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INTRODUCTION

Abstract

1. Marchalina hellenica (Gennadius) (Hemiptera: Marchalinidae), endemic to Greece
and Tirkiye, infests various pine species in both countries. Apart from its native
range, this species has been recorded infesting pine trees in Italy [Campania (island
of Ischia) and Marche regions], Croatia, and recently in Australia. While not a severe
pest in its native habitat, M. hellenica has been found to negatively impact pines in
the invaded regions.

2. Neoleucopis kartliana (Tanasijtshuk) (Diptera: Chamaemyiidae), a key natural enemy
of M. hellenica in its native range, was introduced from Greece to Ischia as a biologi-
cal control agent. In the current study, Neoleucopis populations from 22 sites across
Greece and six sites from Ischia were examined using DNA barcoding and morpho-
logical traits to determine their identities and elucidate their distributions in Greece.

3. This integrated approach allowed the separation of three genetically diverged mito-
chondrial DNA (mtDNA) lineages within Neoleucopis, leading to the conclusion via
morphology that there were possibly two additional mtDNA lineages besides that
of N. kartliana. The three Neoleucopis mtDNA lineages were unevenly distributed in
Greece, and all individuals screened from Ischia were identified as the N. kartliana
mtDNA lineage.

4. These findings highlighted the need for further taxonomic work and provide a dee-
per insight into the diversity and distribution of Neoleucopis mtDNA lineages in their
natural range and Ischia, which are essential for optimising biological control strate-

gies against M. hellenica in other regions.
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generations per year (Ross et al., 2011), occurring in a diversity of hab-

itats, such as grasslands, lowlands, or montane ecosystems

The family Chamaemyiidae (Diptera) comprises flies commonly (Gaimari, 2020; Tanasijtshuk, 1986). Their larvae are predatory, pri-

referred to as silver flies. Most chamaemyiids undergo one to three marily targeting adults, nymphs and eggs of sternorrhynchous
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hemipterans, notably aphids, mealybugs, scales, and psyllids
2020; Gaimari 1997; 1998;
Tanasijtshuk, 1986). Pupariation occurs on the twigs and branches of
plants that host their prey (Gaimari et al., 2007; Grubin et al., 2011) or
after falling from trees to pupariate in the soil (McAlpine &

(Gaimari, &  Turner, McLean,

Tanasijtshuk, 1972). Collectively, chamaemyiids engage in a range of
feeding behaviours, from actively preying in colonies to entirely sed-
entary predation on eggs enclosed within a single prey ovisac
(Gaimari, 2021). Some silver fly species within specific genera can
enter the dense waxy substrates created by aphids and scale insects,
allowing them to feed beneath these protective coverings that are
typically inaccessible to other predators (Gaimari, 2021). Some adult
silver flies are also known to gently probe their prey using their fore
tarsi to stimulate the release of honeydew, which they then consume
(Gaimari, 2021; 1997;
Maican, 2014).

