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Preface

Diptera, known as the “true” flies, is one of the most numerous and diverse orders of insects,

comprising about 125,000 species widely distributed throughout the world. These insects play an

ecologically relevant role and bear significant importance to humans. Just as certain flies act as

pollinators, decomposers, predators, and parasitoids, others are vectors of human diseases and

represent serious pests of agriculture, stables, and barnyards. Several dipterans are involved in

forensic legal investigations. This Special Issue invites the submission of original research articles

and reviews to deepen the biological, ecological, and behavioral knowledge of this diversified insect

group and to cover management strategies for both pest and disease vector species. This involves

a wide range of studies, such as life history, physiological aspects, reproduction, demographic

traits, the ecology and evolution of behavioral patterns, population fluctuation and dynamics,

diversity, abundance, trophic relationships, host range and status, natural enemies, integrated pest

management, and control tactics.

Sérgio M. Ovruski and Flávio Roberto Mello Garcia

Editors
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The Population Dynamics and Parasitism Rates of Ceratitis
capitata, Anastrepha fraterculus, and Drosophila suzukii in
Non-Crop Hosts: Implications for the Management of Pest
Fruit Flies
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Simple Summary: Non-crop host plants inhabiting wild vegetation areas surrounding crops strongly
influence the dynamics and abundance of polyphagous pest fruit flies, including Ceratitis capitata
(Cc), Drosophila suzukii (Ds), and Anastrepha fraterculus (Af ). The two former species are dangerous
invasive pests widespread in all Argentinean fruit-producing regions, whereas the latter species,
native to the Neotropics, coexists with those exotic species in northwestern Argentina. Integrated and
eco-friendly management strategies are needed against those pests, targeting both crop and non-crop
areas. Therefore, this study assessed the abundance of these pest dipterans, their seasonal infestation
levels in five non-crop fruit species, relationships with competing saprophytic drosophilids, and
natural parasitism. Fruits were surveyed in a disturbed wild habitat in northwestern Argentina over
40 months, and fruits were sampled from the tree canopies and ground. The results revealed that
Af had the highest abundance, followed by Cc and Ds. Saprophytic drosophilids were predominant
only from ground fruit samples. Spatiotemporal overlaps of different host fruit availability enabled
continuous and suitable sources for pest proliferation throughout the year. The population peaks
of both exotic pests coincided with the highest availability of peaches from December to January,
whereas the Af population peaked during guava fruiting from February to April. These pest flies were
attacked mainly by generalist parasitoids that could be useful in the conservation and augmentative
biological control of these pests.

Abstract: Understanding the seasonal dynamics inherent to non-crop host–fruit fly–parasitoid inter-
actions is vitally important for implementing eco-friendly pest control strategies. This study assessed
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the abundance and seasonal infestation levels of three pest fly species, Ceratitis capitata (Wiedemann),
Anastrepha fraterculus (Wiedemann), Drosophila suzukii (Matsumura), as well as the related saprophytic
drosophilids, and their natural parasitism in a disturbed wild habitat characterized by non-crop
hosts in northwestern Argentina over 40 months. Juglans australis Griseb (walnut), Citrus aurantium L.
(sour orange), Eriobotrya japonica (Thunb.) Lindley (loquat), Prunus persica (L.) Batsch (peach), and
Psydium guajava L. (guava) were sampled throughout their fruiting seasons. Fruits were collected
from both the tree canopies and the ground. The most abundant puparia was A. fraterculus, followed
by C. capitata and D. suzukii. Drosophila species from the D. melanogaster group were highly abundant
only in fallen fruits. Spatiotemporal overlaps of different host fruit availability provided suitable
sources for pest proliferation throughout the year. The populations of both invasive pests peaked
from December to January, and were related to the highest ripe peach availability, whereas the A.
fraterculus population peaked from February to April, overlapping with the guava fruiting period.
The three pest fly species were parasitized mainly by three generalist resident parasitoids, which are
potential biocontrol agents to use within an integrated pest management approach.

