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fly, Phortica variegata, an emerging vector
of the zoonotic eyeworm Thelazia callipaeda,
to ecologically relevant volatiles
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Abstract

Background The variegated fruit fly, Phortica variegata (Drosophilidae: Steganinae), is native to Europe

and has emerged as a major vector of ocular nematosis caused by Thelazia callipaeda (Rhabditida: Thelaziidae), fol-
lowing the its introduction into Europe from Asia. Male P variegata transmit these nematodes by feeding on tears

of mammials, including wild and domestic carnivores (foxes, beech martens, wild cats, and dogs), lagomorphs,

and humans. Understanding the olfactory responses of P variegata to volatile cues is essential for developing attract-
ant-based surveillance and control strategies, yet its olfactory ecology remains largely unexplored.

Methods We used gas chromatography coupled electroantennography to measure antennal responses to synthetic
and natural volatile blends. A comparative analysis was performed on the antennal responses of both sexes of P
variegata and its well-studied relative, Drosophila melanogaster. Components of the synthetic blends were selected
based on the odorant receptor repertoire of D. melanogaster and established mosquito attractants, with the ration-
ale that conserved olfactory receptors among dipterans may allow P, variegata to detect similar compounds. Volatile
extracts collected using active carbon adsorbent traps were also tested on the antennae and analyzed using gas chro-
matography coupled mass spectrometry.

Results Male P variegata showed higher antennal responses to phenol, 3-octanone, and sulcatone than females,
indicating olfactory sexual dimorphism. Compared to D. melanogaster, the antennae of P variegata did not respond
to several common plant alcohols and terpenoids. Instead, they showed stronger responses to compounds such
as anisole, ethyl propanoate, butyl propanoate, propyl acetate, 3-octanone, nonanal, and decanal, suggesting

that peripheral olfaction in P variegata may be more tuned to microbial volatiles.

Conclusions Phortica variegata exhibits sexual dimorphism in olfactory responsivity, with males showing greater
responsiveness to volatiles associated with host-seeking in other zoophilic dipterans, potentially guiding them

to mammalian hosts for tear-feeding. Compared to D. melanogaster, P variegata is more responsive to microbial

and yeast-related volatiles and less responsive to plant-derived terpenoids, suggesting a foraging ecology linked

to microbial substrates. The antennally detected volatiles identified in this study can be used as candidates for further
behavioral studies to develop lures for vector management.
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Background

Drosophilid fruit flies are undoubtedly among the most
studied organisms in the world. However, due to their
lack of agricultural and veterinary importance, the fun-
givorous and zoophilic flies of the closely related subfam-
ily Steganinae (Drosophilidae) have received little interest
so far. This perspective began to change when the role of
Phortica species in the transmission of ocular nematosis
was recognized.

Phortica variegata is native to Europe [1] and is known
to feed on the tears of wild and domestic carnivores
(foxes, beech martens, wild cats, and dogs), lagomorphs,
and humans [2]. Over the past decade, ocular nematosis
caused by Thelazia callipaeda (also called oriental eye-
worm, Rhabditida, Thelaziidiiae), an ocular nematode
native to Southeast Asia [3], has sharply increased and
has become a growing public health concern in Europe.

Phortica variegata became an important vector of T.
callipaeda when the nematode arrived in Europe. In its
native habitat, T. callipaeda is mainly transmitted by
other species of the genus Phortica, such as P. magna and
P, okadaii. In Europe, however, P. variegata has emerged
as the main vector [4]. Climate change and warmer win-
ters have expanded the range and activity periods of this
species by supporting overwintering and thereby facili-
tating the spread of T. callipaeda as well [5, 6]. Larvae
of several Phortica species have been found to develop
in fermenting tree sap [7, 8]. The distribution of P, varie-
gata is associated with oak forests, and it has been shown
that a chestnut-based rearing medium is suitable for lar-
val development [9]. In his study of dipteran guilds uti-
lizing small-scale forest food resources, Papp [10] found
that adult P, variegata could be collected around fox feces
and rotting fungi, suggesting that such microhabitats may
serve as sites for mating, oviposition, or feeding. Addi-
tionally, larvae of other species in this subfamily were
shown to develop on decaying plant matter and fungal
substrates [8], indicating P. variegata may also use simi-
lar substrates as breeding sites. Little is known about
the vectoring behavior, apart from the fact that 7. calli-
paeda is only found in males and that females were not
observed to feed on tears [11]. This behavioral dimor-
phism is in contrast with all other known vector insects,
where zoophagy and vectoring are either entirely female-
linked or exhibited by both sexes [11].

Insects rely primarily on the sense of smell to find food,
mates, and oviposition sites in their complex environ-
ment. Their olfactory system is tuned to filter out “back-
ground noise” and detect volatile signals relevant for host
recognition [12]. Chemical ecological research on vector
insect olfaction supports control solutions by revealing
the olfactory cues that modulate vector behavior. The
identification of attractants and repellents can lead to
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new vector control solutions such as repellent formula-
tions and baits for monitoring and mass trapping.

Phortica variegata belongs to the Drosophilidae fam-
ily, where adaptation to new food sources was shown to
be reflected in corresponding changes in the olfactory
system; Drosophila melanogaster, a species feeding and
ovipositing on overripe fruits, has high sensitivity for fer-
mentation volatiles [7, 13]; herbivorous Scaptomyza flava
has reduced sensitivity to those and increased sensitivity
to leaf volatiles [14, 15]. Drosophila sechellia feeding on
toxic Morinda fruits is attracted to short-chain fatty acids
found in these fruits that repel other drosophilids [16].

Both sexes of P variegata can be captured with fruit
baits and vinegar and wine baits similar to D. mela-
nogaster [17-19], although most flies caught with these
baits are females, while those caught around the eyes are
exclusively males [4, 17]. It was recently shown that sup-
plementing vinegar wine baits with carvacrol abolishes
this attraction [19]. Although currently there is limited
information available on the olfactory repertoire of spe-
cies belonging to the Steganinae subfamily, it can be
hypothesized that the zoophilic behavior exhibited by P
variegata and the indicated association with microbial
substrates can be accompanied by adaptations of the
olfactory system.