The predatory larvae of Chamaemyiidae can significantly reduce

Gaimari & Turner, Teodorescu &

prey populations of aphids and coccids, contributing to the population
regulation of these plant-sucking insects (Gaimari, 2021). Several sil-
ver fly species have been used as classical biological control agents,
particularly in North America, against pests such as Diuraphis noxia
(Mordvilko) (Hemiptera: Aphididae), Adelges piceae (Ratzeburg)
(Hemiptera: Adelgidae), and Adelges tsugae Annand (Hemiptera: Adel-
gidae) (Clark & Brown, 1962; Clausen, 1978; Gaimari & Turner, 1996;
McAlpine, 1978; Noma et al, 2005; Olfert et al., 2001; Ross
et al.,, 2011; Schooley et al., 1984). After its invasion in the 1970s in
Hawaii, USA, Pineus pini (Macquart) (Hemiptera: Adelgidae) was effec-
tively managed through the release of Neoleucopis tapiae (Blanchard),
erroneously referred to as Neoleucopis (=Leucopis) obscura (Haliday),
along with a small proportion of N. obscura (Culliney et al., 1988;
Gaimari, 2021; Gaimari & Havill, 2021; Nakao et al, 1981). In
New Zealand, the introduction of N. tapiae in the 1930s contributed
to the effective control of Pineus boerneri Annand (Hemiptera: Adelgi-
dae) on Pinus radiata (Gaimari & Havill, 2021; Zondag & Nutall, 1989).
Neoleucopis obscura was also employed against P. boerneri in Chile,
managing the pest's populations (Gaimari et al., 2024; Gaimari &
Havill, 2021; Mills, 1990; Zuhiga, 1985), although this chamaemyiid
species might also refer to N. tapiae (Gaimari, 2021; Greathead, 1995).
In Australia, the release of three chamaemyiid species in the 1930s
against P. pini had minimal impact, although one of them, Neoleucopis
atratula (Ratzeburg), became established there (Clausen, 1978;
Gaimari, 2021; Tanasijtshuk, 1996). These examples highlight the
potential of Chamaemyiidae as biological control agents, though
the exact impact on the target species varies.

In Europe, several Neoleucopis species are present. Neoleucopis
atratula is known to prey on Adelges spp. (Hemiptera: Adelgidae), par-
ticularly A. piceae, Adelges merkeri (Eichhorn), Adelges nordmannianae
(Eckstein) and A. tsugae (Neidermeier et al., 2020; Ravn et al., 2013),
and is distributed from Britain through Central Europe, reaching the
Balkan countries and Turkiye (Ebejer & Bartak, 2019). Neoleucopis
obscura, which preys on Adelges picea (Ratzeburg) as well as other
Adelges spp., and less frequently Pineus spp., is similarly distributed
from North and Central Europe to the Balkan countries and Turkiye,
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while N. tapiae, predator of Pineus spp., is found from Britain south to
Gibraltar and east to western Russia (Ebejer & Bartak, 2019;
Gaimari & Havill, 2021). Neoleucopis freyi (McAlpine) is known only
from northern Europe as a predator of Adelges viridis (Ratzeburg). Neo-
leucopis orbiseta (McAlpine), also known from northern Europe, has
unknown biology but likely feeds on aphids (Gaimari & Havill, 2021).
Neoleucopis kartliana is the only described Neoleucopis species to prey
on M. hellenica in the Mediterranean and has been reported in
Georgia, Turkiye, Greece and ltaly (Gaimari et al.,, 2007; Gaimari &
Havill, 2021; Ulgenti]rk et al.,, 2013).

The scale insect Marchalina hellenica (Gennadius) (Hemiptera:
Marchalinidae) is indigenous to Greece and the coastal areas of Tur-
kiye (Gounari, 2006; Gounari et al., 2023; Ulgentiirk et al., 2013).
Within its natural range, it serves as the primary honeydew producer
that is essential for pine honey production by Apis mellifera
L. (Hymenoptera: Apidae), contributing up to 60% of Greece's and
approximately 50% annual
(Bacandritsos et al., 2004; Gounari, 2004). In Greece, M. hellenica pri-

marily feeds on Pinus brutia and Pinus halepensis while it can also feed

of  Turkiye's honey production

on Pinus pinea, Pinus nigra, Pinus maritima and Pinus sylvestris
(Avtzis, 1985; Kailidis, 1965), and, experimentally, Abies cephalonica
(Bacandritsos et al., 2004). Beyond its native range, M. hellenica has
been reported feeding on Pinus heldreichii var. leucodermis, P. pinea
and Pinus pinaster on the island of Ischia (Italy) (Fimiani et al., 1994;
Fimiani & Sollino, 1994), P. halepensis and P. pinea in Croatia (Masten
Milek et al., 2019), and recently on P. radiata in Australia (Avtzis
et al.,, 2020). Although M. hellenica was initially presumed to infest
Picea sp. in Russia, Armenia and Georgia, tentative examination
revealed that the scale insect in these regions was Marchalina cauca-
sica  Hadzibeyli (Hodgson &
Gounari, 2006; Jashenko, 1999), a species that is attacked by Neoleu-
copis hadzibeiliae (Tanasijtshuk) (Tanasijtshuk, 1986). While not widely

