exposure, sex and their interac-
tion as predictors revealed that males have

a significant higher hazard rate compa

to females (p < 0.001), adjusted for location,
and mortality rates were higher in Kalamaki
compared to Nea Anchialos (p < 0.001) (Fig.
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6, Fig. S2). Overall hazard rates considering
both males and females were similar be-

red tween the two locations (p = 0.425). The sig-

nificant interaction between sex and loca-
tion is associated with higher mortality rates
for male in Nea Anchialos compared to Ka-
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Figure 6. Forest plot depicting the hazard ratio for males and females exposed to Kalamaki and Nea Anchialos.

lamaki. Indeed, comparing survival patterns
of females in the two location no significant
differences were found (Fig. 6; log-rank test,
p =0.16).

Winter survival of Culex pipiens biotype
pipiens in Volos

The average daily temperatures record-
ed during the overwintering experiment in
Volos are shown in Figure 4. A decrease in
temperature in early December marked the
onset of winter conditions, while tempera-
tures increased again in mid-March. The to-
tal number of adults exposed to winter con-
ditions was 482 (average per cage 96.4; 371
females, i.e. 76.9%), 475 (average per cage
95; 349 females, i.e. 73.5%) and 509 (aver-
age per cage 101.8; 388 females, i.e. 76.2%)
for the treatments A, B and C respectively.
In all treatments, male survival was marked-
ly lower than female survival, and no males
survived beyond late December. Details of
female and male survival patterns in each
cage are given in Figure S3.

Among cage variation was low in Treat-
ment A and B and quite higher in Treatment
C (Figs S3-S5). Overall at the end of the win-
ter period 9.4, 15.7 and 12.4% of the females
managed to survive in Treatments A, Band C
respectively. Among cage variation in male
survival was minimal within the same treat-
ment and overall survival patterns among
treatments negligible as well (Fig. S4). Com-
paring the survival of the two sexes of Cx.
pipiens, the ability of females (Fig. S5a) to
overwinter in all three treatments and the
inability of males (Fig. S5b) to survive are
evident. In all three treatments provision of
sugar solution on March 16, 2014 reduced
mortality rates. At the start of oviposition
(April 28) in Treatment A, Treatment B and
Treatment C, the number of females alive
was 35, 53, and 48, of which 13, 25, and 10
oviposited, with the oviposition rate reach-
ing 37.1,47.2, and 20.8% respectively.

Kaplan—-Meier survival analysis followed
by the log-rank test revealed the higher
mortality of males compared to that of fe-
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males within each treatment (Fig. 7; log-rank
test, p < 0.01). Cox regression analysis includ-
ing treatment, sex and their interaction as
predictors confirmed the overall higher haz-
ard rates of death for males compared to
females (p < 0.001) and differences among
the three treatments (Fig. 8). The hazard ra-
tio of Treatment B and C compared to base-
line A was slightly but significantly lower
and higher respectively (Fig. 8; p < 0.05). The

interaction between sex and treatment was
not statistically significant. Kaplan Meier
analysis comparing survival patterns of the
three female groups followed by log-rank
test revealed significant differences among
the three treatments (Fig. 7; log-rank test, p
< 0.01). Nevertheless, the proportion of sur-
viving females at the end of the exposure
period was similar among the three treat-
ments (chi-square test, p > 0.05).
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Figure 7. Kaplan Meier curves (with 95%Cl) including log-rank test (shown p-value) for the survival of males and females in
treatment A (Plain water plus organic-rich infusion exposed to the wild on October 1, 2013), treatment B (Plain water only,
exposed to the wild on October 1, 2013), and treatment C (Plain water only exposed to the wild on October 15, 2013). Black
dashed lines represent the median survival for males (12 days) and females (76 days).
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Discussion

The overwintering experiments conducted
in three regions of Thessaly provide indica-
tive evidence that a proportion of Cx. pipiens
biotype pipiens females are capable of sur-
viving winter conditions in Central Greece
and subsequently initiating reproduction in
spring. Despite being initiated relatively late
in the season, the experiments consistently
showed successful overwintering of females
at all sites, while males failed to survive un-
til the end of the cold period. These findings
are in agreement with the well-established
diapause strategy of Cx. pipiens biotype pipi-
ens, whereby inseminated females overwin-
ter as adults while males do not enter dia-
pause and typically perish during winter.

Female survival patterns differed among
locations and treatments, although suc-
cessful overwintering was observed in both
coastal and inland areas. Differences in male
longevity between sites may reflect varia-
tion in local microclimatic conditions, par-
ticularly temperature, with lower tempera-
tures potentially reducing metabolic rates
and delaying mortality. In contrast, female
survival curves were broadly comparable
among locations, suggesting that the over-
wintering capacity of Cx. pipiens biotype
pipiens females is relatively robust across
the range of winter conditions encountered
in the study area. Similar patterns have been
reported in other temperate regions, where
female survival during winter is closely
linked to the stability of microclimatic con-
ditions within overwintering shelters (Koen-
raadt et al., 2019; Rozsypal et al., 2021; Sau-
eretal., 2022).

A significant finding of the present study
is that a proportion of overwintering fe-
males successfully blood fed, oviposited,
and produced viable offspring in spring,
demonstrating their potential contribution
to the initiation of the first seasonal gener-
ation. This observation is epidemiologically
relevant, as overwintering females may play
a critical role in shaping early-season popu-
lation dynamics and, consequently, the risk
of arbovirus transmission (Brugman et al.,
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2018; Bellone and Failloux, 2020). The ob-
served variation in oviposition rates among
locations and treatments highlights the im-
portance of pre- and post-winter conditions
in determining reproductive success. Al-
though the presence of organic matter in
the water did not significantly influence fe-
male survival during overwintering, it ap-
peared to have a modest positive effect on
survival. In addition, females exposed to this
treatment exhibited higher post-overwin-
tering oviposition rates, with the propor-
tion of ovipositing females increasing by ap-
proximately 10% relative to Treatment A and
27% relative to Treatment C. The reduction
in mortality following the reintroduction of
sugar solution in early spring further under-
scores the importance of energy availabili-
ty during the post-diapause period, as pre-
viously reported for diapausing Cx. pipiens
females (Mitchell and Briegel, 1989; Den-
linger and Armbruster, 2014).

Temperature is widely recognized as a
primary driver of overwintering survival in
mosquitoes, influencing metabolic rates, ac-
tivity levels and depletion of lipid reserves.
Although the present study was not de-
signed to identify specific thermal thresh-
olds, the observed survival patterns are con-
sistent with previous work indicating that
relatively mild and stable winter conditions
can support adult overwintering of Cx. pip-
iens biotype pipiens (Rozsypal et al., 2021;
Sauer et al., 2022). Differences between
coastal and inland sites likely reflect micro-
climatic variation rather than fundamental
differences in overwintering strategy, em-
phasizing the importance of local environ-
mental conditions in shaping overwintering
outcomes.

While the ecological and epidemiolog-
ical roles of Cx. pipiens biotypes and their
hybrids are well documented, the present
study focused exclusively on Cx. pipiens bio-
type pipiens. Consequently, no conclusions
can be derived from the current data re-
garding differences among biotypes or the
role of hybrids in overwintering and patho-
gen transmission. Nevertheless, the dem-
onstrated ability of Cx. pipiens biotype pipi-
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ens females to survive winter and reproduce
in spring supports the notion that overwin-
tering adults may contribute to the persis-
tence of vector populations and potentially
facilitate early-season pathogen circulation,
as suggested by studies detecting WNV
in overwintering Culex females in Europe
(Brugman et al., 2018; Kampen et al., 2021).
Several limitations should be considered
when interpreting the present findings. The
experiments were initiated relatively late in
the season, which may have influenced dia-
pause establishment and precluded assess-
ment of mortality earlier in winter. Since
the experiments started in December-Janu-
ary, the initial phase of diapause induction
and the associated mortality rate are likely
to have been incompletely recorded. Subse-
qguently, the reported overwintering survival
rates may represent conservative estimates
of survival following the initial transition to
winter conditions. In addition, the limited
number of cages per site and the use of lab-
oratory-reared mosquitoes restrict the ex-
tent to which the results can be generalized
to natural populations. Interannual climat-
ic variability, which was not captured in the
present study, may further influence over-
wintering success. Despite these limitations,
the results provide valuable field-based ev-
idence of overwintering survival of Cx. pip-
iens biotype pipiens in a southern temper-
ate region, where experimental data remain
comparatively scarce. The use of laboratory-
reared mosquitoes is likely to limit the abil-
ity to directly generalize the results in natu-
ral populations, as laboratory colonies could
differ from wild populations regarding the
diapause expression, stress tolerance, and
energy reserve dynamics. Nevertheless, the
use of laboratory populations permitted
greater standardization of the experiments
and reduced uncontrolled biological vari-
ability among treatments (Nelms et al., 2013;
loannou et al., 2021; Siperstein et al., 2023).
Overall, the findings highlight the im-
portance of overwintering ecology for un-
derstanding seasonal population dynamics
of Cx. pipiens and their implications for vec-
tor-borne disease risk. Future studies that

will include multiple winters, additional bio-
types, and detailed characterization of nat-
ural overwintering shelters will be essential
to improve estimates of overwintering sur-
vival and to elucidate the role of local envi-
ronmental conditions in shaping mosquito
population dynamics and pathogen trans-
mission.

Supplementary Materials

Figure S1: Winter survival of Culex pipiens bio-
type pipiens in Kalamaki (a mainland village)
(A) and in Nea Anchialos (a coastal area) (B),
Thessaly, 2012-2013.

Figure S2: Kaplan Meier curves (with 95%Cl) in-
cluding log-rank test (shown p-value) for the
survival of females in Nea Anchialos and Kala-
maki. Black dashed lines represent the median
survival for females in Nea Anchialos (66 days)
and females in Kalamaki (67 days).