Although no other known drosophilid species exhibit
attraction to mammalian hosts, a useful parallel can be
drawn to mosquitoes and tsetse flies, which are among
the most extensively studied insect vectors. The evolu-
tion of zoophily in mosquitoes has been directly linked
to olfactory adaptations. Host-seeking female mos-
quitoes rely on a heightened sensitivity to mammalian
body odors [20-24]. L-lactic acid attracts Aedes aegypti
females and has been shown to be involved in human dis-
crimination, as it is more abundant in human sweat than
in that of other mammals [20, 21]. It was also shown that
an increased sensitivity to sulcatone is linked to human
preference in A. aegypti where the increased expression
of a sulcatone-sensitive odorant receptor, AaegOr4, sup-
ports host discrimination [24].

Additionally, short-chain saturated aldehydes in skin
emissions [22, 23] and fluctuating CO, levels, which
enhance A. aegypti’s sensitivity to human odors [25, 26],
have been shown to play key roles in identifying mam-
malian hosts. These findings in mosquitoes and the
well-described olfactory adaptation in other drosophilid
species suggest that similar mechanisms may underlie
the zoophilic behavior observed in P variegata, where
olfactory adaptations could facilitate host recognition.

Currently, no efficient or species-specific attractants or
repellents are available for P. variegata, posing a challenge
for developing targeted vector control strategies. To our
knowledge, the chemical ecology of P. variegata, or any
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species within the Steganinae subfamily, remains entirely
unexplored. However, the recent annotation of odorant
receptor genes in the P. variegata genome [27] opens the
possibility to study olfactory mechanisms underlying tear
feeding behavior. Given its attraction to mammals and
fermentation-based baits, we hypothesized that P. varie-
gata may rely on olfactory cues similar to those used by
both mosquitoes and drosophilids to identify mammalian
hosts and suitable microbial habitats. To investigate these
hypotheses, we conducted olfactory recordings survey of
P variegata using gas chromatography coupled with elec-
troantennographic detection (GC-EAD) comparing the
response profile of both sexes to that of D. melanogaster
using a panel of selected synthetic compounds and iden-
tified volatile components from host-related volatile
sources and fermentation baits that are detected by the
antennae of this species.

Methods

Collection of experimental animals and taxonomic
identification

Phortica variegata males were collected by netting
around the eyes of human collectors using hand-held
aquarium nets in forest habitats around the outskirts
of Budapest, Hungary, at Ordogarok (47.54254° N,
18.94572° E), Iluska spring (47.64546° N, 18.86779° E)
and Piliscsaba (47.63866° N, 18.85353°E) during the early
afternoon, at temperatures around 19 °C +8 °C. Females
were captured using apple cider vinegar-baited live traps
at the same locations. Animals were transferred into
closed but not air-tight humidified vials using an aspira-
tor. Species-level identification was based on the mor-
phological taxonomic keys described by Béchli et al
[28] in The Drosophilidae (Diptera) of Fennoscandia and
Denmark using methods identical to those of Kerezsi
et al. [29]. Adults were sexed and placed individually in
glass jars where access to apple fruit slices as food source
was provided. The adults were kept on a 16/8 light cycle
at room temperature (25 +2 °C) and at a relative humid-
ity of 50 +5%. The wild-type D. melanogaster specimens
used in the experiments were reared on a modified sugar-
yeast-corn meal diet [30] under the same environmental
conditions as described above.

Preparation of synthetic mixtures

A preliminary comparison of antennal sensitivities of
the two fruit fly species was done by testing synthetic
mixtures using electroantennography coupled gas chro-
matography. The 47 components included in the mix-
tures (Table S1) were selected based on known ligands
of D. melanogaster odorant receptors listed in DoOR,
the online database of D. melanogaster odorant recep-
tor responses [31], as well as on reported attractants
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involved in host-seeking behavior of blood-feeding vec-
tor insects such as mosquitoes and tsetse flies [32-40].
All compounds were diluted in HPLC grade hexane to a
concentration of 100 ng/pl, and recordings with only sol-
vent injected were also conducted as control. The purity
and manufacturers of synthetic compounds are listed in
Table S1.

Volatile collection methods

Fresh fecal samples were collected from red fox (Vulpes
vulpes), brown bear (Ursus arctos) and red deer (Cer-
vus elaphus) in the Budakeszi Wildlife Park in Hungary.
Human body odor was sampled from two female volun-
teers (volunteers did not use scented soap or deodorant
24 h prior to volatile sampling). The armpits and upper
arms of the volunteers were rubbed with medical gauze
for 5 min, which was later used to collect volatiles.

For wine-apple cider vinegar (W +ACV) headspace
sampling, 2 dl of apple cider vinegar and 1 dl of red wine
were mixed in a glass beaker. The samples were placed
in oven bags (35 X43 cm, Hewa). Volatile sampling was
performed in the laboratory at room temperature. The
incoming air was filtered by a carbon air inlet. The air
stream was drawn from the oven bag through an acti-
vated carbon volatile trap (5 mg cartridge, Brechbiihler
AG, Switzerland) at a flow rate of 500 ml/min for 4 h.

The volatile traps were eluted with 200 yl methylene
chloride (Sigma Aldrich, HPLC grade). Prior to vola-
tile collection, the active carbon airstream filters were
cleaned at 200 °C, and the volatile traps were cleaned in
a series of 2 ml methanol, 2 ml acetone, 2 ml hexane and
2 ml methylene chloride and heated up to 100 °C for 12 h.
The volatile sampling was launched within 40 min of col-
lecting the fecal and human body odor samples.