regarded as a significant pest within its natural range, control mea-

(Hemiptera:  Marchalinidae)

sures against M. hellenica are occasionally employed in urban areas to
mitigate its impact on trees (Fotelli et al., 2020). Although its high pop-
ulation densities can lead to adverse effects such as desiccation of
branches and foliage, growth reduction and crown transparency, tree
mortality is believed to primarily occur in conjunction with other envi-
ronmental stressors (Gallis, 2007; Mendel et al., 2016). The moderate
impact of M. hellenica on indigenous pine trees within its native range
is attributed largely to the influence of its natural enemies, particularly
N. kartliana (Avtzis et al., 2020). The introduction of N. kartliana to
Ischia has resulted in the successful biological control of M. hellenica
on that island (Garonna & Viggiani, 2011). In contrast, the absence of
specialized predators in the invaded areas facilitates the unimpeded
population growth of M. hellenica, ultimately leading to adverse
impacts on susceptible host trees (Fotelli et al., 2020).

The detection of M. hellenica in urban areas of Australia in 2014,
alongside its established presence in parts of Italy [Campania (Ischia
island) and recently in the Marche region] (Servizio Fitosanitario
Regionale, 2021; Severini, 2024), has underscored the pest’s capacity
to establish itself across diverse ecosystems within its invasive range,

from Mediterranean coastal areas to temperate forests (Servizio
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B Neoleucopis kartliana mtDNA lineage
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FIGURE 1 Distribution of the different Neoleucopis mtDNA clusters across 22 sites of Greece (1-Drama, 2-Amphipoli, 3-Stratoni, 4-Sani,
5-Thessaloniki, 6-Makriyalos, 7-loannina, 8-Filiates, 9-lgoumenitsa, 10-Parga, 11-Lefkada, 12-Amfilochia, 13-Larissa, 14-Volos, 15-Xirovrisi,
16-Paravola, 17-Patra, 18-Metohi, 19-Kaiafas, 20-Megalopoli, 21-Korinthos, 22-Athens) and six sites in Italy (Ischia) (23-Pineta Degli Atleti,
24-Giardino Pubblico Porto, 25-Porto d'Ischia Parking, 26-Lacco Ameno, 27-Forio, 28-Serrara Fontana). Black points indicate the sites where

sequencing was unsuccessful.

Fitosanitario Regionale, 2021; Severini, 2024) and urban areas (Avtzis
et al., 2020). This spread has driven further research into the biology
and management of M. hellenica in this invaded region (Eleftheriadou
et al, 2023; Jaroslow et al, 2023), the biology of N. kartliana in
Greece (Eleftheriadou et al., 2022; Gaimari et al., 2007), and its poten-
tial as a biological control agent against M. hellenica (Avtzis
et al., 2020; Eleftheriadou et al., 2024). Gaimari et al. (2007) and
Eleftheriadou et al. (2022) offered significant insights into the biologi-
cal traits of N. kartliana in Greece. Besides N. kartliana, recent investi-
gations in northern Greece revealed an additional Neoleucopis lineage
besides N. kartliana, possibly a new species referred to as “Neoleucopis
n. sp. B” (in Eleftheriadou et al., 2024). The current study aims to
(1) utilize molecular methods to differentiate the Neoleucopis attacking
M. hellenica in Greece, (2) provide information about the geographic
distribution of the Neoleucopis attacking M. hellenica in Greece and
(3) verify which Neoleucopis mtDNA lineage was introduced as a clas-

sical biological control agent on the island of Ischia.