Figure S3: Survival rate of Culex pipiens bio-
type pipiens female adults regarding treat-
ment 1 (a), treatment 2 (b), and treatment 3 (c),
in each cage, in Volos, Thessaly, 2013-2014.
Figure S4: Survival rate of Culex pipiens bio-
type pipiens male adults regarding treatment
1 (a), treatment 2 (b), and treatment 3 (c), in
each cage, in Volos, Thessaly, 2013-2014.
Figure S5: Survival rate of Culex pipiens bio-
type pipiens adults (a) females, (b) males, re-
garding the three treatments in Volos, Thessa-
ly, 2013-2014.
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Xewpepiviy emPiwon twv evnlikwv tou Culex pipiens biotype

pipiens otnv Kevtpiki EAAada

X. lwavvov, X. Mniehepn, MN. Toepkélou, A. MixanAdakng, E. MatoouAd,
X. Xat{nxptotodoLAou kat N.O. NMamaddmoulog

NepiAnyn H emPBiwon katd tn xeipepivr mepiodo amotelei Kpioipuo otolxeio TG Broloyiag Twv evid-
Hwv-6laPiBaoTtwy o€ eUKpATA OIKOCUOTAUATA, KABWC cuVEEETal APETA e TNV évapdn Kat Tn SUVAUIKN
av€non Twv MANBUoUWY KATtd TNV EMOUEVN avamapaywyIKn TEPI0O0, UE ONUAVTIKEC EMMTWOEL OTNV
eménuioloyia Twv petadidbdpevwy voonudtwy. To €idoc Culex pipiens amotelei Tov KUplo S1afiBaoTth
ToUu 100 Tou AuTikoU Neihou otnv Eupwrn, cupmepthapfavouévng tng EANAdac. Ztnv mapouoa pehE-
Tn mapouactalovtal melpduata Slaxeipaong mouv mpaypatonolidnkav o€ TPEIC EPIOXEC TNG KEVTPIKAC
EANGSag, pe otoxo tnv agloAdynon tng ikavotntag dlaxeipaong twv evnAikwv tou Cx. pipiens biotype
pipiens UTTO PUGIKEC, TOTTIKEC XEIMEPIVEC OUVONKEC. Ale€xOnoav SU0 TIEIPAUATIKEG TIPOOEYYIOEIC O€ TTa-
pakTieC meploxég (NEa Ayxiahog kat Bohoc) kat oe nmelpwTtikr meploxry (KaAapdki). Ta amoteAéopata
¢6e1€av 0TI éva mooooTo Twv BnAukwv Tou Cx. pipiens biotype pipiens emé{noe eMTUXWE TNG XEIMEPL-
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VA TTEPLOOOU O ONEC TIC LENETWUEVEC TTEPLOXEG MEAETNG, EVW TA APOEVIKA Ogv Tapouasiacav IKavoTn-
Ta Slayeipaonc. Ta mocootd emBiwong Twv BNAUKWY 0To TENOC TNE XEIUEPIVAC TTEPIOOOU €PTacaV TO
23,9% oto Kahapdki, 1o 25,3% otn Néa Ayxialo, evw 010 Boho kupdvOnke amd 9,4% éwg 15,7%. Ta On-
Aukd mou emé{noav PETA TN XEIMEPIVA TTEPIOOO0 ATAV IKAVA VA TPAPOUVV E Aija Kal VA WOTOKACOUV KATd
TNV Avoién, mapdyovtac BIOIHOUE amoydvouc. ZNUAVTIKOC aplBuoc BnAukwy mou emPiwoav édwoav
avyd (oxediec auywv) 1000 oTo TEipapa oto Kalaudki 600 kat otn Néa Ayxialo (52,3% kat 47,4% avti-
otolxa). To m0000Td Twv BNAUKWY TTOU WOTOKNOAV 0TO TiEipapa oTov BoAo kupdvOnke and 20,8% €wg
47,2%. H emPBiwon twv OnAukwv mapouciace S1a@opomolfoelg LETAED TWV TIEPIOXWVY Kal TwV TTElPAa-
TIKWV peTayelpioewy, umodnAwvovtag mbavn emidpaon Twv TOMKWVY MEPIBAMOVTIKWY CUVONKWY 0TN
Sduvapikn tng dlaxeipaonc. Ta eupuata mapéxouv eVOEIKTIKA oTolxeia 0TI Ta BnAukd Tou Cx. pipiens
biotype pipiens umopoUv va dtaxeludlouv EMTUXWE OTIC TTEPLOKEC MEAETNC KAl OTN OUVEXELD Va EEKIVA-
00UV TNV avamapaywyikn Tou¢ diadikaacia tnv dvoién. Ta amoteAéopata TnG mapovoac HEAETNC OU-
BaAlouvv otn BeAtiwan Tng Katavonong Tng olkohoyiag Tng diaxeipaong evog onpavtikov diafifaoth
naBoydvwv Kal avadelkviouV TNV avAaykn yla TEPAITEPW MENETEC O€ SLAPOPETIKA evlaiTruaTa.

Hellenic Plant Protection Journal 19: 71-90, 2026
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Figure S1: Winter survival of Culex pipiens biotype pipiens in Kalamaki (a mainland village) (A) and in Nea Anchialos (a
coastal area) (B), Thessaly, 2012-2013.
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Figure S2: Kaplan Meier curves (with 95%Cl) including log-rank test (shown p-value) for the survival of females in Nea Anchi-
alos and Kalamaki. Black dashed lines represent the median survival for females in Nea Anchialos (66 days) and females in Kala-
maki (67 days).
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Figure $3: Survival rate of Culex pipiens biotype pipiens female adults regarding treatment 1 (A), treatment 2 (B), and treat-
ment 3 (C), in each cage, in Volos, Thessaly, 2013-2014.
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Treatment 2: Water and organic water B
(egg hatching 1/10/2013)
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Figure S4. Survival rate of Culex pipiens f. pipiens male adults regarding treatment 1 (A), treatment 2 (B), and treatment 3
(C), in each cage, in Volos, Thessaly, 2013-2014.
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Low energy portable industrial radiography X-ray machine of
irradiation of Phthorimaea operculella sterilization

. Idris”™ and W. Harara?

Summary Gamma ray’s irradiation has long widely utilized in medical, industrial and agricultural re-
search and applications. Many countries have approved its use as an effective tool for the sterile insect
technique (SIT) within integrated pest management programs. The actual study evaluates the poten-
tial of using low-energy portable industrial radiography (LEPIR) X-ray machine (typically employed for
nondestructive testing of materials) to sterilize the potato tuber moth (PTM) pupae and adult moths
rather than gamma radiation that is routinely used in SIT programs. Our data are consistent with previ-
ous finding and reveal clear dose-dependent damaging detrimental effects on key biological param-
eters of the pest, including adult emergence, longevity, fecundity, fertility and F; egg hatchability at a
dose of 150 Gy. These findings indicate that LEPIR X-ray machine may serve as a practical and alterna-

tive to gamma irradiation in any SIT program targeting the potato tuber moth.

Additional Keywords: low energy, potato tuber moth, radiation, SIT, X-ray

Introduction

Several studies have revealed that the ster-
ile insect technique (SIT) is a safe, effective,
and environmentally friendly technique for
controlling or even eradicating pests. Fur-
thermore, SIT has become a regular compo-
nent of area-wide integrated pest manage-
ment programs against various agricultural
insect pests (Hendrichs et al., 2009; Marec
and Vreysen, 2019; Dyck et al., 2021). Multi-
ple pests have been effectively controlled
using this technique, including fruit flies,
tsetse flies, and potato tuber moth (Makee
and Saour, 1999; Hendrichs et al., 2009; Idris
and Hussian, 2021). Basically, SIT depends on
releasing sterile males of the insect of inter-
est into a wild population, which decrease
reproduction rates (Knipling, 1985).

The potato tuber moth (PTM) (Phthori-
maea operculella Zeller) causes crop loss-
es of up to 100% in over 90 countries in the
world (Chandel et al., 2020; Adhikari et al.,
2022). During the growing season, Phthori-
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maea operculella (Zeller) larvae damage host
foliage; however, as senescence approach-
es, the adult females deposit the eggs with-
in soil cracks or directly on exposed tubers
(Rondon, 2010). There is a resilient pupal
stage in the pest’s life cycle, which pro-
vides a critical bridge for population surviv-
al; concurrently, the highly mobile, noctur-
nal adults ensure continuity and expansion
of infestations by dispersing spatially and
oviposition precisely (Fenemore, 1979). Syr-
ia cultivates about 24,789 hectares of pota-
toes with estimated yield of 486,605 tons
per year, and potato production depends
on an excessive usage of chemical insecti-
cides to control P. operculella infestation. It
is well documented that these insecticides
are expensive, nonselective, and pose an
environmental threat. Moreover, P. opercule-
lla has developed resistance to most insecti-
cides, reducing their effectiveness (Idris and
Shoaib, 2019; Idris et al., 2021).

Several studies have demonstrated that
gamma radiation and X-rays can be poten-
tially used in SIT programs to induce steril-
ity among insect pests (Saour and Makee,
1997; Makee and Saour, 1999; 2003; Idris
and Shoaib, 2019; Wang et al., 2023; Cho et
al., 2026). There are, however, some signifi-
cant disadvantages of using gamma radi-
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ation over X-ray technology, particularly
when it comes to application logistics and
regulatory restrictions (Kaboré et al., 2023).
A common method of radiation delivery
in SIT programs is the Cobalt-60 isotope,
which is strictly regulated with plenty of se-
curity concerns, radioactive disposal prob-
lems, complicating procurement and man-
agement (Mastrangelo et al., 2010; Urquidi
et al., 2015). On the other hand, X-rays are
more flexible practically because they are
not subject to the same regulatory restric-
tions, as it requires fewer shielding and safe-
ty measures, making them more appropri-
ate for pest control applications (Liang et
al., 2019; Abdelhafiz et al., 2024). In addition,
X-ray technology has become increasingly
popular as a safer, more efficient alternative
that induces pest sterility without affecting
commodity quality due to recent advance-
ments. In particular, low-dose X-ray treat-
ments provide a biosecurity barrier against
cryptic pests, thus bypassing the regulato-
ry and environmental challenges associated
with chemical fumigants (Follett et al., 2013;
Praveen et al., 2025).

Even though X-ray treatments are capa-
ble of achieving high levels of sterility, they
tend to preserve almost all insects’ biolog-
ical functions such as longevity, flight, and
mating behavior better than gamma ra-
diation. In SIT programs, this is crucial for
achieving successful pest control by produc-
ing sterile males that fly farther, live longer,
and court females more effectively (Wang et
al., 2023; Huang et al., 2025). A study on Cyd-
ia pomonella L. combining SIT with X irradi-
ation found that X-ray treatment effectively
sterilized male moths without significant-
ly compromising their mating competitive-
ness, but 366 Gy of X-ray caused complete
sterility in males. Compared to non-irradi-
ated males, X-rays reduced mating compet-
itiveness and lifespan, but gamma radiation
is more damaging to flight muscles, wings,
and overall vigor, making X-rays less dam-
aging. Also, both 91.2 Gy of X-rays and 124.9
Gy of gamma radiation caused 99% sterility
in male Mediterranean fruit fly (Ceratitis cap-
itata), but X-rays required lower doses and

caused less biological damage (Mastrange-
lo et al., 2009; Zhang et al., 2023). Moreover,
in Cotton bollworm (Helicoverpa armigera),
200 Gy of X-ray caused inherited sterility,
while 400 Gy caused complete egg infertil-
ity, showing dose flexibility (Chu et al., 2026).

Photonic ionizing radiation, including X-
rays and gamma rays, has been extensively
used in insect pest management and con-
trol programs. However, despite their wide-
spread application, limited information is
currently available regarding the potential
advantages and effectiveness of low-ener-
gy X-ray radiation within Sterile Insect Tech-
nique (SIT) programs (Pernicka and McLean,
2007; Russel and Bardley, 2015). On the other
hand, in the traditional academic research
and nondestructive testing of materials
(NDT), the low-energy, portable industrial
radiography (LEPIR) X-ray machines are uti-
lized. Low-energy portable industrial radi-
ography X-ray machine, with anode water-
cooling and 100% duty cycle, is usually used
to perform research and services in nonde-
structive testing of materials. However, it
can be also considered as a powerful tool
to provide irradiation for research works in
phytosanitary, in stored product pest con-
trol and in SIT pest management programs.
This type of X-ray machine is capable to pro-
vide irradiation doses up to 400 Gy at once,
without interruption, for the selected kV and
FPID that situated between 40 and 100 cm.
In addition, these types of X-ray machines
are portable and require little shielding to
comply with the safety protection regula-
tions from ionizing radiation, thus, the irra-
diation can be performed in both research
laboratory or in nondestructive testing lab-
oratory (Martin, 2006; Maharaj, 2008; Bush-
ong and Goerner, 2012; Kwon et al., 2022).
Moreover, this type of X-ray machine, due to
its light safety protection shielding, can be
used as an integral part of low-production
commercial system for irradiation treatment
of single layers of grains, seeds or any agri-
culture products moving over a belt (Hall-
man, 2013; Indiarto et al., 2020; Zhang and
Zhou, 2022). Consequently, this system will
overcome the public concerns of consum-
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ing irradiated agriculture products such as
the one that commercially irradiated using
Cobalt-60 radioisotope due to the believe
that these commodities may have been pol-
luted and become radioactive (Fox, 2002;
Gunes and Tekin, 2006; Maherani et al., 2016;
Castell-Perez and Moreira, 2021).