Gas chromatography coupled mass spectrometry
The volatile extracts were analyzed by gas chromatogra-
phy coupled with mass spectrometry (GC-MS, Agilent
6890 GC and 5975 MS, Agilent Technologies) equipped
with a HP-5 Ul capillary column (30 mx 0.25 mm X 0.25
um, J&W Scientific, Folsom, CA, USA); 2 ul of volatile
extracts was auto-injected into the split/splitless injection
port operated in splitless mode heated to 270 °C using
a 1-min splitless time. Helium was used as a carrier gas
with a flow rate of 1 ml/min. The initial oven tempera-
ture was held at 50 °C for 1 min and then increased by 10
°C/min to 270 °C. The final temperature was held for 10
min. The mass spectrometer source was operating at 250
°C in electron ionization mode at 70 eV and the detector
scanned in the 29-300 m/z range.

The GC-MS results were analyzed using Agilent Mass
Hunter B.08.00, and the peaks were manually integrated.
Compounds were tentatively identified by matching their
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mass spectra with those found in MS Libraries (NIST21
and Wiley12). Identifications were also verified by com-
paring calculated Kovéts indices (KI) using C8-C20
alkane calibration standard to those found in NIST Web-
Book database, where only references using authentic
standards were considered, and key compounds were also
identified using authentic synthetic standards (Table S2).

Gas chromatography coupled electroantennography

The biologically active components of volatile extracts
were identified using gas chromatography coupled elec-
troantennographic detection (GC-EAD). The Agilent
6890 N gas chromatograph (GC) was equipped with
an HP-5 UI capillary column (30 mx 0.32 mm x0.25
um, J&W Scientific, Folsom, CA, USA); 2 pl of volatile
extracts was manually injected into the injection port of
the gas chromatograph, operated in splitless mode and
heated to 230 °C using a 1-min splitless time. The carrier
gas was helium, and the column flow was 4 ml/min. The
initial oven temperature was held at 50 °C for 1 min and
then in the first ramp increased by 10 °C/min to 270 °C
and in the second ramp by 30 °C/min to 230 °C. The final
temperature was held for 5 min.

The GC effluent was split in a low dead volume Graph-
pack 3D/2 four-way splitter. Two non-coated deactivated
fused silica capillary columns (100 cm X 0.32 mm) were
connected to the four-way splitter. One led to the flame
ionization detector (FID) heated to 300 °C, and the other
line was fitted into a transfer line heated to 235 °C (Syn-
tech, Kirchzarten, Germany). The capillary column pro-
truded from the heated transfer line into an inert glass
tube (10 mm L.D.) that had a charcoal-filtered and humid-
ified airflow of 1 I/min transferring the effluent over the
antennal preparation.

Female and male adults of P variegata and D. mela-
nogaster were immobilized in 200-pl pipette tips. The tip
of the pipette was cut, and the animal was pushed for-
ward until half of the eye was uncovered in the pipette
tip, but the proboscis was still covered. The silver/silver
chloride electrodes were immersed in Ringer solution in
two finely pulled glass capillaries. The glass capillary of
the reference electrode was inserted into one of the eyes
of the restrained fly, and the glass capillary covering the
recording electrode was pushed to hold firm contact
with the dorsomedial region of the funiculus. The anten-
nal signal was amplified 10 times, and the analog—digital
conversion was done by IDAC-2 (Syntech). The record-
ing was done simultaneously with the FID signal using
GC-EAD software (GC-EAD 2014, vers. 1.2.5, Syntech).
The eight synthetic mixtures were tested sequentially on
the same individuals in randomized order. Before each
GC-EAD run, a glass Pasteur pipette loaded with 100 ng
1-hexanol in 10 pl mineral oil was used as a test stimulus
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to assess the quality of preparation and electric contact.
The synthetic mixes were tested on at least three speci-
mens of both species and both sexes. The volatile extracts
were tested on male P variegata specimens, with the
exception of fox feces, which was tested on both females
and males.

Data processing and statistical analysis

Statistical analysis and data visualization were per-
formed using R (v. 4.2.0) in RStudio (RStudio Team (2023
v. 6.0.421). Similarities and dissimilarities between the
antennal response profile of D. melanogaster and P. var-
iegata individuals to synthetic compounds were inves-
tigated by principal coordinates analysis (PCoA) using
the capscale function and by non-metric multidimen-
sional scaling (NMDS) of the vegan package (v. 2.6—4)
[41] using Jaccard dissimilarity as a distance measure
on non-binary data. The responses were standardized
across individuals by dividing the responses by the aver-
age of responses for the individual. The responses were
also standardized across each compound by Z-scoring:
the average response to the compound is subtracted
from the response of each individual and divided by
the standard deviation of responses to the compound.
Permutational multivariate analysis of variance (PER-
MANOVA) was performed on the Jaccard dissimilarity
as a distance measure to compare groups using adonis2
function of the vegan package (v. 2.6—4) [41], and the sig-
nificance values for multiple comparisons were adjusted
by Benjamini-Hochberg correction (P-value adj). Prior
to PERMANOVA, permutational multivariate analy-
sis of dispersion (PERMDISP) was performed using the
betadisper function to verify dispersion homogeneity
between groups.

To identify gender- and species-specific responses to
individual compounds, we used multi-level pattern anal-
ysis with the multipatt function of indicspecies package
[42] and adjusted P-values using Benjamini-Hochberg
correction using the p.adjust function from the stats
package. All figures were visualized using geom_point
(Figs. 1, 2, 3, 4), geom_segment (Fig. 2), geom_tile
(Fig. 3), and geom_line (Fig. 4) functions of the ggplot2
v.3.5.1 [43] package.