MATERIALS AND METHODS
Distribution of Neoleucopis in Greece

A total of 22 sites across Greece were sampled over 24 days from late
May to mid-June 2022 to determine the identity and distribution of
Neoleucopis attacking M. hellenica within the country. These sites
included 21 locations in mainland Greece (loannina, Filiates, Igoume-
nitsa, Parga, Amphilochia, Paravola, Patra, Metohi, Kaiafas, Megalop-
oli, Korinthos, Attica (Paleo Faliro and Kesariani), Xirovrisi, Volos,
Drama, Amphipoli, Sani, Stagira-Stratoni, Makriyalos, Larissa and
Thessaloniki) and Lefkada island (Figure 1). The sampling process
involved the collection of pine branches infested by M. hellenica using
pruners. In Greece, 10 branches of P. brutia were collected from each
site reached from ground level (approx. 3 m), and isolated in individual
Nasco Whirl-Pak BO1027WA sampling bags. Following collection, the

samples were conveyed to the Forest Research Institute (H.A.O.
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Demeter) in Thessaloniki (Greece). Counting and collection of Neoleu-
copis larvae and puparia were conducted using a Zeiss Stemi 508 ste-
reomicroscope (Zeiss, Oberkochen, Germany). Neoleucopis individuals
that reached the adult stage inside the sampling bags during transfer
were also collected. Following inspection, the remaining branches
infested with M. hellenica from each site were stored in ventilated
cages (60 cm x 60 cm x 60 cm) within a climate chamber set to
23°C, 60% relative humidity and a 16-h light/8-h dark photoperiod to
allow for the development of any individuals that may have remained

undetected during examination.

Identification of the biological control agent in Ischia
(Italy)

In ltaly (Ischia), samples were collected from Lacco Ameno, Forio, Ser-
rara Fontana, and three sites in Ischia Porto (Pineta degli Atleti, Giar-
dino Pubblico and Porto d'Ischia Parking) during November 2023 and
in May and June 2024 to determine the Neoleucopis mtDNA lineage
introduced on the island. Marchalina hellenica ovisacs collected in May
2024 were placed in well-aerated containers (9 cm in diameter) to
facilitate the potential emergence of Neoleucopis adults. Additionally,
10 Neoleucopis adult specimens collected with M. hellenica ovisacs in
2011 were provided by APG from voucher samples of the Depart-
ment of Agricultural Sciences, University of Naples Federico Il (Portici,
Italy). On Ischia, sampling was conducted following the protocol used
in Greece. However, due to the crown base height of the trees
exceeding five meters, branches of P. pinea were collected by profes-
sional climbers. Samples were then transferred to the Department of
Agricultural Sciences (University of Naples Federico I, Portici, Italy),
where they were inspected as described above under a Leica Zoom
2000 stereomicroscope (Leica L-Z 2000, Wetzlar, Germany). Neoleu-
copis individuals from both countries were preserved in ethanol (98%)

for molecular analysis.

Molecular screening and morphological identification

For samples derived from Greek sites, up to 10 individuals per site,
comprising larvae, puparia and adults, underwent molecular analysis
(total n = 221) (Eleftheriadou et al., 2025). Non-destructive DNA
extraction from Neoleucopis specimens was conducted individually
using the PureLink™ Genomic DNA Mini Kit from ThermoFisher Sci-
entific, Life Sciences Solutions, Carlsbad, CA, USA, following the man-
ufacturer’s prescribed protocol. Samples were immersed intact in a
digestion buffer plus Proteinase K and incubated overnight to extract
DNA while preserving external morphology. Subsequent DNA amplifi-
cation employed HCO/LCO primers (Folmer et al., 1994), targeting
the standard DNA barcoding fragment within the 5’ region of the
mitochondrial cytochrome ¢ oxidase subunit | (mtCOI) mitochondrial
gene (658 bp), using MyTagq™ Red Mix from BioLine GmbH,
Germany, in 25 pL volumes. PCR consisted of an initial denaturation

step lasting 5 min at 96°C. This was followed by four cycles with 60 s

Entomological
tomological
Sociaty

ELEFTHERIADOU ET AL.