Thus, the study aimed to investigate the
potential of low-energy X-ray irradiation as a
substitute for conventional irradiation tech-
niques, while also assessing whether the
sterilization process negatively affected im-
portant biological and performance param-
eters of P. operculella pupae and adult moths
instead of using gamma rays’ radiation.

Materials and methods

Characterizations of the Smart 160W in-
dustrial X-ray machine

A directional beam portable industrial
radiography X-ray machine with anode wa-
ter cooling and 100% duty cycle at 20°C was
used to irradiate P. operculella at pupae and
adult moth stages. The type of the X-ray ma-
chine that has been recruited in this study
is YXLON International- Smart 160W. The
working range of this equipment can be ad-
justed from 10 kV to160 kV. The operation
current of the tube of this X-ray machine is
fixed and equal to 4 mA. The conical shape
of the radiation beam has an angle of 40° In
order to obtain a circular shape of the field
of radiation, the axe of the radiation beam
had been adjusted to be vertical on the ir-
radiation plane. The diameter and the area
of each circle with homogeneous irradiation
field depend on the vertical distance be-
tween the focal spot of the X-ray tube and
the plane of irradiation (Bryant and Mcintire,
1985; Halmshow, 1995).

The paragraph output radiation doses of
the X-ray machine were measured in the ra-
diography laboratory of the Atomic Energy
Commission of Syria by using an ionization
chamber that was calibrated in the Dosim-
etry laboratory of the International Atomic
Energy Agency (IAEA). The measurements
were performed for the whole operation kV
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rang, starting from 20 kV to 160 kV with 20
kV increment, by positioning the thin spher-
ical sensor of the ionization chamber at the
horizontal plan of irradiation at a vertical
distance equal to 40 (cm), between the focal
spot of the X-ray machine to the horizontal
plan of irradiation distance (FPID), and ex-
posing the sensor to X-ray radiation at every
cited kV for one minute. The result of these
measurements was taken as an accumulat-
ed electric charge in (Coulomb/min) unit
and it was transformed to the (Gray/h) unit
to draw the exposure curve of the relation
between the irradiation doses in (Gray/h) for
every applied kV at the cited FPID.

To respond to the different irradiation
needs, the sensor of the ionization chamber
was exposed for another FPID that equals to
50, 60, 75, and 100 cm respectively and the
results of these exposures are shown in Ta-
ble 1and in Figure 1 (Ma et al., 2001; Pernicka
and McLean, 2007). The air kerma rate was
measured by a reference ionization cham-
ber PTW 34069 and determined using the
following equation:

Kair = Mo. Nk. KT,p. KH. Kpol- Ks

Where:

Kair: air kerma rate (Gy/min)

M,: average reading of the ionization cham-
ber in (nC/min).

Ni: calibration factor of the ionization cham-
ber in term of air kerma rate in (Gy/nC).

Krp: correction factor for air temperature
and air pressure

Ky: correction factor for humidity

Kyo: correction factor for polarity

K;: correction factor for recombination

Insects stock culture

The insects used in this study were se-
lected from our laboratory stock culture,
which is renewed each year with a field col-
lection of PTM individuals. They were reared
on wax coated potato slices, maintained
at a constant temperature of 25+1°C, with
70+5% relative humidity, and 12-hour light-
darkness cycle as described by Saour and
Makee (1997). The larvae were reared on
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Table 1. Irradiation doses of the X- ray machine at the applied kV and for five values of FPID
distances performed at X-ray irradiation of the potato tuber moth Phthorimaea operculella.

Operating Dose (Gy/h) at Dose (Gy/h) at Dose(Gy/h) Dose(Gy/h) Dose(Gy/h) at
potential (KV) FPID=40cm FPID=50cm at FPID=60cm at FPID=75cm FPID= 100cm
20 87.8 56.2 39.0 25.0 14.0
40 125.8 80.5 55.8 35.8 20.1
60 170.1 108.9 75.6 48.4 27.2
80 201.9 129.2 89.6 574 323
100 221.6 141.8 98.4 63.0 354
120 237.6 152.1 105.5 67.6 38.0
140 247.2 158.2 109.8 70.3 39.6
160 253.6 162.3 112.6 721 40.6
0 | D= . were repeated three times.
225 - FPID =60 cm

FPID=75cm

200 < s FPID =100 cm

175
150 -
125
100 -
75 - 8
50 7
25 X *

Irradiation dose ( Gy/h)

20 40 60 80 100 120 140 160

Applied potential (kV)

Figure 1. Curves of the irradiation doses as a function of the
applied kV at five values of FPID performed at X-ray irradiation
of the potato tuber moth Phthorimaea operculella.

wax-coated potato slices, which were laid
over a layer of sand in plastic containers (40
cm x 25 cm x 10 cm) in which they pupat-
ed. As new adults emerged, they were col-
lected and kept in 800ml transparent plastic
jars (10-12 pairs per jar); a filter paper band
was added to the bottom of every jar to pro-
mote oviposition, and 10% sucrose solution
was provided as a food source. In addition
to keeping females and males together until
death, the eggs were collected daily, count-
ed, and left until they hatched on new wax-
coated potato slices. In the experiments, all
the eggs, pupae and adults (male and fe-
male) used were randomly collected from
the lab. colony at <24 h old. The stage (pu-
pae, adult) that did not meet IAEA standards
for quality control, such as undersized or
malformed, were discarded. All experiments

Effect of X-ray irradiation of P. operculel-
la pupae on adult emergence, longevity,
fecundity and hatchability

Pupae n=120 were divided into four
groups for X-ray irradiation with 0, 100, 150,
and 200 Gy doses (each pupae group placed
in plastic Petri dishes 9 cm diameter). Irradi-
ation of the PTM pupae and adults was con-
ducted at FPID equal to 50 cm at potential
difference equal to 100 kV. After adult in-
sect emergence, irradiated males and fe-
male moths in each group were paired in-
dividually in a 350 mL transparent plastic
box provided with a band of filter paper for
oviposition and 10% sucrose solution as a
food source. At each studied dose, the adult
males and female moths were counted as
they emerged and kept for oviposition until
death. Eggs laid at each dose were collected,
counted, and incubated for hatching for de-
termining the hatchability.

Effect of X-ray irradiation of P. opercule-
lla adults on adult longevity, fecundity
and hatchability

A group of 160 newly emerged females
and males were exposed to X-ray irradiation
doses (0, 100, 150, 200 Gy). The irradiated
males and female moths of each dose were
paired individually in the same above-men-
tioned 350 mL transparent plastic boxes and
were kept to oviposition until they died; laid
eggs were counted and set aside for deter-
mining the hatchability.
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Effect of X-ray irradiation of adults on
the fecundity and hatchability of P. oper-
culella after crosses of irradiated with
non-irradiated males and females

N=400 pupae were individually placed
in transparent plastic tubs (7 x 1.2 cm), and
after adults’ emergence, 80 females and
males were chosen and exposed to X-ray
irradiation different doses (0, 100, 150, 200
Gy). Irradiated females were divided into
four groups (different dose exposure) and
paired with80 non-irradiated males (20 cou-
ples/group). Similarly, 80 emerged males ex-
posed to X-ray irradiation ate different dos-
es (0, 100, 150, 200 Gy), were divided into
four groups, and paired with 80 non-irradi-
ated females. During each treatment, twen-
ty pairs of males and females were placed in
a breeding box containing cotton soaked in
a sugar solution (10%) and filter paper sur-
rounded for oviposition. After each dose
treatment, the adults of both males and fe-
males were kept for oviposition until death.
Eggs were collected, separated and counted
daily to determine egg hatch.

Statistical analysis

All statistical analyses were performed at
P < 0.05, using SAS Institute, Cary, North Car-
olina, USA’s P Stat View statistical software
(version 5.0). ANOVA-Tukey HSD tests were
used to determine the statistical signifi-
cance of differences in means in emergence,
adult longevity, fecundity, and hatchability
data, and a Student’s T-test was used to ex-
amine the variance in fecundity and hatch-
ability between crosses of irradiated with
non-irradiated males and females.

Results

Values of the measured output radiation
doses of the X-ray machine

The values of the measured output radi-
ation doses of the X-ray machine taken for
eight values of kV that are, (20, 40, 60, 80,
100, 120, 140, 160) kV at every one of the five
values of FPID that are 40, 50, 60, 75, and 100
cm are consigned in Table 1. The curves of
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the measured irradiation doses for the ap-
plied kV on the X-ray tube at each of the five
cited values of FPID in Figure 1 reveal that
the exposure dose increases by increasing
the applied kV between the anode and the
cathode of the X-ray tube, and the irradia-
tion dose increases by decreasing the ap-
plied vertical value of FPID.

Diameter of the circular areas of irradi-
ation

The diameter of each one of the five cir-
cles that have homogenous irradiation dose
taken at the five values of FPID is presented
in Table 2. The recorded values were calcu-
lated by using the defined angle of the ra-
diation beam divergence of the X-ray tube
and the applied values of FPID. The diame-
ters of the circular areas of irradiation vs the
FPID values where the centers of all circles
are located at the central axis of the radia-
tion beam are shown in Figure 2. The opti-
cal photo during X-ray irradiation of P. oper-
culella pupae and adult moths is presented
in Figure 3.

Effect of X-ray irradiation of P. operculel-
la pupae on adult emergence, longevity,
fecundity and hatchability

A significant, dose-dependent decreas-
ing effects has been observed on many crit-
ical biological parameters including adult
emergence, male and female moths longev-
ity and fecundity (Table 3). A complete adult
emergence was observed at the highest
dose of 200 Gy. Furthermore, F; egg hatch-

Table 2. Diameter of the circular areas of the
homogenous Irradiation doses at five FPID
distances performed at X-ray irradiation of
the potato tuber moth Phthorimaea opercu-
lella.

FPID (cm) D|ametei:r<;fdtit;tei§|nr(c;:3r area of
20 14.6
40 29.1
60 43.7
80 58.2
100 72.8
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ability has been completely inhabited at the
dose of 150 Gy.

Effect of X-ray irradiation of P. opercule-
lla adults on adult longevity, fecundity
and hatchability

Adult longevity was not significant-
ly impacted by any of the test doses when
compared to the untreated control group.
Conversely, both fecundity and F; egg
hatchability confirmed a dose-dependent
decreasing as the irradiation dose increased.
Remarkably, F; egg hatch was almost com-
pletely inhibited by 150 Gy (Table 4).

80 -

70 A

60 -

50 -

40 -

30 4

20 ~

10 4

Diameter of the irradiation circle (cm)

0

20 30 40 50 60 70 80 90 100

FPID (cm)

Figure 2. Diameters of the circular area of the homogeneous
irradiation dose vs the vertical values of FPID performed at X-
ray irradiation of the potato tuber moth Phthorimaea opercu-
lella.