Keywords: medfly; spotted-wing drosophila; South American fruit fly; seasonal infestation level;
fruit fly abundance; parasitoid; non-crop host; disturbed natural habitat

1. Introduction

Landscape fragmentation plays an essential role in the establishment, dispersal, and
population dynamics of invasive species in a new location [1]. Disturbance of the natural
habitat strongly influences the composition and abundance of related biota [2–4]. This
occurs through the competitive displacement of native species, changes in natural enemy
abundance and diversity, and the capacity of the invader to occupy empty or disturbed
niches, among other factors [5]. In the case of invasive fruit flies, the distribution and abun-
dance of host plants, the structure of vegetation surrounding crops as alternative habitats,
and the distribution of essential resources such as food, shelter, and oviposition substrates
strongly influence the spatiotemporal dynamics, distributions, and abundances of fruit fly
pests [6–8]. Representative examples of habitat-driven pest dynamics are global invasive
species Ceratitis capitata (Wiedemann) (Diptera: Tephritidae), native to Mediterranean
Africa and commonly known as medfly [9], and Drosophila suzukii (Matsumura) (Diptera:
Drosophilidae), originally from Southeast Asia and known worldwide as the spotted-wing
Drosophila [10,11]. These two exotic fruit fly species are severe pests of economically
valuable fruit crops worldwide [12,13], although D. suzukii mainly attacks soft-skinned
small fruits, such as berries and cherries [14]. Unlike most Drosophila species, D. suzukii
females lay eggs in fresh, healthy, ripening fruit because it has a serrated ovipositor, which
allows females to oviposit inside the fleshy mesocarp [15]. Another relevant example of
the habitat-driven pest population dynamic is the Neotropical-native Anastrepha fraterculus
(Wiedemann) (Diptera: Tephritidae). This tephritid fruit fly is the most economically im-
portant species of Anastrepha in South America, and it is a quarantine pest for the United
States and several European and Asian countries [16]. All three dipteran species are highly
polyphagous and can exploit various crop and non-crop host plants [9,17,18].

The availability of alternative hosts in non-crop habitats could play an important role
in sustaining the populations of polyphagous fruit flies and dictating their local movement
patterns when favorable hosts are not available in crops, and non-crop habitats could act
as sinks, sources, shelters, or overwintering sites for the fly populations [7,19–21]. Thus,
the effectiveness of any control measures for those polyphagous and highly mobile pests
requires in-depth knowledge of their seasonal field ecology, including the role of non-crop
host plants in the landscape structure for population dispersal and persistence [22]. Such
information is essential to implement integrated and area-wide pest management strategies
that minimize environmental impact and maximize sustainability to reduce reliance on
insecticides alone [23–27]. In this context, resident natural enemies may play a unique
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role in reducing insect pest populations in non-crop environments that could provide
reservoirs for the pest populations moving into crops after they have been treated [28–30].
Non-crop hosts can also provide various ecological services to neighboring agricultural
environments, including maintaining and amplifying the numbers of beneficial insects, such
as parasitoids [31]. Therefore, biological control properly used in natural environments may
be a valuable option for long-term, landscape-level management of insect pests [32–35].

The subtropical mountain rainforest, locally known as Yungas, is one of the South
American mountain cloud forests divided into sections along an altitudinal gradient that
extends discontinuously from Venezuela to northwestern Argentina [36]. In Argentina, the
Yungas lowlands have been strongly transformed into crop and pasture areas because of
agricultural development and human settlement [36]. However, in the last five decades,
vast sectors of croplands have been restored as nature conservation areas. Thus, the native
vegetation naturally regenerated, although abundant exotic plants also grew [37]. Some
feral plants have been recorded as hosts of C. capitata, A. fraterculus, and D. suzukii, coupled
with local parasitoid assemblages [38–42]. Therefore, natural sites with high and medium
disturbance levels are interesting frameworks to evaluate how non-crop hosts adjacent to
fruit crops can increase the risk of infestation during the fruiting season.

The current study aimed to describe the abundances and infestation levels of C. capitata,
A. fraterculus, D. suzukii and related saprophytic drosophilids infesting five prevalent non-
crop fruit species in a highly disturbed natural habitat adjacent to commercial crops and
family orchards in northwestern Argentina. Although most saprophytic drosophilids are
not considered pests, they share many generalist drosophila parasitoids with D. suzukii
and may act as alternative hosts for these parasitoids. We compared temporal variations of
the infestation levels by the three pest dipteran species during the fruiting seasons of the
five host fruit species and assessed natural parasitism levels. Focusing on the tri-trophic
interaction (host fruit–fruit fly–parasitoid) over a long-term period in a disturbed wild
area would allow a better understanding of how the three fruit fly pests use non-crop
fruits based on temporal patterns of host availability. Simultaneously, it is also feasible to
identify key hosts accountable for pest population increase, persistence, and the incidence
of resident parasitoids in the landscape as the season progresses. This information is useful
for not only the different fruit-growing regions of Argentina but also for regions of Latin
America and throughout the world affected by some of those pest dipterans.