at 96°C for denaturation, 47°C for annealing and 72°C for extension.
The subsequent 35 cycles consisted of 60 s at 96°C for denaturation,
50°C for annealing and 72°C for extension, whereas the final
extension step at 72°C lasted 5 min (Martinez-Safudo et al., 2018).
Purification of PCR products was carried out using the PureLink™
PCR Purification Kit from ThermoFisher Scientific, Life Sciences Solu-
tions, Carlsbad, CA, USA, following the manufacturer’s instructions.
Sequencing was done at CEMIA SA in Larissa, Greece, utilizing an ABI
3730XL sequencer and using the aforementioned primers. The chro-
matograms obtained were initially visualized and manually analysed
using Chromas Lite software version 2.6.6 (Technelysium Pty Ltd) and
sequences were aligned with Clustal X (version 2.0.11) (Larkin
et al., 2007). To avoid PCR errors, sequences containing dubious sin-
gletons were re-examined using a second PCR. After the identification
of haplotypes, these were included in the construction of a Maximum
Likelihood phylogenetic tree that was rooted with Neoleucopis pinicola
(Malloch) based on its closest genetic affinity to the ingroup (NCBI
Accession Number: MZ298249), using MEGA version 6 (Tamura
et al., 2013) (Tamura-Nei distances, Nearest-neighbour-interchange
(NNI) ML heuristic method and 1000 bootstrap replicates). For speci-
mens collected from Ischia, 47 samples underwent molecular analysis,
including larvae, puparia and adults obtained from the 2023 and 2024
samplings, alongside adults sourced from the voucher samples of
2011, following the protocol used in Greece. To assess the morpho-
logical differentiation of the mitochondrial DNA (mtDNA) clusters
obtained, henceforth called mtDNA lineages, a series of specimens
were sent to author SDG (15 M and 10 F of the N. kartliana mtDNA
lineage, 36 M and 35 F of Neoleucopis mtDNA lineage A, and 37 M
and 34 F of Neoleucopis mtDNA lineage B), who confirmed the iden-
tity of N. kartliana specimens and recognized the other two Neoleuco-
pis mtDNA lineages, each as a new species (Eleftheriadou et al., 2024),
which will be described in a taxonomic study by authors SDG, NE and
DA. The morphological identification of the three Neoleucopis mtDNA
lineages was based on the stereomicroscopic examination of the geni-
talia of adult males and females. Specifically, the male genitalia were
examined for their differences in the epandrium, surstyli, pregonite,
postgonite and phallus, whereas the female terminalia were assessed
based on the presence or absence of thick setulae on sternites 4 and
5. For all structural characters, variation in shape, relative size, setosity
and presence/absence was used to distinguish among the individuals
of the Neoleucopis mtDNA lineages observed (Gaimari et al., 2007
Gaimari & Havill, 2021).

RESULTS

Molecular identity and distribution of Neoleucopis in
Greece

DNA barcoding of Neoleucopis was conducted on 64 larvae, 48 puparia
and 56 adults of mixed sex (n = 168 specimens in total). Sequencing
attempts for Neoleucopis individuals from Thessaloniki, Paravola, Mak-

riyalos and Larissa (Figure 1) were unsuccessful due to fragmented
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FIGURE 2 Maximum Likelihood phylogenetic tree constructed using pairwise Tamura 3 parameters and the Nearest-Neighbour-Interchange
(NNI) ML heuristic method (1000 bootstrap replicates), illustrating the interspecific haplotypes among three Neoleucopis mtDNA clusters. Bar
stands for 0.01 genetic distance, tree rooted with N. pinicola (NCBI Accession Number: MZ298249).

TABLE 1 Pairwise genetic distances (calculated as the number of nucleotide differences) among Neoleucopis mtDNA lineages (Neoleucopis
kartliana mtDNA lineage, Neoleucopis mtDNA lineage A and Neoleucopis mtDNA lineage B).