Effect of X-ray irradiation of adults on
the hatchability and fecundity of P. oper-
culella after crosses of irradiated with
non-irradiated males and females

Fecundity and F; egg hatchability of off-
spring from all treatment crosses (normal
females X treated males, treated females X
normal males) declined with increasing X-
ray dose. A notable sex-specific effect of ir-
radiation was observed: crosses involving ir-
radiated females paired with normal males
exhibited significantly higher fecundity and
Fi egg hatchability compared to the recip-
rocal crosses in which irradiated males were
paired with normal females (Table 5).

Figure 3. YXLON International - Smart 160W X-ray machine
during irradiation for sterialisation of Phthorimaea operculel-
la pupae and adults.

Table 3. Effect of X-ray irradiation of Phthorimaea operculella pupae on adult emergence,

longevity, fecundity, and hatchability.

Dos Emergence Adult Longevity | Adult Longevity No. Eggs Hatchability

(Gy) n (%) (¢, day) (&, day) (Q/total) (%) (F1)
(Mean = SD) (Mean % SD) (Mean £ SD) (Mean £ SD) (Mean £ SD)

0 30 93+25A 10+09A 93+13A 589+4.5A 85.1+86A

100 30 30+4.6B 54+118B 64+158B 43+298B 1.1+0.78B

150 30 6.7+£2.6C 1.4+£1.2C 1.7+0.7C 1.3£1.2C 0B

200 30 0cC 0D N/A D N/A C N/AB

Df 2 2 2 2 2

F- value 62.875 629.459 481.588 2158.897 1926.132

p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Means (X + SD) followed by different capital letters in columns are significantly different at p < 0.05 (Tukey HSD test).
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Table 4. Effect of X-ray irradiation of Phthorimaea operculella adults on adult longevity, fe-
cundity, and hatchability.

Dose Adult Longevity Adult Longevity No. Eggs Hatchability

Gy) n (?, day) (&, day) (Q/total) (%)
(Mean + SD) (Mean + SD) (Mean £ SD) (Mean £ SD)

0 20 9.6 +£1.3A 9.85+1.3A 56.85+57A 93.6 £ 5.03A

100 20 9.3+1.2A 9.65+ 1.6 A 15.2+4.38B 6.65+2.04B

150 20 6.25+1.3A 9.6+ 14A 51+1.2C 0C

200 20 6.35+£1.0A 92+ 15A 0.15+0.3D 0C

Df 3 3 3 3

F-value 0.335 0.777 1007.147 5699.981

p 0.8036 0.5105 <0.0001 <0.0001

Means (X + SE) followed by different capital letters in columns are significantly different at p < 0.05 (Tukey HSD).

Table 5. The effect of X-ray irradiation of Phthorimaea operculella adults on the fecundity and
hatchability after crosses of irradiated with non-irradiated males and females.

(TP XNJ) (NPXTJ)

?G(;s)e n No. Eggs Hatc?jz;mhty No. Eggs Hatc?}z)lmllty

(Mean £ SD) (Mean + SD) (Mean £ SD) (Mean + SD)
0 20 729+ 5.07 Aa 774 £ 4.7 Aa 78 £5.1 Aa 739 +4.7 Aa
100 20 38.8+79Bb 25.55+ 4.6 Bb 52.2+898Ba 43.1 +5.9Ba
150 20 26.8+5.7Cb 82+16Ch 38.8+8.3Ca 32.3+59ACa
200 20 10.2+2.4Db 0Db 18 +3.8 Da 14 £3.14 A Da
Df 3 3 3 3
F-value 440.527 2078.554 268.187 281.993
p <0.0001 <0.0001 <0.0001 <0.0001

Means (X £ SD) followed by different capital letters in columns are significantly different at p < 0.05 (Tukey HSD test).
Means (X + SD) followed by different small letters in rows (between no. of eggs and hatchability in each cross with

opposite) are significantly different at p < 0.05 (two-proportion z-test).

Discussion

X-irradiation produced dose-dependent
biological effects that varied by life stage
and sex. When pupae were irradiated, it de-
creased adult emergence, longevity, and fe-
cundity, completely preventing emergence
at 200 Gy and fully inhibiting F; egg hatch at
150 Gy. In adults, longevity was unaffected,
but fecundity and egg hatch declined with
increasing dose, with total inhibition at 150
Gy. Cross-mating experiments revealed fe-
males are more strongly sterilized by irradia-
tion than males, as irradiated females x nor-
mal males produced fewer offspring than
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the reciprocal cross.

Our study revealed that P. operculella pu-
pae irradiated with X-rays decreased adult
emergence and lifespan as well as fecundity,
ending with a complete inhibition of F, egg
hatchability at 150 Gy. There has been evi-
dence that X-ray irradiation or gamma radi-
ation has a significant negative impact on a
variety of biological parameters in P. opercu-
lella (Saour and Makee, 1997; Cho etal., 2021).
Accordingly, several studies on lepidopter-
an and dipteran pests including Ephestia
elutella (Hubner) (Lepidoptera: Pyralidae),
Cydia pomonella (Lepidoptera: Tortricidae),
Spodoptera litura (Fabricius) (Lepidoptera:
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Noctuidae), Aedes aegypti L. (Diptera: Culic-
idae), and Bactrocera dorsalis (Hendel) (Dip-
tera: Tephritidae) showed that X-ray irradia-
tion at definite doses resulted in a decrease
in adult emergence, longevity, sterility, fe-
cundity, and a zero F; egg hatch (Chang et
al., 2016; Zhao et al., 2022; Jiang et al., 2022;
Wang et al., 2023; Zhang et al., 2023; Chen
et al., 2025). Thus, many studies on diverse
insect species support these findings, and
highlight the biological effects of X-ray ra-
diation. Some of the comparative studies of
X-ray and gamma irradiation indicated that
X-ray can be as effective as or, in some cas-
es, more effective than gamma irradiation
depending on the applied dose, the insect
species and the developmental stage (Hen-
drichs et al., 2009; Yamada et al., 2023).

The results indicate that X-ray irradia-
tion of adults could be a promising phyto-
sanitary measure against P. operculella be-
cause as the dose increases, fecundity and
egg hatch are clearly reduced, even though
adult longevity is not significantly affect-
ed (Hallman and Hellmich, 2009). Morov-
er, due to the higher sensitivity of females
than males, treatment success depends on
achieving complete sterility, especially in fe-
males, rather than causing immediate death;
this finding is in accordance with interna-
tional phytosanitary evidence, which indi-
cates that irradiation can be beneficial when
it induces sterility or F; sterility rather than
direct death (Follett, 2024). As a result of
cross-mating results, X-ray irradiation is an
effective technique for supporting SIT pro-
grams, since irradiated adults still mate but
produce fewer viable offspring; this makes
sterile males especially important, since they
can compete with wild males and reduce re-
production without killing them immediate-
ly (Saour and Makee, 1997; Dyck et al., 2021).

Regarding the target developmental
stage of PTM for SIT, fertility was strongly
suppressed after X-ray irradiation of both
pupal and adult stages, but survival effects
were different; whereas pupal irradiation
reduced adult emergence more strongly,
adult irradiation caused only sterility, with
little effect on longevity; overall, the study

suggests that male-only release of irradiat-
ed P. operculella would be the most practi-
cal approach to SIT (Makee and Saour, 1999;
2003; Marec and Vreysen, 2019).

The current research indicates that X-
ray irradiation doses cause sterilization of
P. operculella, imparting the same steriliza-
tion properties as gamma in earlier stud-
ies (Saour and Makee, 1997). However, oth-
er studies have shown that X-rays can be
equally effective, if not superior, to gam-
ma rays for sterilizing many other species.
For example, X-ray irradiation produced
male sterility comparable to gamma rays
in A. aegypti pupae and adults in compari-
son to gamma rays (Wang et al., 2023). Low-
rate of irradiation in the smart 160W indus-
trial X-ray machine could explain why insect
sterility is higher at high doses as compared
to gamma radiation doses. However, when
used in SIT at the same radiation dose, there
is a clear difference between the effects of
high and low radiation dose rates on insect
reproduction. In accordance with the results
of LEPIR X-ray machine irradiation (low-en-
ergy), Bakri et al. (2021) reported that the ap-
plication of high doses at low dose rates re-
sults in higher sterility, which explains why
high doses may be more effective when low
dose rates are applied.

Conclusion

The findings of this study have particularly im-
portant implications for the SIT on the PTM
control because they demonstrate that low-
energy LEPIR X-ray machine irradiation can be
an effective substitute for gamma radiation in
inducing PTM sterility. Observed reductions
in reproductive capacity demonstrate that
this approach has the potential to suppress
pest populations effectively. Furthermore, the
dose-dose rate relationship provides valuable
insight into optimizing irradiation protocols,
which can increase the efficiency and cost-ef-
fectiveness of SIT programs. Further research
should explore the potential of X-ray-based
sterilization for use as an alternative to gam-
ma radiation in the SIT against P. operculella.
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®opntn Bropnxavikng Xxpiong cuoKevn akTivwv-X XapunAng
EVEPYELAG Yia TN OTEipwon TNG YOopipaiag Phthorimaea
operculella

. Idris kat W. Harara

NepiAnPn H aktivoBolia y xpnotuomoleital 5 Kat TOAA xpovia o eupeia KAiJaKa oTnv 1aTPIKA, Bi-
OUNXAVIKA Kal YEWPYIKA €pEuva Kal TIG EQAPUOYEG TOUC. MOANEG XWPES €XOUV EYKpiveL TN XpAON TNG
WC AMOTENECMATIKO £pYAAEi0 yla TNV TeXVIKA €amdAuonc oteipwy eviduwy (Sterile Insect Technique,
SIT) oto mAaiclo oAokAnpwuévwy mpoypaupdtwy diaxeipiong empPBAapwv opyaviopwv. H mapoloa pe-
Aétn aflohoyei T SuvatotnTa xpriong Kag eopnTAS BOUNXAVIKAG CUOKEURE akTivwy X XaunAAg evép-
velag (Low-Energy Portable Industrial Radiography, LEPIR), n omoia xpnotpomolgital 6uvABwg yla un
KOTAOTPOPIKOUG EAEYXOUC UNIKWY, YO TN OTEIPWON VUPQWV Kal aKpaiwv TG eBopiuaiag Tng matatag
(Phthorimaea operculella), w¢ evaANAKTIKH TNC akTIvoBoAiag y mou xpnaotpomoleital cuvbwg ata mpo-
ypdauuata SIT. Ta amoteAéopaTa Pag CULMPWVOUV E TTPONYOUUEVA EUPAUATA Kal KATASEIKVUOLV CAQEI(C,
doooefaptwpeveg emIrueC emMOPATELC O BaOIKEC BIOAOYIKEG TAPAPETPOUC TOU EVIOMOU, OTIWG N £€0-
50¢ TWV akuaiwy, N HakeoPlotnTa, N YovIoTNTa, N Avamapaywylkr IKavotnta, Kadwe Kat n EKKohay!-
MOTNTA TWV AUYWV TNE TPWTNG Buyatpikig yevidg (F1), o 66on 150 Gy. Ta eupripata autd UModEIKVU-
ouV 0TI N ouoKeun akTIvwy X LEPIR pmopei va amoteAéoel pia TPAKTIKA Kal aldmoTn eVAANAKTIKA AUon
€VavTlL TNC aKTIVOBAANONC UE OKTIVEC y o€ poypdpata SIT mou 6ToxeVOLV OTOV OKWPO TNE MATATAC.
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Herbicide-resistant weeds in Greek rice cultivation systems:
A Review of the status, drivers, and Integrated Management
Implications

A. Motsenigou", D. Vlotsos', N. Vidali', A. Petraki' and D. Chachalis'

Summary Herbicide resistance has emerged as a major constraint to sustainable rice (Oryza sativa
L.) production in Greece, where intensive water-seeded monoculture systems rely heavily on chem-
ical weed control. This review synthesizes current knowledge on rice production systems, herbicide
use patterns, and the evolution of herbicide-resistant weeds in Greek agroecosystems. Rice cultiva-
tion is concentrated in northern Greece under flooded conditions that favor the proliferation and per-
sistence of competitive weed species. The dominant resistant weeds include Echinochloa spp., Cype-
rus difformis, weedy rice (red rice) and Leptochloa fusca subsp. fascicularis. Resistance has been docu-
mented to multiple herbicide modes of action, including propanil, acetolactate synthase (ALS) inhibi-
tors, acetyl-CoA carboxylase (ACCase) inhibitors, synthetic auxins, and glyphosate, with increasing oc-
currence of cross- and multiple-resistant biotypes. Resistance evolution is driven by prolonged her-
bicide reliance, continuous monoculture, seedbank persistence, and dispersal through irrigation net-
works. The review further evaluates species-specific resistance mechanisms and highlights integrated
weed management strategies based on preventive, tactical, and long-term Best Management Practic-
es. This baseline assessment provides a consolidated reference for researchers, advisors, and policy-
makers and supports the development of coordinated resistance management frameworks aligned
with EU Integrated Pest Management principles and the specific challenges of Greek rice production.