Results

We first assessed differences in antennal responses
between P. variegata and D. melanogaster to synthetic
compounds. These were selected based on their detection
by olfactory receptors of D. melanogaster (as listed in the
DoOR database [31]) as well as on their known roles in
modulating host-seeking behavior in blood-feeding dip-
terans, such as mosquitoes and tsetse flies [32—40]. Both
species were sensitive to aliphatic esters. However, P,
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Fig. 1 The antennal sensitivity of Drosophila melanogaster and Phortica variegata to a panel of synthetic compounds was measured using GC-EAD.
The responses were normalized by individuals by dividing each antennal response with the average of responses for the individual. The radius
of symbols represents the relative response size. Color codes indicate the chemical classes of the selected synthetic compounds

variegata showed no antennal responses to the monoter-
penoids and sesquiterpenoids tested, with the exception
of linalool (Fig. 1, Fig. S1).

PCoA (Fig. 2) and NMDS (Fig. S2) were applied using
non-binary Jaccard dissimilarity to assess divergence in
antennal response profiles. Individuals from the same
species clustered closely together, whereas P varie-
gata and D. melanogaster separated along MDS1. The
eigenvalues for MDS1 (0.58) and MDS2 (0.25) indi-
cate that MDS1 explained most of the variation. After
verifying the assumption of dispersion homogeneity

(P-valuepprypisp = 0.27), PERMANOVA confirmed sig-
nificant divergence in response profiles between species
(F, =7.386, P-valueppryanova= 0.002). Pairwise com-
parisons with Benjamini-Hochberg correction also sup-
ported this difference (P-value adj =0.004).

The multi-level pattern comparison (Table S3) showed
that P variegata had higher relative responses to pro-
pyl acetate, ethyl propanoate, butyl propanoate, anisole,
3-octanone, nonanal, and decanal than D. melanogaster.
Phortica variegata males had higher responses to phenol,
3-octanone, and sulcatone (6-methyl-5-hepten-2-one)
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than females. Although males exhibited numerically
higher responses to nonanal and decanal, this difference
was not statistically significant (P-value adj > 0.05).

Given that adult male P. variegata are captured in fer-
mentation baits, associated with mammalian feces, and
attracted to mammals, further GC-EAD recordings
were performed using ecologically relevant volatile sam-
ples, including W+ ACV; feces from bear, deer, and fox;
and human body odor. Electrophysiological recordings
revealed antennal responses to 31 volatile components
(Fig. 3).

The detected components of mammalian samples
closely resembled those of W+ ACV (Table S4), as evi-
denced by similar antennal response profiles (Fig. 3).
Ethyl lactate and isoamyl acetate were detected exclu-
sively in W+ ACV volatiles and elicited antennal
responses. Phenol and dimethyl trisulfide were only
present and were sensed in the bear and fox feces sam-
ples. Nonanal, sulcatone, and decanal were components

of all samples (Table S4). Nonanal and sulcatone elicited
antennal response in all volatile samples, while decanal
did not elicit antennal responses in fox feces volatiles,
likely because of its low abundance (Fig. 3). Anisole and
hexanoic acid elicited antennal responses but the former
was only present in the volatile sample of fox feces and
the latter in human body odor samples.

Since P. variegata has been found in fox faeces [10],
we tested whether antennal responses of sexes differ
from volatiles emitted from fox feces (Fig. 4). Sulcatone
failed to elicit antennal responses in females, but relative
response amplitudes to other volatiles did not differ sig-
nificantly between sexes (Fig. 4).

Discussion

We compared antennal responses of P variegata and D.
melanogaster to a panel of synthetic odorants known to
activate olfactory receptors in D. melanogaster and influ-
ence host-seeking in other mammal-attracted dipterans.
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While both species responded to aliphatic esters, P. var-
iegata showed limited responses to monoterpenoids and
sesquiterpenoids, and multivariate analyses revealed
clear species- and sex-related divergence in response
profiles.

The behavioral dimorphism, in which only male flies
feed on tears, may also be reflected in sex-specific olfac-
tory sensitivity, similar to A. aegypti where females
express a higher number of ORs compared to males,
likely linked to their need to recognize hosts for blood
feeding [44]. To test this hypothesis, we compared the
antennal response of female and male P, variegata using a
panel of synthetic compounds (Figs. 1, 2). Multi-level pat-
tern analysis revealed significant differences in response
amplitudes between the sexes (Table S3).

The antenna of males exhibited significantly higher
responses to synthetic phenol, 3-octanone, and sulcatone.
Sulcatone was found in all tested relevant volatile sam-
ples (Fig. 3). Moreover, while sulcatone elicited responses
in synthetic blends, it showed a diminished antennal
response in females when derived from fox feces (Fig. 4).
These results could be explained by the higher antennal
sensitivity of male Phortica flies, as the amount of sulca-
tone in fox feces was possibly below the detection thresh-
old for females. As sulcatone is abundant in human skin
and animal emissions [45, 46], a heightened sensitivity
might allow males to detect and locate mammalian hosts
more effectively than females. Sexual dimorphism in
peripheral olfaction is a well-documented phenomenon
in insects, often reflected in differences in antennal struc-
ture, the number of odorant receptors, and sensitivity to
specific compounds [47-49]. For instance, sexual dimor-
phism in olfaction of vector insects has been observed
in A. aegypti [50], Culex pipiens quinquefasciatus [51],
and Anopheles gambiae [47]. Notably, A. aegypti strains
that prefer human hosts over cattle have been shown to
overexpress the odorant receptor AaegOr4, which has a
high affinity for sulcatone [24]. However, no significant
sexual dimorphism was observed in the expression levels
of this receptor [44], and the antennal sensitivity to sulca-
tone has not been compared yet. To determine whether
male P, variegata files are more sensitive to sulcatone and
whether this compound is important in host-seeking,
further studies involving dose-dependency measure-
ments and behavioral experiments are needed.