N. kartliana mtDNA lineage

Neoleucopis mtDNA lineage A Neoleucopis mtDNA lineage B

N. kartliana mtDNA lineage 1.600 (0.250%)
Neoleucopis mtDNA lineage A 35.550
Neoleucopis mtDNA lineage B 67.800

5.556% 10.610%
3.833 (0.600%) 10.728%
68.550 1.600 (0.250%)

Note: Diagonal values in bold represent the average number of intraspecific mutations, with the percentage of intraspecific mutations in parentheses.
Values above the diagonal values represent the average percentage of nucleotide differentiation between clusters, while values below the diagonal

indicate the average number of interspecific nucleotide differences.

reads, high error rates, or possible contamination, leading to ambigu-
ous sequences. For Thessaloniki, voucher samples of Neoleucopis
puparia and adults originating from collections throughout 2022 were
used for molecular analysis. No voucher samples were available from
the remaining sites; therefore, they were not included in the analysis.
The sequences from Neoleucopis individuals from Greece (n = 168)
did not match any sequences deposited in the NCBI database,
i.e., N. pinicola, N. atratula and N. tapiae, but were definitively assigned
to three distinctly separated genetic clusters (Figure 2). Comparison of
the sequences to specimens of N. kartliana identified by author SDG
and those of Neoleucopis n. sp. B (in Eleftheriadou et al., 2024)
revealed an additional, separate cluster alongside the two existing
ones. Five haplotypes were identified from the 38 sequences assigned

to the N. kartliana mtDNA lineage, four haplotypes were retrieved

from the 117 sequences of the Neoleucopis mtDNA lineage A and five
haplotypes from 13 sequences of the Neoleucopis mtDNA lineage
B. All three clusters of haplotypes were distinctly monophyletic
(Figure 2). Divergence among these three Neoleucopis clusters ranged
from 5.556% (N. kartliana mtDNA lineage and Neoleucopis mtDNA lin-
eage A) to 10.7% (Neoleucopis mtDNA lineage A and Neoleucopis
mtDNA lineage B) (Table 1).

At the time of sampling, Neoleucopis mtDNA lineage A was domi-
nant in southern and central regions of Greece, N. kartliana mtDNA
lineage was mostly found in central and northern areas, and Neoleuco-
pis mtDNA lineage B was predominantly recovered in northern
Greece (Figures 1, 3). Each of the three clusters coexisted in pairs at
various sites, with each possible combination present. However, all

three clusters were never found to coexist at a single site.
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FIGURE 3 Distribution of the mtDNA clusters demonstrating the intraspecific haplotypes in Neoleucopis kartliana mtDNA lineage (Nkart1-5)
across nine sites of Greece (Thessaloniki, loannina, Filiates, Amfilochia, Xirovrisi, Drama, Amphipoli, Sani and Stratoni) (left), in Neoleucopis mtDNA
lineage A (NLinA1-4) across twelve sites of Greece (Filiates, Igoumenitsa, Parga, Lefkada, Athens, Patra, Metohi, Kaiafas, Megalopoli, Korinthos,
Xirovrisi, and Volos) (center), and in Neoleucopis mtDNA lineage B (NLinB1-5) across five sites of Greece (Thessaloniki, Patra, Drama, Amphipoli

and Stratoni) (right).

Molecular identity of Neoleucopis mtDNA lineages in
Ischia (ltaly)

Sequencing attempts for Neoleucopis individuals from Porto d’Ischia Park-
ing on Ischia (Figure 1) were unsuccessful due to ambiguous sequences
as mentioned above. The sequences from Neoleucopis individuals from
Ischia from all other sites and sampling dates comprising 16 larvae,
4 puparia and 22 adults of mixed sex (n = 42 in total) were definitively
assigned to the N. kartliana mtDNA lineage (Figure 2, Table 1).