Additional keywords: ALS inhibitors, cross-resistance, integrated weed management, paddy fields, resistance
mechanisms, water seeded rice

1. Introduction lishment of herbicide-resistant weed popu-

lations, turning Greek rice agroecosystems

Rice cultivation in Greece is geographically
concentrated in a few major delta and ba-
sin systems, namely the Axios—Aliakmo-
nas—Gallikos Delta, the Strymonas/Serres
Basin, and smaller production areas in Ka-
vala/Drama and western Greece in Am-
vrakikos region, (Vasilakoglou et al., 2018).
These regions account for the national rice
production and are characterized by inten-
sive, monocultural, flooded paddy systems.
Such production conditions create an ide-
al environment for the evolution and estab-
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into key hotspots of herbicide resistance
(Vasilakoglou et al., 2000; Kaloumenos et al.,
2013a; Kaloumenos et al., 2013b).

Over the past three decades, numerous
cases of resistance have been documented
among the dominant weed species, includ-
ing Echinochloa phyllopogon, E. oryzicola, E.
crus-galli, E. colona, Cyperus difformis, Ory-
za sativa, and Leptochloa sp. (Heap, 2026).
The weed flora in Greek paddies is dominat-
ed by highly fecund and persistent species,
such as Echinochloa spp., Cyperus difformis,
and weedy/red rice (Oryza sativa f. sponta-
nea); those species biology, including high
seed output, prolonged seed persistence,
and adaptability to alternating moisture re-
gimes, amplifies the risk of resistance selec-
tion under repeated use of narrow-spec-
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trum herbicides (Damalas et al., 2008; Osca
etal, 2021).

A special perspective on herbicide re-
sistance is necessary in Greece since water-
seeded rice systems in the country present
a unique combination of agronomic, eco-
logical, and socio-economic features that
distinguish them from upland or Asian and
American rice systems. Key contributors in
the accelerated evolution of herbicide resis-
tancein Greekrice systemsinclude the long-
term reliance on a limited range of herbicide
modes of action, which has created a high-
ly selective environment favoring the prolif-
eration of resistant biotypes, minimal crop
rotation, and the occurrence of weed mim-
icry, particularly in Echinochloa phyllopogon
(Papapanagiotou et al.,, 2025a). Addition-
al drivers involve the re-infestation of pad-
dies through irrigation and drainage canals,
which act as reservoirs of resistant biotypes,
and the biological stability and persistence
of resistant phenotypes, which allow their
propagation across seasons without signif-
icant fitness penalties.

Greek specific constraints, including the
limited herbicide toolbox, EU regulatory re-
strictions, and environmental protection
requirements, shape both the choice and
timing of chemical interventions, making
stewardship and Best Management Prac-
tices (BMPs) context-dependent. Evidence
from other regions shows that BMPs suc-
ceed only when tailored to local biological,
chemical, and socio-economic conditions
(Norsworthy et al., 2012).

The present baseline report consolidates
available knowledge on the geographic dis-
tribution of resistance, mechanisms under-
lying herbicide adaptation, agronomic driv-
ers, and potential management strategies in
Greek rice production systems. By synthesiz-
ing these data, the report aims to provide a
comprehensive foundation for understand-
ing current resistance dynamics and inform-
ing future integrated weed managementin-
terventions. This work has been conducted
within the framework of the Hellenic Foun-
dation for Research & Innovation (H.F.R.)
research project named ARTS-Rice project
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(www.arts-rice.gr), which aims to enhance
sustainable rice production in the Mediter-
ranean through integrated weed manage-
ment and the mitigation of herbicide resis-
tance.

2. Rice production systems in Greece

Production systems

Rice cultivation in Greece is concentrat-
ed primarily in Central Macedonia, includ-
ing the prefectures of Thessaloniki, Imathia,
and Pella, which collectively represent the
largest production zone (>70%) and focus
on intensive commercial varieties, both ja-
ponica and indica types. The second major
area is the Serres/Strymonas Basin (~20% of
national production), while Eastern Mace-
donia-Thrace, encompassing Kavala and
Drama, supports smaller but historically sig-
nificant areas for the emergence and study
of herbicide-resistant weeds. Finally, the
Arta/Amvrakikos region represents a minor
production area. Across these regions, rice
agroecosystems are highly specialized, with
heavy alluvial soils, permanent irrigation in-
frastructure, and intensive management
practices.

Continuous rice monoculture dominates
Greek rice cultivation, with minimal crop ro-
tation and uniform management practices
(Papapanagiotou et al., 2025a). Soils are gen-
erally heavy-textured and fertile, allowing
high yields under flooded conditions. Key
weed species that thrive under these agro-
ecological conditions include Echinochloa
spp., Cyperus difformis, Alisma plantago-
aquatica, and weedy rice populations, many
of which have developed herbicide resis-
tance over time (Vasilakoglou et al., 2018).
The combination of monoculture, uniform
herbicide application, and the stability of re-
sistant phenotypes has contributed to the
persistence and expansion of problematic
weed populations.

Herbicide use
Weed control strategies rely heavily on a
rather narrow portfolio of herbicides, which
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has intensified selection pressure and con-
tributed to resistance evolution. During the
last 5 years, commonly used modes of ac-
tion; data retrieved from the Greek Minis-
try of Rural Development and Food’s Plant
Protection Products database on January 8,
2026. The list is as follows:

— ALS inhibitors (Group 2). penox-
sulam, bispyribac-sodium, halosul-
furon-methyl and imazamox; only in
Clearfield systems

— ACCase inhibitors (Group 1): cyhalo-
fop-butyl, profoxydim, propaquiza-
fop, and clethodim; only in Provisia
systems

— Auxinic herbicides (Group 15): MCPA,
triclopyr, florpyrauxifen

— PS-ll Inhibitors (Group 5): bentazone

— EPSPS inhibitots (Group 9): glypho-
sate

— Microtubule Polymerization Inhibi-
tor (MPI) (Group 3): pendimethalin

— DOXP inhibitor (Group 12): cloma-
zone

— HPPD inhibitor (Group 27): benzobi-
cyclon

In addition to fully authorized plant pro-

tection products, several herbicides have
been authorized in Greek rice systems un-
der emergency authorizations, as permit-
ted under Article 53 of Regulation (EC) No
1107/2009 (European Parliament and Coun-
cil of the European Union, 2009). These in-
clude benzobicyclon, profoxydim, propa-
nil, quinclorac, and pretilachlor, all granted
for periods not exceeding 120 days. The re-
curring reliance on such emergency autho-
rizations reflects the structural limitations
of the fully registered herbicide portfolio in
Greek rice and highlights the regulatory vul-
nerability of the sector’s weed management
toolbox, particularly in the context of esca-
lating herbicide resistance.

3. Herbicide resistance in rice
Propanil Resistance

Historically, the first documented cas-
es of herbicide resistance in Greek rice oc-

curred in the 1980s with Echinochloa crus-
galli exhibiting reduced susceptibility to
propanil (Giannopolitis and Vassiliou, 1989).
Metabolic detoxification mechanisms were
identified as key contributors to early resis-
tance, signaling the vulnerability of Greek
rice systems to adaptive responses among
dominant weeds (Giannopolitis and Vassi-
liou, 1989; Vasilakoglou et al., 2000). These
early observations highlighted the limita-
tions of relying solely on a single mode of
action for weed control and set the stage for
future resistance monitoring.

ALS Resistance Establishment

This emergence coincided with the in-
tense reliance on ALS inhibitors (i.e. during
the 2000-2010 period), reflecting the direct
link between herbicide use patterns and the
evolution of target-site resistance. As such,
ALS-inhibitor resistance became increasing-
ly widespread. Resistance was confirmed in
Echinochloa oryzoides and E. phyllopogon
(Damalas et al., 2006, 2008), while Cyper-
us difformis developed ALS resistance via
specific point mutations in the ALS gene
(Ntoanidou et al., 2016).

Cross- and Multiple Resistance

Between 2010 and 2020, multiple cases
of cross-resistance to acetolactate synthase
(ALS)-inhibiting herbicides were confirmed
in Greek rice agroecosystems, involving ac-
tive ingredients such as penoxsulam, bispy-
ribac-sodium, and imazamox. During the
same period, the emergence of acetyl-
CoA carboxylase (ACCase) inhibitor resis-
tance was also reported, further constrain-
ing chemical control options (Damalas et
al., 2006; Vasilakoglou et al., 2018). In addi-
tion, documented herbicide antagonistic in-
teractions reduced field-level efficacy, exac-
erbating control failures. Collectively, these
developments reflect the cumulative effects
of prolonged and repetitive herbicide selec-
tion pressure and expose the structural lim-
itations of conventional herbicide rotation
schemes in managing genetically diverse
and adaptable weed populations.

Since 2020, resistance patterns have be-
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come increasingly complex, with stacked
and multi-mechanism resistance pheno-
types now being reported. Notably, multi-
ple resistance to ALS inhibitors, ACCase in-
hibitors, and auxinic herbicides has been
identified in Echinochloa phyllopogon popu-
lations (Papapanagiotou et al., 2025a), while
glyphosate resistance has been document-
ed in Echinochloa colona (Travlos et al., 2020).
Importantly, resistant biotypes appear to
exhibit no detectable fitness penalties un-
der non-treated conditions (Papapanagiot-
ou et al., 2023), facilitating their persistence,
spread, and competitive dominance within
rice production systems.

This advanced resistance phase repre-
sents a critical challenge for sustainable
weed management in Greek rice systems
and underscores the urgent need for inte-
grated weed management (IWM) approach-
es. Such strategies must move beyond her-
bicide-centric paradigms and incorporate
chemical diversification, cultural practic-
es, ecological regulation, and system-level
redesign to effectively mitigate resistance
evolution and ensure long-term agroeco-
system resilience.