Differences observed for phenol in synthetic blends
were not significant in fox feces samples, likely because
of dose dependency, as the fox feces samples were more
concentrated than the synthetic blends tested based on
the comparison of FID traces. This observation again
highlights the importance of considering dose depend-
ency when evaluating olfactory responses and under-
scores the need for carefully controlled experiments to
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accurately assess sex-specific differences in chemosen-
sation and behavior, as demonstrated for both sulcatone
and phenol with female Culicoides nubeculosus where
attraction and repellence are strictly dose-dependent
[46]. The observed sensory differences between sexes of
P variegata could explain the behavioral dimorphism,
but further experiments are needed to establish a causal
link between the detection of these compounds and their
effect on behavior.

Species-specific differences were observed between
the response profiles of D. melanogaster and P. varie-
gata to synthetic compounds as they separated along the
first axis of PCoA (Fig. 1). For several other compounds,
a dose-dependent response was observed in the eco-
logically relevant volatiles samples (Fig. 3). Compared
to D. melanogaster, both sexes of P. variegata showed an
increased sensitivity to anisole (methoxybenzene), which
is the main constituent of anise seed essential oil [52],
and were described to be present in essential oils pre-
pared from other plants [53]. Intriguingly, anisole is also
emitted from decomposing leaf litter, such as that of pop-
lar [54], and can be emitted by microbes such as Penicil-
lium expansum during the degradation of lignin [55]. It
was reported that P. variegata adults feed on fermenting
tree sap [8, 56], which might be a rich source of anisole
and related methoxybenzenes. Surprisingly, anisole was
also a minor component of fox feces headspace, and both
sexes of P. variegata responded to this component of the
volatile extracts.

The antennae of P variegata were more responsive
than those of D. melanogaster to several common vola-
tile compounds emitted from fermented substrates,
including ethyl and butyl propanoate, propyl acetate,
3-octanone, nonanal, and decanal. These compounds are
found in a wide range of natural sources. Nonanal and
decanal are also major components of human body odor,
and they were shown to be attractive to Culex mosqui-
toes [57], while the high ratio of these compounds was
shown to decrease the attraction of A. aegypti to human
body emissions [23]. Several aliphatic esters from the
synthetic blend are often associated with fermenting
plant materials, yeasts, and ripening fruits [58—60], and
similar to D. melanogaster antennae, those of P varie-
gata responded to isoamyl and isobutyl acetate and had
a significantly higher responsivity to ethyl- and butyl pro-
panoate and propyl acetate.

Interestingly, P. variegata exhibited a weaker response
to (E)—2-hexenal and (E)—3-hexenol, which are char-
acteristic green leaf volatiles emitted upon mechani-
cal damage of plant tissues [61]. These compounds are
repellent for D. melanogaster and were hypothesized
to be related to the discrimination of ripe fruits from
ripening ones that are unsuitable for oviposition [62].
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Furthermore, P variegata antennae did not respond to
terpenoids selected from the DOOR, except males show-
ing a weak response to linalool. B-caryophyllene, farnesol,
and o-humulene are common sesquiterpenoid com-
pounds in plant volatile emissions [63]. B-caryophyllene,
a-terpineol, and a-humulene are major ligands of OR19a
expressed in trichoid sensilla [64], and farnesol is a major
ligand of OR83c expressed in intermediate sensilla [65]
on the antennae of D. melanogaster. Several other ORs
such as OR69a are also involved in the detection of ter-
penoids. Bastide et al. [27] identified two orthologs
of OR19a and one of OR83c in the genome of P. varie-
gata. However, the functionality of these genes, their
expression pattern, and their main ligands are currently
unknown.

Since terpenoids are detected by multiple odorant
receptors in D. melanogaster, the lack of response in P
variegata to several terpenoids may reflect ecological dif-
ferences between the species, suggesting that P. variegata
relies less on the identification of plant-derived resources
than D. melanogaster.

The lower sensitivity of P variegata to several ubiq-
uitous plant volatile compounds compared to D. mela-
nogaster and increased sensitivity to several volatile
compounds common in microbial volatile emissions indi-
cate that fungal and microbial substrates might be more
important in the ecology of this species compared to D.
melanogaster. According to our current knowledge, many
species in this group are associated with fungi or feed-
ing on decaying plant material. Similarly to the attraction
of mosquitoes to their hosts [66, 67], the attraction of P,
variegata to mammalian hosts can be based on otherwise
common microbial volatiles combined with carbon diox-
ide or visual cues.

Based on this first report on the olfactory responses
of P variegata, the behavioral significance of ethyl and
butyl propanoate, propyl acetate, 3-octanone, nonanal,
decanal, and sulcatone for females and males should be
further evaluated in laboratory and field behavioral bio-
assays. The identification of new attractants can provide
a basis for developing both monitoring and mass trap-
ping solutions for the future management of this vector
species.

Conclusions

Our study demonstrates that P. variegata exhib-
its sexual dimorphism in olfactory responsivity, with
males showing increased responsivity to specific
volatiles such as sulcatone, phenol, and 3-octanone,
which may help them locate mammalian hosts, align-
ing with their behavioral dimorphism in feeding on
tears. Additionally, the comparative olfactory analysis
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with D. melanogaster revealed that P. variegata shows
a stronger responsivity to several microbial and yeast-
related volatiles and a strongly reduced responsivity to
common plant volatile terpenoids, reinforcing the idea
that its foraging ecology differs from that of D. mela-
nogaster and fungal and microbial substrates might be
ecologically even more relevant for this species. The
study highlights several antennally active volatiles that
could be assessed in field and laboratory behavioral
experiments to investigate their ecological roles and to
potentially use them to develop monitoring and control
strategies against this dipteran vector species.

Abbreviations

A. aegypti Aedes aegypti

D. melanogaster  Drosophila melanogaster

GC-MS Gas chromatography-mass spectrometry
GC-EAD Gas chromatography-electroantennography

OR Odorant receptor

NMDS Non-metric multidimensional scaling
PcoA Principal coordinate analysis
P variegata Phortica variegata

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-025-06850-8.

Additional file 1: Fig. S1. Heatmap of raw responses comparing D.
melanogaster and P, variegata individuals to the panel of tested synthetic
volatiles.