2. Materials and Methods
2.1. Study Area

The area, located in Horco Molle, Yerba Buena district, Tucumán province, northwest-
ern Argentina, originally belonged to the Low Montane Forest sector from the southernmost
end of the subtropical mountain Yungas Forest [36]. The study site belongs to the Horco
Molle Experimental Reserve (HMER), a protected wildlife area. This area lies between
26◦47′ S latitude and 65◦18′ W longitude at 600 m and covers a total surface area of 200 ha.
Adjacent to the HMER is the Sierra de San Javier Park, both managed by the National
University of Tucumán. A disturbed secondary rainforest, i.e., both exotic and native plant
species co-exist, characterizes the study site (Photograph, File S1). The surrounding land-
scape is a mosaic of various commercial citrus crops, small familiar multi-fruit orchards,
scattered rural houses, and wild secondary forest patches, with the closest crops located <
0.5 km away from the study site (Scheme, File S2). The climate in this region is classified
as “humid warm–temperate” with a rainy warm season from October through April, and
a dry cold season from May through September, with ≈22 ◦C and 900 mm of average
annual temperature and rainfall, respectively [43]. The variation in mean temperature and
accumulated rainfall during collecting periods at the study site is shown in Figure 1A.
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Figure 1. Mean temperature and accumulated rainfall during collecting periods (A), temporal
patterns of availability for five host plant species (B), and seasonal dynamics of total fruit infestation
levels (data were pooled from different host plants) of Ceratitis capitata, Anastrepha fraterculus, and
Drosophila suzukii (C) at the study site (Horco Molle, Tucuman, northwestern Argentina).

2.2. Host Fruit Sampling

A total of 56, 176, 54, 64, and 72 Juglans australis Griseb (wild walnut) (Juglandaceae),
Citrus aurantium L. (sour orange) (Rutaceae), Eriobotrya japonica (Thunb.) Lindley (loquat)
(Rosaceae), Prunus persica (L.) Batsch (peach) (Rosaceae), and Psydium guajava L. (guava)
(Myrtaceae) trees, respectively, were sampled according to the temporal patterns of fruit
ripening throughout their fruiting seasons (Figure 1B). Two trees of each species were
chosen randomly on bi-weekly sampling dates from November 2016 to March 2020. Plants
were not sampled after March 2020 due to the confinement established by the Argentinian
government due to the COVID-19 pandemic. These five non-crop hosts are highly abundant
and widely spread throughout disturbed wildland areas of northwestern Argentina [44].
Juglans australis was the only native species sampled, and the remainder were feral exotic
species. Sample size varied according to fruit weight and relative fruit availability per host
species. Fruit samples by the collection date were 48, 16, 200, 60, and 40 wild walnuts, sour
oranges, loquats, peaches, and guavas, respectively. Half of the ripe fruit in each sample
was randomly collected from the tree canopies and the remaining half from the ground
beneath the canopies. Fruits were separately handled to determine whether there were
differences in both fly and parasitoid species composition at each level. To collect fruit
located in canopies above 1.8 m high, a plastic basket attached to a 3.5 m long extendable
metal pole was placed beneath the fruit, and the branch was shaken. Each fruit sample was
placed individually into a 20 × 30 m (diameter × deep) cloth bag and transported in plastic
crates for processing at the Pest Biological Control Department (DCBP, Spanish acronym).
This department belongs to the Biotechnology and Microbiological Industrial Processes
Pilot Plant (PROIMI, Spanish acronym) in San Miguel de Tucumán, Tucumán, 15 km from
the study site.
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2.3. Host Fruit Processing