4, Weed species-by-species resistance
profile to herbicides in rice

Echinochloa phyllopogon (late water-
grass)

Resistance status. Echinochloa phyllopogon
has become one of the most problematic
weed species in Greek rice systems due to
its widespread and robust resistance pro-
file. ALS inhibitor resistance is strong and
prevalent across major rice-growing zones
(Vasilakoglou et al., 2018), while ACCase re-
sistance has also been confirmed in mul-
tiple field populations (Papapanagiotou
et al., 2025a). Resistance to auxinic herbi-
cides, including dicamba and MCPA, has
emerged more recently (Papapanagiotou
et al., 2025a). Greece represents one of the
earliest European cases where multiple re-
sistance to ALS, ACCase, and auxinic herbi-
cides has been documented (Papapanagiot-
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ou etal., 2025a).

Global studies indicate emerging resis-
tance and reduced sensitivity of Echinochloa
species to florpyrauxifen-benzyl, driven by
target-site mutations and metabolic detox-
ification mechanisms (Zhang et al., 2023;
Deng et al., 2025). Although only empirical
reports of reduced efficacy currently exist
in Greece, the confirmation of similar met-
abolic resistance mechanisms in Greek Echi-
nochloa populations suggests a high risk of
cross-resistance and necessitates proactive
monitoring to ensure long-term herbicide
efficacy.

Mechanism. Resistance in E. phyllopogon is
driven by a combination of target-site and
non-target-site mechanisms. ALS target-site
mutations, including Trp574 and Pro197 vari-
ants, are commonly found. Additionally, en-
hanced metabolic detoxification, likely me-
diated through cytochrome P450 enzymes,
contributes to herbicide breakdown. Impor-
tantly, these resistant biotypes exhibit no
measurable fitness penalty, allowing them
to persist and spread under continuous se-
lection pressure.

Echinochloa oryzicola

Resistance status. Echinochloa oryzicola is
considered one of the most noxious weeds
in rice fields in Northern Greece (Kalou-
menos et al.,, 2013b). Several studies have
been conducted in order to confirm resis-
tance to ALS -inhibiting herbicides. Specifi-
cally, it has been found that E. oryzicola in-
dicates cross resistance to penoxsulam,
bispyribac-sodium, imazamox, foramsulfu-
ron, nicosulfuron and rimsulfuron. It is sug-
gested that cross resistance to ALS herbi-
cides is imposed by continuous use of them
and highlights the herbicide selection pres-
sure caused by rice monoculture.

Mechanism. Echinochloa oryzicola exhibits
well-documented ALS inhibitor resistance,
primarily associated with the Trp-574-Leu
point mutation (Kaloumenos et al., 2013b).
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Echinochloa crus-galli (barnyard grass)
Resistance status. Echinochloa crus-galli was
the first Greek rice weed reported to devel-
op herbicide resistance, specifically to pro-
panil (Giannopolitis and Vassiliou, 1989; Vas-
ilakoglou et al., 2000). Subsequent surveys
have noted reduced susceptibility to ALS-
inhibiting herbicides, suggesting ongoing
adaptation under continued selection pres-
sure.

Mechanism. Metabolic resistance, potential-
ly involving enhanced detoxification path-
ways, is likely responsible for reduced herbi-
cide sensitivity (Kanatas, 2020).

Echinochloa colona (jungle rice)
Resistance status. Glyphosate resistance
has been confirmed in E. colona populations
(Travlos et al., 2020). While this species pri-
marily affects levee and canal systems, its
seeds can be transported via water into pad-
dies, leading to reinfestation and potential
establishment within cultivated fields.

Mechanism. No EPSPS target-site mutations
have been detected, suggesting that resis-
tance is driven by metabolic mechanisms
that degrade glyphosate or reduce its up-
take.

Echinochloa oryzoides (early watergrass)
Resistance status. A major challenge with
E. oryzoides is its morphological similarity
to cultivated rice during early growth stag-
es (Altop et al., 2014). This mimicry allows
seedlings to escape pre-emergence and
early post-emergence herbicide applica-
tions, resulting in significant contributions
to the soil seedbank and making manage-
ment particularly difficult. Early signs of AC-
Case tolerance were also observed in some
populations (Damalas et al., 2006), suggest-
ing the potential for future multiple-resis-
tance development.

Mechanism. No further evidence is available
regarding the underlying resistance mecha-
nisms implying that a genetic-based classi-
fication between tolerant and susceptible

accessions cannot be defined (Altop et al.,
2014).

High-Risk Traits in Echinochloa spp. Echino-
chloa spp. possess a set of biological traits
that facilitate resistance evolution and per-
sistence. The key biological traits that confer
high resistance risk to each Echinochloa spe-
cies present in Greek rice systems are sum-
marized in Table 1.

Cyperus difformis (rice sedge)

Resistance status. Control of rice sedge has
declined sharply in areas where ALS herbi-
cides dominate weed management pro-
grams. This trend underscores the necessity
for diversified weed control strategies com-
bining chemical, cultural, and mechanical
measures to prevent further expansion of
resistant populations.

Mechanism. ALS resistance in Cyperus dif-
formis is widely documented across Greece
(Ntoanidou et al., 2016; Vasilakoglou et al.,
2018). Point mutations at Pro197 and Trp-
574-Leu confer cross-resistance to multi-
ple ALS-inhibiting herbicides, complicating
conventional control approaches. Cross-
resistance in Greek populations extends
specifically to azimsulfuron and halosul-
furon-methyl: Ntoanidou et al. (2016) dem-
onstrated that applications of up to 64 times
the recommended field rate of both herbi-
cides failed to reduce growth of resistant C.
difformis populations from the Thessaloniki
area by 50%, while a susceptible reference
population was controlled at one quarter
of the recommended rate. This high-level
cross-resistance across multiple ALS-inhib-
iting active ingredients further restricts the
chemical control options available for sedge
management in Greek rice andreinforces
the need for herbicide diversification incor-
porating non-ALS modes of action such as
bentazone, benzobicyclon, and florpyrauxi-
fen-benzyl (Tehranchian et al., 2015).

Weedy rice (red rice)
Resistance status. Weedy rice exhibits vari-

able sensitivity to imazamox (Vasilakoglou
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Table 1. Biological traits of Echinochloa spp. that increase the risk of herbicide resistance
evolution and persistence in Greek rice paddies.

Species

Trait Increasing Resistance Risk

E. phyllopogon
E. oryzoides

E. crus-galli

E. colona

E. oryzicola

High fecundity, prolonged emergence period, extensive genetic variability,
water-dispersed seeds facilitating movement across paddies

Rice mimicry during early growth, allowing escape from pre- and early
post-emergence management, contributes to large soil seedbanks
Rapid metabolic adaptation, enabling early development of herbicide
tolerance and potential cross-resistance

Thrives in levee and canal margins, seeds easily reinvade paddies via
water movement, facilitating regional dispersal

and Dhima, 2005). Although full resistance
has not yet developed in Greek rice fields,
the species poses a high evolutionary risk
due to potential gene flow with imidazoli-
none-tolerant rice varieties cultivated else-
where. If such gene transfer occurs, rap-
id emergence of resistant weedy rice could
pose serious threats to production, necessi-
tating close monitoring and proactive man-
agement strategies.

Mechanism. The resistance mechanisms in-
clude: a) Target-site mutations: ALS (aceto-
lactate synthase) gene in weedy rice often
harbors amino acid substitutions. For exam-
ple, in studies from other regions, the S653N
substitution a) key mutation conferring im-
idazolinone resistance) has been found
(Unan et al., 2024); b) Gene flow: The same
S653N mutation is found in IMI-resistant cul-
tivated rice, suggesting that resistance in
weedy rice may arise via cross-pollination
(Unan et al., 2024); c) Non-target site mech-
anisms: Some resistant weedy rice individ-
uals do not show ALS mutations, which im-
plies possible metabolic resistance, or other
mechanisms (e.g., enhanced herbicide de-
toxification) (Unan et al., 2024).

Evolution through selection pressure: Re-
peated use of imazamox (IMI) creates strong
selective pressure, favoring both spontane-
ous mutants and geneflow events over time.

Leptochloa fusca spp. fascicularis (beard-
ed sprangletop)

Resistance status. Populations of Leptochloa
fusca spp. fascicularis have developed resis-
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tance mechanisms to ALS- inhibiting -herbi-
cides in rice monoculture systems in north-
ern Greece (Papapanagiotou et al., 2025b).
It has been spotted on cross-resistance to
ACCase inhibitors, including profoxydim,
propaquizafop, cyhalofop + penoxsulam AC-
Case inhibitor cross resistance restricts the
efficacy of available chemical control meth-
ods bearded sprangletop in rice cultivation.

Mechanism. Resistance to Leptochloa fusca
spp. fascicularis is related to target-site mu-
tation of the ACCase enzyme. Specifical-
ly, this point mutation leads to substitution
of tryptophan (Trp) by cysteine at position
1999 in the CT domain of the ACCase gene
(Papapanagiotou et al., 2025a).

5. Management implications and re-
commendations

Herbicide resistance management

Chemical control strategies must evolve
to mitigate resistance. Immediate diversifi-
cation of herbicide modes of action is crit-
ical, incorporating compounds such as flo-
rpyrauxifen, early-residual products (such
as clomazone) and HPPD inhibitors (such
as benzobicyclon). Herbicide rotation plans
should be informed by population-specific
resistance profiles, alternating ALS, ACCase,
and auxinic herbicides where effective. In
areas where ALS resistance is confirmed,
ALS herbicides should be avoided to pre-
vent further selection pressure.
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Introduction of new herbicides in rice
systems

The increasing prevalence of herbicide-
resistant weed populations in rice has in-
tensified the need for new herbicide sites
of action that can be integrated into exist-
ing weed management programs. In water-
seeded rice systems, long-term reliance on
acetolactate synthase (ALS) and acetyl-CoA
carboxylase (ACCase) inhibitors has resulted
in widespread resistance among key species
such as Echinochloa spp., Cyperus difformis,
and other aquatic weeds.

In response to these challenges, the re-
cent introduction of benzobicyclon, a 4-hy-
droxyphenylpyruvate dioxygenase (HPPD)
inhibitor, and florpyrauxifen-benzyl, a syn-
thetic auxin of the arylpicolinate group, has
expanded the herbicide portfolio available
for rice production. These herbicides pro-
vide alternative modes of action, improved
crop selectivity under flooded conditions,
and new opportunities for rotating and di-
versifying chemical weed control strategies,
thereby supporting integrated approach-
es to herbicide resistance management
in modern rice systems (Norsworthy et al.,
2012; Duy et al., 2018; Poole, 2020).

Benzobicyclon. Benzobicyclon introduc-
es a mode of action distinct from ALS and
ACCase inhibitors, which dominate weed
control programs in Greek rice systems. Its
importance lies in providing an effective al-
ternative for managing weed populations
resistant to these commonly used herbi-
cide groups (Papapanagiotou et al., 2025a).
From a resistance-management perspec-
tive, benzobicyclon is particularly valuable
for controlling ALS-resistant sedges, broad-
leaf weeds, and Echinochloa spp., and has
also demonstrated some activity against re-
sistant weedy rice populations. Its integra-
tion into rice weed management programs
allows rotation of herbicide sites of action
and reduces selection pressure on ALS and
ACCase inhibitors, provided it is used within
diversified chemical and cultural strategies
(Liu et al., 2021).

Florpyrauxifen-benzyl. Florpyrauxifen-ben-
zyl represents a novel auxinic chemistry for
rice weed management. Unlike older syn-
thetic auxins, florpyrauxifen-benzyl primari-
ly interacts with the AFB5 auxin receptor, re-
sulting in a distinct physiological response
in susceptible weeds (Epp et al., 2016).