Additional file 2: Fig. S2. Non-metric multidimensional scaling based on
the antennal responses of D. melanogaster and P, variegata individuals to
the panel of tested synthetic volatiles.

Additional file 3: Table S1. The producer and purity of synthetic com-
pounds selected for GC-EAD testing on D. melanogaster and P, variegata.

Additional file 4: Table S2. Calculated linear retention indices (Rl calc.) and
reference retention indices (Rl lib) from literature data on non-polar HP-5
capillary column.

Additional file 5: Table S3. Results of multilevel pattern analysis for compar-
ing antennal responses to synthetic compounds between D. melanogaster
and P variegata females and males. The P-value was adjusted (P-value
adj.) using Benjamini-Hochberg adjustment. The column pattern shows
which species and sex combinations showed significantly higher relative
responses.

Additional file 6: Table S4. The composition of volatile samples tested
using gas chromatography with electroantennographic recording. The
relative abundance of each component was calculated as a percentage
compared to the component with the highest peak area.

Acknowledgements

We thank the Budakeszi Wildlife Park and its staff for providing the opportu-
nity to collect samples from forestine mammals and for assisting us in the
sampling procedure. We also acknowledge Dora Varga for illustrations of odor
sources.

Author contributions

ALE,MOS., and BPM. were involved in the design and conception of the
work. FD. and BK. collected and maintained the laboratory animals, and F.D.
performed the taxonomic identification. A.L.E. completed the GC-MS and GC-
EAD measurements and statistical analysis, and A.L.E. and M.O. prepared the
figures. ALE and M.O.S. wrote the manuscript, and all authors revised the text.


https://doi.org/10.1186/s13071-025-06850-8
https://doi.org/10.1186/s13071-025-06850-8

Erdei et al. Parasites & Vectors (2025) 18:204

Funding

Open access funding provided by Swedish University of Agricultural Sciences.
This research was supported by an NKFIH Research Proposal FK 137579 of the
National Research, Development and Innovation Office.

Availability of data and materials
Data utilized in this manuscript, along with the scripts to generate the figures,
are available at https://doi.org/10.6084/m9.figshare.28920173.

Declarations

Ethics approval and consent to participate
No ethical approval was necessary; for human odor collection the authors
were sampled.

Consent for publication
No consent was necessary for publication; no human experiments were done.

Competing interests
The authors declare no competing interests.

Author details

'Department of Plant Protection Biology, Chemical Ecology Unit, Swedish
University of Agricultural Sciences, 23422 Lomma, Sweden. 2Department

of Chemical Ecology, Plant Protection Institute, HUN-REN Centre for Agricul-
tural Research, Matronvasar, Hungary.

Received: 28 February 2025 Accepted: 15 May 2025
Published online: 02 June 2025

References

1. Maca J. Revision of palaearctic species of Amiota subge nus Photica
(Diptera, Drosophilidae). Acta entomol bohemoslov. 1977;74:115-30.

2. Bertos E, Sdnchez-Cerdéa M, Virgds E, Gil-Sanchez JM, Moledn M. Thelazia
callipaeda as a potential new threat to European wildcats: insights from
an eco-epidemiological study. Vet Res Commun. 2023;47:2153-60.

3. RossiL, Bertaglia PP. Presence of Thelazia callipaeda Railliet & Henry, 1910,
in Piedmont, Italy. Parassitologia. 1989;31(2-3):167-72.

4. Otranto D, Cantacessi C, Testini G, Lia RP. Phortica variegata as an inter-
mediate host of Thelazia callipaeda under natural conditions: evidence
for pathogen transmission by a male arthropod vector. Int J Parasitol.
2006;36:1167-73.

5. Palfreyman J, Graham-Brown J, Caminade C, Gilmore P, Otranto D, Wil-
liams DJL. Predicting the distribution of Phortica variegata and potential
for Thelazia callipaeda transmission in Europe and the United Kingdom.
Parasit Vectors. 2018;11:1.

6. Pombi M, Marino V, Jaenike J, Graham-Brown J, Bernardini |, Lia RP, et al.
Temperature is a common climatic descriptor of lachryphagous activity
period in Phortica variegata (Diptera: Drosophilidae) from multiple geo-
graphical locations. Parasit Vectors. 2020;13:1.

7. Markow TA, O'Grady P. Reproductive ecology of Drosophila. Funct Ecol.
2008;22:747-59.

8. Maca J, Otranto D. Drosophilidae feeding on animals and the inherent
mystery of their parasitism. Parasit Vectors. 2014;7:516.

9. Bernardini |, Poggi C, Manzi S, Bezerra-Santos MA, Beugnet F, Fourie J,
et al. Laboratory breeding of two Phortica species (Diptera: Drosophili-

dae), vectors of the zoonotic eyeworm Thelazia callipaeda. Parasit Vectors.

2022;15:200.

10. Papp L. Dipterous guilds of small-sized feeding sources in forests
of Hungary. Acta Zoologica Academiae Scientiarum Hungaricae.
2002;48:197-213.

11. Otranto D, Stevens JR, Cantacessi C, Gasser RB. Parasite transmission by
insects: a female affair? Trends Parasitol. 2008;24:116-20.

12. Schroder R, Hilker M. The relevance of background odor in resource loca-
tion by insects: a behavioral approach. Bioscience. 2008;58:308-16.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Page 10 of 11

. Becher PG, Flick G, Rozpedowska E, Schmidt A, Hagman A, Lebreton S,

et al. Yeast, not fruit volatiles, mediate Drosophila melanogaster attraction,
oviposition and development. Funct Ecol. 2012,26:822-8.

. Goldman-Huertas B, Mitchell RF, Lapoint RT, Faucher CP, Hildebrand JG,

Whiteman NK. Evolution of herbivory in Drosophilidae linked to loss of
behaviors, antennal responses, odorant receptors, and ancestral diet. Proc
Natl Acad Sci U S A. 2015;112:3026-31.