Morphological differentiation

As a general finding, Neoleucopis mtDNA lineage A is close morpho-
logically to N. kartliana mtDNA lineage, both possessing a broadly
rounded epandrium, an enlarged basiphallus in the male, and thick
setulae on sternites 4 and 5 in the female, but with a major difference
being the lack of a pregonite in the male of Neoleucopis mtDNA line-
age A. Both N. kartliana mtDNA lineage and Neoleucopis mtDNA
lineage A are very different morphologically from Neoleucopis mtDNA
lineage B, which is characterised by a narrow epandrium, smoothly
tapering through surstylar lobes, a very thin, elongate and curved
pregonite in the male, and a lack of thick setulae on sternites 4 and
5 in the female.

DISCUSSION

Based on DNA barcoding and morphological analysis, this study con-
firms the occurrence of three genetically distinct Neoleucopis mtDNA
lineages in Greece that attack M. hellenica, including N. kartliana, and
two additional mtDNA lineages, referred to as Neoleucopis mtDNA lin-
eage A and Neoleucopis mtDNA lineage B. Additionally, this study con-
firms that the Neoleucopis mtDNA lineage successfully established on

Ischia is the lineage assigned to N. kartliana. The clustering results

from DNA analysis in this study aligned with the morphological differ-
ences observed in adult flies in Greece.

The morphological identification of most species of the family
Chamaemyiidae relies on the examination of male genitalia, and
females typically cannot be identified without close association with
males (Ross et al., 2011). However, N. kartliana mtDNA lineage and
Neoleucopis mtDNA lineage A do have a very distinctive female char-
acteristic in the large patches of thick setae on sternites 4 and 5. In
Greece, the occurrence of N. kartliana was previously verified by both
DNA barcoding and morphological identification (Eleftheriadou
et al., 2024; Gaimari et al, 2007). Nicolopoulos (1965) reported
N. obscura (referred to as Leucopis obscura Haliday) attacking
M. hellenica in Greece, an identification that was later questioned
(Gaimari et al., 2007). Gaimari et al. (2007) suggested that this species
was likely to have been N. kartliana or, more probably, N. hadzibeiliae.
Nevertheless, N. hadzibeiliae, known to prey on M. caucasica in
Georgia (Tanasijtshuk, 1986), was not detected preying on
M. hellenica in Greece in the current study. It is unknown whether the
species of Nicolopoulos (1965) is one or more of the Neoleucopis
mtDNA lineages treated here, as specimens are not available for
comparison.

In recent years, the identification of Chamaemyiidae adults has
often consisted of destructive sampling combined with DNA barcod-
ing (Havill et al., 2018; Neidermeier et al., 2020; Rose et al., 2020).
However, the finding of reliable morphological differences among the
three Neoleucopis mtDNA lineages will facilitate their identification in
monitoring and release programmes while also being rapid and
more cost-effective compared to molecular techniques. This
approach, however, although effective for adults, does not resolve the
challenge of distinguishing among the immature stages of the three
Neoleucopis mtDNA lineages, for which molecular techniques remain
indispensable.

The distribution of insect species is influenced by a range of biotic
and abiotic factors, including climate, topography, soil composition,

host plants and natural enemies (Chen, 2016; Meurisse et al., 2019;
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Zhao et al., 2023; Zhu et al., 2012). The three Neoleucopis mtDNA lin-
eages observed in this study exhibited distinct distributional patterns
at the time of sampling: Neoleucopis mtDNA lineage A was found in
central and southern Greece, N. kartliana mtDNA lineage was found
in central and northern Greece, and Neoleucopis mtDNA lineage B
predominantly in the northernmost regions of Greece. This distribu-
tion may be influenced by varying environmental conditions associ-
ated with latitude (Amundrud & Srivastava, 2020) or other factors.
However, because most sampling across Greece was completed
within a few weeks, the observed distribution may be due to differ-
ences in phenology across a north-south gradient and may not reflect
the actual distribution of the flies. For instance, N. kartliana was first
reported in the Attica region, southern Greece (Gaimari et al., 2007).
Therefore, further collections at different times of the same year are
necessary to clarify the observed distributional patterns in Greece. In
addition, expanding sampling across the broader natural range of the
Neoleucopis attacking M. hellenica (e.g., Turkiye) and potential intro-
duced regions such as Croatia, where Neoleucopis spp. may have been
introduced along with M. hellenica, could provide a more comprehen-
sive understanding of their genetic structure.