The herbicide is characterized by excel-
lent crop selectivity in rice, allowing both
pre-emergence and post-emergence ap-
plications without significant phytotoxici-
ty when applied according to label recom-
mendations (Epp etal., 2016). This selectivity,
combined with systemic activity, enables ef-
fective control of a broad spectrum of prob-
lematic weeds in flooded rice systems, in-
cluding Echinochloa spp., Cyperus difformis,
Schoenoplectus spp., Heteranthera spp., and
Alisma spp., many of which have developed
resistance to ALS inhibitors.

From a resistance-management stand-
point, florpyrauxifen-benzyl offers a crit-
ically important alternative site of action
for Mediterranean rice systems heavily re-
liant on ALS and ACCase inhibitors. Its use
in sequential or rotational programs, either
alone or in combination with other herbi-
cides, contributes to diversified selection
pressure and helps delay further resistance
evolution. However, indications of reduced
sensitivity to florpyrauxifen-benzyl have
been documented in Echinochloa spp. pop-
ulations in other rice-producing regions.
Lim et al., (2021) and Takano et al., (2023) re-
ported that CYP450-mediated metabolic
detoxification can confer reduced sensitiv-
ity to florpyrauxifen-benzyl in Echinochloa
populations with a prior history of ALS in-
hibitor exposure. This finding is of particu-
lar relevance to Greek rice systems, where
CYP450-mediated metabolic resistance to
ALS and ACCase inhibitors has already been
confirmed in E. phyllopogon populations
(Papapanagiotou et al., 2025a), raising the
possibility that cross-resistance to florpy-
rauxifen-benzyl may emerge under contin-
ued selection pressure.

This cross-resistance risk is particularly
relevantin Greek rice systems, where repeat-
ed exposure to ALS inhibitors has progres-
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sively selected for enhanced CYP450-me-
diated detoxification, the same mechanism
already confirmed in E. phyllopogon popula-
tions from Greek rice fields (Papapanagiotou
etal., 2025a). Given the critical role of florpy-
rauxifen-benzyl in modern weed manage-
ment, its long-term viability depends on a
shift away from exclusive reliance toward its
strategic integration within diversified man-
agement frameworks. To safeguard its ef-
ficacy and ensure the sustainability of rice
production, it is essential to combine this
chemistry with alternating modes of action
and robust cultural control tactics (Wright et
al., 2021). Such proactive stewardship is not
merely a recommendation but a necessity
to prevent the onset of resistance and pre-
serve this vital tool for future use.

Combination of chemical control with
rotational crops

In Greek rice systems, when rotation-
al crops are used, the following could be
applied: a) Crop rotation with cotton and
the use of soil-applied herbicides (benflu-
ralin, pendimethalin) or post-emergence
grass herbicides (propaquizafop, quizalo-
fop, cycloxydim, clethodim). These herbi-
cides have a different mode of action than
ALS inhibitors and therefore offer effective
alternatives against imazamox-resistant
populations; b) Crop rotation with maize,
combined with soil-applied herbicides ei-
ther single or in mixtures such as (dimethen-
amid + terbuthylazine, or pethoxamid + ter-
buthylazine or mesotrione + terbuthylazine
or sulcotrione + terbuthylazine). Application
of pre-emergence herbicides with different
modes of action also helps manage ALS-re-
sistant populations; ¢) Crop rotation with ce-
reals, particularly barley (Hordeum vulgare
L.), is an effective complementary strate-
gy for managing herbicide-resistant weeds
in Greek rice-based systems, especially in
coastal and saline soils where barley is well
adapted. The cereal phase disrupts the life
cycle of rice-adapted weeds, reduces the soil
seedbank of Echinochloa spp. and weedy
rice. The shift to autumn sowing further al-
ters weed emergence patterns and enables
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the use of cultural practices that contribute
to seedbank depletion. From a resistance-
management perspective, cereals provide
both chemical diversification and ecological
disruption, reducing selection pressure on
rice herbicides and limiting the carryover of
resistant weed populations into subsequent
rice crops (Buhler et al., 1997; Beckie, 2006).

Herbicide-Tolerant Rice Systems. The man-
agement of herbicide-resistant weeds in
water-seeded rice systems has been particu-
larly challenging in Mediterranean environ-
ments, where continuous rice monoculture,
limited crop rotation options, and pro-
longed flooding constrain the diversity of
available weed control tactics. Under these
conditions, herbicide-tolerant (HT) rice sys-
tems have emerged as important tools with-
in integrated weed management frame-
works, especially for controlling weedy rice
(Oryza sativa f. spontanea) and herbicide-
resistant grass weeds such as Echinochloa
crus-galli.

The Clearfield® Rice System. The Clearfield®
rice system, based on tolerance to imidaz-
olinone (IMI) herbicides, was first commer-
cialized in the early 2000s and represents a
major milestone in rice weed management.
Clearfield rice varieties are non-genetically
modified and were developed through in-
duced mutation and conventional breeding,
carrying point mutations in the acetolactate
synthase (ALS) gene that confer resistance
to IMI herbicides such asimazamox and ima-
zethapyr (Tan et al., 2006). These mutations
typically involve amino acid substitutions at
key positions of the ALS enzyme (e.g. Ala122,
Ser653), reducing herbicide binding without
compromising crop fitness.

In Mediterranean rice systems, including
Greece, Clearfield technology has enabled
effective post-emergence control of weedy
rice populations and Echinochloa species
that are difficult or impossible to manage
selectively in conventional rice. Yield sta-
bility and harvest quality improvements
following Clearfield adoption have been
widely documented (Burgos et al, 2008;
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Kaloumenos et al., 2013b). However, the in-
tensive and repeated use of IMI herbicides
has also resulted in rapid selection pressure,
leading to the evolution of IMI-resistant
weedy rice through both target-site resis-
tance and gene flow from Clearfield culti-
vars (Busconi et al., 2012; Goulart et al., 2014).

Hybridization between Clearfield rice
and weedy rice has been reported in sev-
eral rice-growing regions within only a few
years of adoption, highlighting the need for
strict stewardship (Shivrain et al., 2007; Nor-
sworthy et al., 2012). In Mediterranean envi-
ronments, where water-seeded systems fa-
vor synchronous emergence and flowering,
the risk of outcrossing may be particular-
ly high if volunteer rice and escaped weedy
rice plants are not rigorously controlled.
Consequently, Clearfield rice cannot be con-
sidered a standalone resistance solution but
rather a transitional tool that must be em-
bedded within rotation schemes, non-ALS
herbicide use, and cultural practices such as
stale seedbeds and volunteer management.

The Provisia® Rice System. To address the in-
creasing prevalence of IMl-resistant weedy
rice and grass weeds, the Provisia® rice sys-
tem was developed as a complementary HT
technology. Provisia rice varieties are toler-
ant to ACCase-inhibiting herbicides (Group
1), particularly cycloxydim, and were likewise
developed through conventional breeding
rather than genetic engineering (Camacho
etal., 2019). Resistance is conferred by a spe-
cific point mutation in the ACCase enzyme
(le1781—-Leu), which reduces herbicide sen-
sitivity while maintaining normal lipid bio-
synthesis in the crop.

The Provisia system provides effective
control of IMI-resistant weedy rice, Echino-
chloa spp., and other problematic grass-
es, offering a critically needed alternative
mode of action in rice systems dominated
by ALS resistance. Field evaluations have
demonstrated high levels of efficacy when
cycloxydim is applied sequentially at early
growth stages of target weeds, particularly
under low-stress crop conditions (Webster
etal., 2021).

In Greece, the recent introduction of
Provisia rice represents an important oppor-
tunity to diversify chemical weed control in
water-seeded rice, where ACCase inhibitors
were previously unavailable for selective
in-crop use (Papapanagiotou et al., 2025a).
However, as with Clearfield, the sustain-
ability of Provisia depends on strict stew-
ardship. ACCase resistance in grass weeds
is well documented globally, and over-re-
liance on cycloxydim would likely result in
rapid resistance evolution if used continu-
ously or without integration of residual her-
bicides and non-chemical tactics (Webster
etal., 2021).

Stewardship and integration in rice sys-
tems. |International experience clearly
demonstrates that HT rice systems extend
their useful lifespan only when alternat-
ed with each other and with conventional
rice production. In Greek rice systems, best
management practices include rotating
Clearfield and Provisia technologies across
years, avoiding consecutive planting of the
same HT trait, integrating pre-emergence
residual herbicides with different modes of
action, and enforcing zero tolerance for vol-
unteer rice and weedy rice escapes.

A rotational approach combining
Clearfield and Provisia systems, comple-
mented by crop rotation where feasible
(e.g. maize, cotton, winter cereals), is partic-
ularly relevant for Greece, where rice is of-
ten grown continuously in deltaic environ-
ments. Such alternation reduces selection
pressure on both ALS and ACCase target
sites and limits the accumulation of resis-
tant weedy rice biotypes. Importantly, HT
rice systems must remain embedded with-
in broader integrated weed management
strategies that include water management,
competitive cultivars, precise fertilization,
and mechanical or manual removal of es-
capes.

Overall, Clearfield and Provisia technol-
ogies represent powerful but finite tools for
resistance management in Mediterranean
water-seeded rice. Their value lies not in re-
placing integrated weed management, but
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in restoring chemical diversity and enabling
strategic rotations that delay resistance evo-
lution while maintaining crop productivity.

Preventive measures and strategies

The use of clean, certified, and weed-
free crop seed is one of the most cost-effec-
tive and preventive strategies against the
introduction and spread of weedy rice (Ory-
za sativa f. spontanea) and other problemat-
ic weed species. In Mediterranean rice eco-
systems, contaminated seed lots represent
a primary vector for herbicide resistance
spread and weed re-infestation, especially
where farmers rely on saved seed. Studies
across Greece, Italy, and Spain have shown
that even minimal contamination (<1%) can
perpetuate weedy rice populations for mul-
tiple seasons, due to seed dormancy and ge-
netic mimicry (Ferrero et al., 2021).

Avoiding contamination of rice fields: im-
portance of using clean seed. The weed
spreads from contaminated to clean areas
through infested seed. Animals and ma-
chinery can also disperse wild rice. Some na-
tional laws allow small numbers of wild rice
seeds in certified seed lots. Early detection
and prevention of establishment are the
first steps to reduce infestation and spread,
especially in direct-seeded systems. System-
atic monitoring is essential to prevent in-
vasion and to enable timely management.
Some farmers use saved seed from the pre-
vious year, which is often contaminated. Piv-
eta et al. (2021) estimated that sowing seed
contaminated with just 2 red rice seeds per
kg can, after three years, produce 10 kg of
red rice seed per acre. In Sri Lanka (Chauhan
etal., 2014), using clean seed increased yield
by 29-41% compared to farmer-saved con-
taminated seed.

Harvest, drying, and storage sanitation.
Physical contamination can also occur post-
harvest, when weedy rice seeds are inad-
vertently mixed during combine harvest-
ing, drying, or storage. Cleaning harvesters,
transport augers, and storage bins between
rice varieties or fields is critical. Studies in
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the U.S. Midsouth (Norsworthy et al., 2013)
show that combines not cleaned between
fields can transfer up to 10,000 weedy rice
seeds per hectare. European best practic-
es now recommend a cleaning protocol in-
volving (i) removal of residual grain from
headers and elevators, (ii) operation of the
threshing system for 5-10 minutes to expel
residual seeds, and (iii) physical washing of
key components between seed lots (Gomez
de Barreda et al., 2021). Additionally, segre-
gated storage and drying facilities prevent
the mixing of different seed lots. In Italy and
Spain, regional cooperatives have adopted
traceability systems for drying and packag-
ing to maintain seed purity (Vidotto et al.,
2021; Osca et al., 2021).