. Whiteman NK, Groen SC, Chevasco D, Bear A, Beckwith N, Gregory TR,

et al. Mining the plant-herbivore interface with a leafmining Drosophila of
Arabidopsis. Mol Ecol. 2011;20:995-1014.

. Amlou M, Pla E, Moreteau B, David JR. Genetic analysis by interspecific

crosses of the tolerance of Drosophila sechellia to major aliphatic acids of
its host plant. Genet Sel Evol. 1997,29:511.

. Otranto D, Brianti E, Cantacessi C, Lia RP, Méca J. The zoophilic fruitfly

Phortica variegata: morphology, ecology and biological niche. Med Vet
Entomol. 2006;20:358-64.

. Roggero C, Schaffner F, Bachli G, Mathis A, Schnyder M. Survey of Phortica

drosophilid flies within and outside of a recently identified transmission
area of the eye worm Thelazia callipaeda in Switzerland. Vet Parasitol.
2010;171:58-67.

. Gonzélez MA, Bravo-Barriga D, Alarcon-Elbal P, Alvarez-Calero JM, Quero

C, Ferraguti M, et al. Development of novel management tools for Phor-
tica variegata (Diptera: Drosophilidae), vector of the oriental eyeworm,
Thelazia callipaeda (Spirurida: Thelaziidae), in Europe. J Med Entomol.
2022;59:328-36.

Acree F Jr, Turner R, Gouck H, Beroza M, Smith N. L-Lactic acid: a mosquito
attractant isolated from humans. Science. 1968;161:1346-7.

Zwiebel L, Takken W. Olfactory regulation of mosquito—host interactions.
Insect Biochem Mol Biol. 2004;34:645-52.

Irish S, Moore S, Bruce J, Cameron M. Preliminary evaluation of a nonanal
lure for collection of gravid Culex quinquefasciatus. J Am Mosgq Control
Assoc. 2014;30:37-41.

Logan JG, Birkett MA, Clark SJ, Powers S, Seal NJ, Wadhams LJ, et al. Identi-
fication of human-derived volatile chemicals that interfere with attraction
of Aedes aegypti mosquitoes. J Chem Ecol. 2008;34:308-22.

McBride CS, Baier F, Omondi AB, Spitzer SA, Lutomiah J, Sang R, et al. Evo-
lution of mosquito preference for humans linked to an odorant receptor.
Nature. 2014;515:222-7.

Dekker T, Geier M, Cardé RT. Carbon dioxide instantly sensitizes

female yellow fever mosquitoes to human skin odours. J Exp Biol.
2005;208:2963-72.

Majeed S, Hill SR, Ignell R. Impact of elevated CO, background levels on
the host-seeking behaviour of Aedes aegypti. ) Exp Biol. 2014;217:598-604.
Bastide H, Legout H, Dogbo N, Ogereau D, Prediger C, Carcaud J, et al. The
genome of the blind bee louse fly reveals deep convergences with its
social host and illuminates Drosophila origins. Curr Biol. 2024,34:1122-32.
e5.

Bachli G, Viljoen F, Escher SA, Saura A. The drosophilidae (Diptera) of fen-
noscandia and Denmark: Brill; 2005.

Kerezsi V, Kiss B, Deutsch F, Kontschan J. First record of Blattisocius mali
(Oudemans, 1929) in Hungary associated with the drosopilid fly Phortica
semivirgo (Méca, 1977). Redia. 2019;102:69-72.

Ashburner M. Drosophila: a laboratory handbook. Cold Spring Harbor, NY:
Cold Spring Harbor Laboratory Press; 1989.

Munch D, Galizia CG. DoOR 2.0-comprehensive mapping of Drosophila
melanogaster odorant responses. Sci Rep. 2016;6:21841.

Melo N, Wolff GH, Costa-da-Silva AL, Arribas R, Triana MF, Gugger M, et al.
Geosmin attracts Aedes aegypti mosquitoes to oviposition sites. Curr Biol.
2020;30:127-34.e5.

Owaga ML, Hassanali A, McDowell P. The role of 4-cresol and 3-n-propyl-
phenol in the attraction of tsetse flies to buffalo urine. Int J Trop Insect
Sci. 1988;9:95-100.

Takken W, Kline D. Carbon dioxide and 1-octen-3-ol as mosquito attract-
ants. J Am Mosq Control Assoc. 1989;5:311-6.

Vale G, Hall D, Gough A. The olfactory responses of tsetse flies, Glossina
spp. (Diptera: Glossinidae), to phenols and urine in the field. Bull Entomol
Res. 1988;78:293-300.

Vale G, Hall D. The role of 1-octen-3-ol, acetone and carbon dioxide in the
attraction of tsetse flies, Glossina spp. (Diptera: Glossinidae), to ox odour.
Bull Entomol Res. 1985,75:209-18.


https://doi.org/10.6084/m9.figshare.28920173

Erdei et al. Parasites & Vectors

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

(2025) 18:204

Magalhaes-Junior JT, Barrouin-Melo SM, Corréa AG, da Rocha Silva FB,
Machado VE, Govone JS, et al. A laboratory evaluation of alcohols as
attractants for the sandfly Lutzomyia longipalpis (Diptera: Psychodidae).
Parasit Vectors. 2014;7:1-5.

Dormont L, Mulatier M, Carrasco D, Cohuet A. Mosquito attractants. J
Chem Ecol. 2021,47:351-93.

Zhang H, Zhu'Y, Liu Z, Peng Y, Peng W, Tong L, et al. A volatile from the
skin microbiota of flavivirus-infected hosts promotes mosquito attractive-
ness. Cell. 2022;185:2510-22.e16.

HarracaV, Syed Z, Guerin P. Olfactory and behavioural responses of
tsetse flies, Glossina spp., to rumen metabolites. J Comp Physiol A.
2009;195:815-24.