Other factors may also contribute to the observed distribution
patterns, such as variations in the host species. RAPD analysis con-
ducted by Margaritopoulos et al. (2003) on M. hellenica across Greece
revealed that southern populations differed from the northern ones.
This pattern of north-south differentiation of M. hellenica appears to
be partially congruent with the distribution pattern of the Neoleucopis
mtDNA lineages in Greece, suggesting that this might be a factor that
shaped the latter. However, to firmly draw any conclusions on this
hypothesis, additional suitable molecular markers should be employed,
aiming not only at the uniparental mtDNA that is proven to have low-
resolution potential (Bouga et al., 2011; Eleftheriadou et al., 2023),
but rather at the nuclear DNA.

The historical introduction of M. hellenica to different regions in
Europe explains its presence on the island of Ischia, Italy, where it has
been documented for three decades (Fimiani et al., 1994; Fimiani &
Sollino, 1994). Beyond Ischia (Campania), M. hellenica has also been
identified in other parts of Italy, where mandatory control measures
remained in place until 2021, namely in the Marche region, with initial
detections in 2018 in the municipalities of Numana, Sirolo, Ancona
2021;
Severini, 2024). The introduction of M. hellenica to Ischia was facili-

and Porto Recanati (Servizio Fitosanitario Regionale,
tated by Prof. P. Buchner, who introduced this species from Tirkiye
during his investigations into the endosymbiosis of Coccoidea in the
1960s (Tranfaglia & Tremblay, 1984). To manage the infestation of
M. hellenica on lIschia, a small colony of morphologically identified
N. kartliana (n = 40 adults of mixed sex) was introduced in 2006 from
Greece as part of a biological control program (Viggiani &
Mustica, 2008). Given the absence of detailed information on the pre-
cise area of Greece where these specimens were collected, it is diffi-
cult to conclude which Neoleucopis was introduced to Ischia.
However, to date, the presence of the two new Neoleucopis mtDNA
lineages on Ischia island has not been confirmed, and our study sug-

gests that only the N. kartliana mtDNA lineage has been successfully

iz

established and is likely to be associated with the decline of the local
M. hellenica populations as reported by Garonna and Viggiani (2011).
This supports the suggestion that the N. kartliana mtDNA lineage is an
efficient biological control agent for M. hellenica in its introduced
range and could be a promising candidate for future classical biological
control programmes, although the potential efficacy of the two new
Neoleucopis mtDNA lineages cannot be excluded.

Understanding the conditions that favour a predatory species
is critical to elucidating the natural regulation of M. hellenica popu-
lations in Greece and optimizing biological control strategies in
invaded regions. An important aspect to investigate regarding the
three Neoleucopis mtDNA lineages is their phenology and
predator-prey synchronization to ensure effective biological con-
trol outcomes. Another key criterion for biological control agents
that requires further investigation for the Neoleucopis spp. studied
here is their prey specificity, which necessitates thorough research
to estimate the consequences of their introduction in an invaded
range and ensure the protection of values such as biodiversity con-
servation and ecosystem services (Van Lenteren et al., 2006; De
Clerq et al., de Clercq et al., 2011). In addition, while samples from
Tirkiye were beyond the scope of this study, incorporating them in
future investigations could provide valuable insights into the
regional dynamics of M. hellenica and its predators. In conclusion,
this study has highlighted the potential for these Neoleucopis
mtDNA lineages to contribute to the biological control of
M. hellenica. However, further research into their biology, ecology,
distribution, temporal synchrony, prey specificity, potential natural
enemies and their parasitism rate, and distributions through multi-
year investigations at different times of the year is essential to min-

imize risks and maximize biological control success.
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