Use of false seeding to manage weeds in
paddy fields

Greek rice producers have been able to
voluntarily participate in the “false seed-
ing” program under the CAP Rural Develop-
ment Program, receiving financial support
of €200/ha/year. Beneficiaries who optin are
required to implement false seeding (prepa-
ration of a seedbed without actual rice sow-
ing) for five consecutive years across all en-
rolled rice plots. After standard pre-sowing
practices, certain obligations must be fol-
lowed: Flood the plots lightly in April (about
one month before normal rice sowing, de-
pending on the region) to stimulate weed
seed germination; Drain the water into near-
by water bodies (rivers, wetlands, drainage
canals); Mechanically destroy the emerged
weeds by surface soil treatment before rice
sowing.

False seeding can effectively control
both resistant and Ammannia spp., sedges
(Ferrero et al., 2021). Proper seedbed prep-
aration, rational fertilizer use, competitive
variety selection, dense sowing, and proper
water management enhance the efficiency
of false seeding. Using certified weed-free
rice seeds is equally important to prevent
introducing new weeds. Pre-plant soil treat-
ment to 3-4 cm depth when weed seed-
lings have 2-3 leaves further improves false
seeding efficiency. Deep plowing every 3-4
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years during primary field preparation helps
bury weed seeds to depths where they can-
not germinate or rot due to excess mois-
ture. Although effective against red rice and
other grasses, false seeding has some chal-
lenges: a) Rice sowing occurs 2-3 weeks lat-
er than normal, reducing the feasibility of
long-season, high-yielding varieties, and
decreasing yields by 100-200 kg/ha. Yield
is also affected by soil-climatic conditions
and agricultural practices; b) Increased wa-
ter supply duration by irrigation authorities
raises water costs; c) It is difficult to imple-
ment on wet, heavy soils.

6. Knowledge gaps, monitoring needs,
Best Management Practices

Knowledge Gaps

Despite extensive research document-
ing herbicide resistance in Greek rice sys-
tems, several critical knowledge gaps re-
main. Firstly, there is no national resistance
monitoring scheme, which limits the ability
to detect emerging resistant populations in
a timely manner or to coordinate mitigation
efforts across regions. Secondly, systematic
molecular characterization for ACCase and
auxinic and to a lesser extent of ALS inhib-
itor resistance remains rather limited, con-
straining our understanding of the specific
mutations, metabolic pathways, and poten-
tial for cross-resistance. Thirdly, high-reso-
lution mapping of soil seedbanks is large-
ly absent, leaving uncertainties regarding
the spatial distribution and density of resis-
tant seeds within and between paddies. Fi-
nally, long-term datasets evaluating fitness
costs of resistant biotypes across diverse en-
vironmental conditions are lacking, which
hampers predictive modeling of resistance
spread and the development of sustainable
management strategies.

Monitoring Priorities

To address the aforementioned knowl-
edge gaps, the following monitoring activi-
ties should be prioritized which are essential
for establishing a coordinated, evidence-

based approach to herbicide resistance
management in Greece:

— Annual in-field and regional screen-
ing in high-risk regions such as the
Thessaloniki Delta region to track
emerging resistance trends.

— Molecular diagnostics targeting Echi-
nochloa spp. to identify key ALS, AC-
Case, and auxinic resistance muta-
tions, enabling early detection and
informed management decisions.

— Canal network surveillance to mon-
itor the spread of glyphosate-resis-
tant E. colona and other water-dis-
persed weed populations, which
serve as major reinfestation path-
ways.

— Seedbank resistance mapping to
quantify the density, distribution,
and temporal dynamics of resistant
seeds, supporting strategic interven-
tions at field and landscape scales.

Best Management Practices

Considering the reviewed status, gaps
and challenges, Best Management Practic-
es (BMP) that could be applied at various
stages of the crop and represent various tar-
gets in the Greek rice systems, incorporate
preventive, tactical and long-term strate-
gies (Table 2). In particular, preventive mea-
sures, including assessment of weed biolo-
gy (BMP 1), multifaceted weed management
strategies (BMP 2), maintenance of weed-
free fields (BMP 3), use of certified weed-free
seed (BMP 4), and routine scouting (BMP 5),
are essential to reduce initial weed pres-
sure and prevent the introduction of resis-
tant biotypes such as Echinochloa spp. and
weedy rice. Tactical BMPs, encompassing
the use of herbicides with multiple modes of
action (BMP 6), adherence to labeled appli-
cation rates (BMP 7), and integration of crop
competitiveness and cultural control mea-
sures (BMP 8), target early-season escapes,
optimize herbicide efficacy, and minimize
selection for resistance. Long-term mea-
sures, including mitigation of weed seed
movement and crop residue management
(BMP 9), harvest-time seed management
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Table 2. A detailed concept of an Integrated Weed Management guide linking rice growth
stages to key Best Management Practices (BMPs) for sustainable weed control and herbicide

resistance management in Greek rice systems.

Preventive BMPs

Tactical BMPs

Long-Term BMPs

Rice Growth Stage (BMP 1-5) (BMP 6-8) (BMP 9-11) Key Notes / Targets
Reduce initial weed
Start clean (stale seed- pir:tsrzudrs;czfr\:i?t

Pre-Planting / bed, preplant flooding) . . resistant seeds

Field Prep Ensure weed-free seed . )
(certified seed) Target Echinochloa
and weedy rice first

flushes.
Apply PRE herbi-

. cides with multiple Ensure early weed
Sowing/ MOAs (BMP 6) control; avoid
Early Emergence — — under-dosing and

Follow label rates L
(0-3 leaf) and proper late applications that
calibratign (FI;MP 7) select for resistance.
Sequential POST Maintain selective
Seedling / herbicides pressure, prevent

Vegetative Growth
(3-5 leaf)

Canopy
Development /
Mid-Season

Heading /
Pre-Harvest

Post-Harvest /
Field Rest

(multiple MOAs)
Apply at optimal
growth stage

(BMP 10: header
adjustments, chaff
collection)

Post-harvest
flooding, winter
cover crops, field
border manage-

ment (BMP 11)

escapes; monitor
weed size and
coverage.

Competitive Weed seed move-
cultivars, narrow | ment mitigation, | Reduce late-season
row spacing, residue manage- | weed growth and
water manage- ment begins suppress seed set.
ment (BMP 8) (BMP 9)
Harvest-time Prevent seed return
management

to soil seedbank;
reduce spread of
resistant biotypes.

Destroy remaining
seeds, reduce
reinfestation;

coordinate with
neighboring farms.

(BMP 10), and management of field borders
to prevent reinfestation (BMP 11), are crucial
to suppress late-season weed growth, re-
duce seedbank replenishment, and limit the
spread of resistant populations.

This framework emphasizes the impor-
tance of timing, integration, and farmer co-
ordination for sustainable weed control
and resistance management in Mediterra-
nean rice systems. Without systematic mon-
itoring, diversification of herbicide modes
of action, and implementation of integrat-
ed weed management, resistance levels are
expected to continue expanding, posing a
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substantial threat to the economic viabil-
ity and sustainability of Greece’s rice sec-
tor. Strategic interventions combining field,
landscape, and policy-level actions are es-
sential to maintain long-term productivity
and prevent further escalation of herbicide-
resistant weed populations.

7. Conclusion

Greek rice systems represent one of the
most thoroughly documented herbicide
resistance hotspots in Europe. Five major
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weed species-Echinochloa phyllopogon, E.
oryzoides, E. crus-galli, E. colona, Cyperus dif-
formis, and weedy rice-exhibit confirmed re-
sistance, including multiple and cross- re-
sistance mechanisms, with E. phyllopogon
being particularly problematic. ALS resis-
tance is now widespread, frequently accom-
panied by failures in ACCase and auxinic
herbicides. Glyphosate resistance is emerg-
ing in adjacent canal ecosystems, highlight-
ing the importance of water-dispersed path-
ways. Resistance traits show minimal fitness
costs, ensuring persistence across seasons
and complicating control. Future of inte-
grated weed management (IWM) in Greek
rice systems will increasingly depend on the
coordinated implementation of preventive,
tactical, and long-term BMPs throughout
the rice growth cycle.

This work was carried out within the frame-
work of the Agro-Rice-Tools (ARTs) project,
implemented by the Benaki Phytopathologi-
cal Institute, Laboratory of Weed Science. The
ARTs project is funded by the Hellenic Foun-
dation for Research and Innovation (H.F.R.l.)
under the National Recovery and Resilience
Plan “Greece 2.0", supported by the European
Union-Next GenerationEU The authors grate-
fully acknowledge the financial support pro-
vided through this funding scheme, which
made the present research possible.
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APOPO ANAXKOINHXHX

Zi{avia avOekTika ota {Ilavioktova ota EAAnVIKA cuoctipata
KaAAiépyeiag puliov: AvacKomnon TnG VPLOTAMEVNG KaTtaoTa-
oNG, TWV AITIWV KAl TWV EMMTWOEWV 0TV OAOKANPWHEVN

Awayxeipion

A. Motoeviyou, A. BAOToOoC, N. BIOAAN, A. Metpdkn kat A. XaxaAng

NepiAnPn H avBektikdTNTa 0T {{AVIOKTOVA AMOTENEI GNUAVTIKO TIEPIOPIOTIKO TApdyovTa yia tn Pi-
wolpn mapaywyr pu{iov (Oryza sativa L.) otnv EAAASa, dmou Ta evtatikd cuothpata udpoomnopdg fa-
oiCovtal Kupiwg otn XNUIKA kKatamoAépunon (illaviwv. H avaokomnon cuvBETEL TIC UTAPXOUOEC YVWOELG
yla Ta ouothpata mapaywyng puiov, ta mpdtuna xpriong (illaviok tovwy Kat tnv e€ENEN avOek TIKwv {1-
Caviwv ota ENAnVIKA aypoolkoouoTApata. Ta Kupiapxa avOekTikd eidn mepthapBavouv ta Echinochloa
spp., Cyperus difformis, Weedy rice (red rice) kat Leptochloa fusca subsp. fascicularis. H avBektikétnTa
€xel TekuNplwOei oe moAamAoU¢ Tpdmoug Spdong, cupmeptdapavopévwy avaotoréwv ALS, ACCase,
OULVBETIKWV auIviv Kal YAupoodtng, e avéavopevn epedvion Blotimwy pe moANamAr avOeKTIKOTN-
Ta. H €€€NIEN TNG oeileTal 0N pakpoxpovia xprion (illavioktdévwy, otn povokaAMiépyela Kat otn Si-
aomopd péow SIKTVWV dpdeuonc. A§lohoyouvTal Ol UNXAVIOHOi aVBEKTIKOTNTAC avd €id0¢ Kal TTPOTEi-
voVTal 0TPATNYIKEG ONoKANpwuévNg Staxeipiong (illaviwv Baciopéveg o€ BENTIOTEC TIPOKTIKEG Slayei-
plonc. H epyacia amote)ei avagopd yia epeuvnTéC, GUPPBOUAOUC Kal UTTELBUVOUC TTOMTIKAC Kal Eival
EVapUoVIopEVN pe TIG apxes ONokAnpwuévng Gutompoaotaociag Tne E.E.
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