Oksanen J. Vegan: community ecology package. R package version.
2015;2:3.

Caceres MD, Legendre P. Associations between species and groups of
sites: indices and statistical inference. Ecology. 2009,90:3566-74.
Wickham H, Sievert C. ggplot2: elegant graphics for data analysis.
Springer: New York; 2009.

Tallon AK, Hill SR, Ignell R. Sex and age modulate antennal chemosen-
sory-related genes linked to the onset of host seeking in the yellow-fever
mosquito, Aedes aegypti. Sci Rep. 2019,9:43.

Hinze A, Pelletier J, Ghaninia M, Marois E, Hill SR, Ignell R. Knockout

of OR39 reveals redundancy in the olfactory pathway regulating

the acquisition of host seeking in Anopheles coluzzii. Proc R Soc B.
2011;2023:20232092.

Isberg E, Bray DP, Birgersson G, Hillbur Y, Ignell R. Identification of cattle-
derived volatiles that modulate the behavioral response of the biting
midge Culicoides nubeculosus. J Chem Ecol. 2016;42:24-32.

Pitts RJ, Rinker DC, Jones PL, Rokas A, Zwiebel LJ. Transcriptome profiling
of chemosensory appendages in the malaria vector Anopheles gambiae
reveals tissue-and sex-specific signatures of odor coding. BMC Genomics.
2011;12:1-17.

Zhou S, Stone EA, Mackay TF, Anholt RR. Plasticity of the chemoreceptor
repertoire in Drosophila melanogaster. PLoS Genet. 2009;5:21000681.
Nyanjom SG, Tare C, Wamunyokoli F, Obiero GF. Expression levels of odor-
ant receptor genes in the savanna tsetse fly, Glossina morsitans morsitans.
J Med Entomol. 2018;55:855-61.

Basrur NS, De Obaldia ME, Morita T, Herre M, von Heynitz RK, Tsitohay YN,
et al. Fruitless mutant male mosquitoes gain attraction to human odor.
Elife. 2020;9:263982.

Pelletier J, Leal WS. Genome analysis and expression patterns of odorant-
binding proteins from the southern house mosquito Culex pipiens
quinquefasciatus. PLoS ONE. 2009;4:e6237.

Kubo |, Fujita KI, Nihei KI. Antimicrobial activity of anethole and related
compounds from aniseed. J Sci Food Agric. 2008;88:242-7.

MaclLeod AJ, Pieris NM, de Troconis NG. Aroma volatiles of Cynara scoly-
mus and Helianthus tuberosus. Phytochemistry. 1982;21:1647-51.
Isidorov V, Jdanova M. Volatile organic compounds from leaves litter.
Chemosphere. 2002;48:975-9.

Azeem M, Rajarao GK, Nordenhem H, Nordlander G, Borg-Karlson AK.
Penicillium expansum volatiles reduce pine weevil attraction to host
plants. J Chem Ecol. 2013;39:120-8.

Okada . Systematic study of the early stages of Drosophilidae: Bunka
Zugeisha; 1968.

Leal HM, Hwang JK, Tan K, Leal WS. Attraction of Culex mosquitoes to
aldehydes from human emanations. Sci Rep. 2017;7:17965.

Plata C, Millan C, Mauricio JC, Ortega JM. Formation of ethyl acetate

and isoamyl acetate by various species of wine yeasts. Food Microbiol.
2003;20:217-24.

Castellan I, Duménil C, Rehermann G, Eisenstecken D, Bianchi F, Robat-
scher P, et al. Chemical and electrophysiological characterisation of
headspace volatiles from yeasts attractive to Drosophila suzukii. } Chem
Ecol. 2024;50:830-46.

Erdei AL, Szelényi MO, Deutsch F, Rikk P, Molnar BP. Lure design for Dros-
ophila suzukii based on liquid culture of fruit epiphytic yeasts: comparing
the attractivity of fermentation volatiles for seasonal morphs. J Appl
Entomol. 2022;146:773-85.

Ameye M, Allmann S, Verwaeren J, Smagghe G, Haesaert G, Schuurink
RC, et al. Green leaf volatile production by plants: a meta-analysis. New
Phytol. 2018;220:666-83.

62.

63.

64.

65.

66.

67.

Page 11 of 11

Gao XJ, Clandinin TR, Luo L. Extremely sparse olfactory inputs are
sufficient to mediate innate aversion in Drosophila. PLoS ONE.
2015;10:e0125986.

Yu F, Utsumi R. Diversity, regulation, and genetic manipulation of

plant mono- and sesquiterpenoid biosynthesis. Cell Mol Life Sci.
2009;66:3043-52.

Dweck HK, Ebrahim SA, Kromann S, Bown D, HillburY, Sachse S, et al.
Olfactory preference for egg laying on citrus substrates in Drosophila.
Curr Biol. 2013;23:2472-80.

Ronderos DS, Lin CC, Potter CJ, Smith DP. Farnesol-detecting olfactory
neurons in Drosophila. J Neurosci. 2014;34:3959-68.

McMeniman CJ, Corfas RA, Matthews BJ, Ritchie SA, Vosshall LB. Mul-
timodal integration of carbon dioxide and other sensory cues drives
mosquito attraction to humans. Cell. 2014;156:1060-71.

Vinauger C, Van Breugel F, Locke LT, Tobin KKS, Dickinson MH, Fairhall AL,
et al. Visual-olfactory integration in the human disease vector mosquito
Aedes aegypti. Curr Biol. 2019,29:2509-16.e5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Olfactory responses of the variegated fruit fly, Phortica variegata, an emerging vector of the zoonotic eyeworm Thelazia callipaeda, to ecologically relevant volatiles
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Collection of experimental animals and taxonomic identification
	Preparation of synthetic mixtures
	Volatile collection methods
	Gas chromatography coupled mass spectrometry
	Gas chromatography coupled electroantennography
	Data processing and statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