All collected fruits from the canopies or ground were rinsed with a 30% sodium
benzoate and 70% sterile water solution and weighed individually. Mean (±SE) individual
fruit weight was 39.7 ± 1.1, 126.4 ± 3.5, 10.5 ± 1.0, 34.5 ± 2.3, and 49.5 ± 1.7 g for
walnut, sour orange, loquat, peach, and guava, respectively. Fruit from the ground and
the canopies were separately processed and kept individually. First, each fruit was placed
in a 48 × 28 × 15 cm plastic crate with a slotted bottom. Then, the crate was placed over
another plastic crate of the same size but with a non-perforated bottom and with a thin
layer of sterilized, moistened vermiculite Intersum® (Aislater S.R.L., Cordoba, Argentina)
on the bottom as a pupation medium. Both crates were tightly covered with a shiny
polyester organza fabric lid. The double crate method prevented mixing sand with fruit,
fungal growth, and bacterial contamination. All collected samples from the same date
were grouped on shelves, which were kept in a dark room under natural environmental
conditions for two weeks. Vermiculite was sifted daily to collect fly puparia. Finally, each
fruit was dissected to search for larvae or puparia remaining inside the fruit.

2.4. Fly Puparia Processing and Identification

Fly puparia were identified at the DCBP’s laboratory. Both A. fraterculus and C. capitata
puparia were identified using external characters of everted anterior spiracles, tubes with
finger-like projections [45]. Drosophila suzukii puparia were also differentiated from those
saprophytic drosophilids by the external characteristic shape of the anterior spiracles [46].
Puparia of different saprophytic drosophilid species were not identified. The puparia of
each fly species belonging to the same fruit sample were processed separately. Then, they
were transferred to 200 cc translucent plastic cups filled with sterilized moist vermiculite.
Each cup was covered with a shiny polyester organza fabric and tied with a rubber band.
Cups were placed into 32 × 24 × 12 cm plastic containers. Each container housed the
puparia of a particular fly species from the same fruit sample. The numbers of emerged
flies and parasitoids were recorded weekly. Voucher adult specimens were stored at the
entomological collection of the Fundación Miguel Lillo in San Miguel de Tucumán.

2.5. Data Analysis

The response variables analyzed were the monthly accumulated fruit infestation
level by fly species, infestation level recorded in each fruit species by fly species, total
parasitism on each fly species, and the parasitoid abundance per fly species. All variables
were estimated for both fallen and canopy fruit samples. The fruit infestation level was
calculated as the total number of recovered fly puparia per 100 g of fruit weight. The
monthly accumulated infestation level was calculated by combining infestation values
obtained from all host fruit species during a particular month and by fly species. The
infestation level recorded by host fruit species was calculated by including infestation
values recorded over a 40-month survey period and by fly species. The total parasitism on
each fly species was calculated as the total adult parasitoid number over the total number of
puparia recovered from a particular fly species throughout all collecting periods, regardless
of host fruit species. The parasitoid abundance was calculated as the total number of
parasitized puparia by host fly species from all fruit species collected over the 40-month
survey period. The statistical analysis was performed using the software R-4.3.2 [47].
Kruskal–Wallis’ rank sum tests were performed to compare fruit infestation levels and
parasitoid abundance per fly species. Dunn’s post hoc pairwise comparison tests were
conducted to show differences between factor levels using a Bonferroni–Holm adjustment
method. Mann–Whitney–Wilcoxon tests, with a Bonferroni–Holm adjustment method,
were performed to compare parasitism on fly species recovered from both canopies and
ground fruit samples. Violin box plots were used to show the resulting data. Violin box
plots were used for the figures with statistical data. A violin plot is a mixture of a box plot
and a kernel density plot, which shows peaks in the data. Figures were made with the
‘grouped_ggbetweenstats’ function from the ‘ggstatsplot’package [48]. Each plot involves
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media (horizontal line inside the box), median (red dot inside the box), interquartile range
Q1–Q3 (vertical line inside the box), range (minimum: Q0, maximum: Q4; both ends of
the whisker on the vertical line outside the box), and raw data dispersal (colored circles).
The library ‘rcompanion’ function was used to include letters that display the significant
difference in figures.

3. Results
3.1. Fly Abundance and Infestation Levels

A total of 11,212 fruits (408.8 kg) were collected, 50% from the tree canopies and 50%
from the ground during this study, which yielded 19,989 A. fraterculus, 19,187 C. capitata,
3242 D. suzukii, and 23,999 Drosophila spp. puparia (Table 1). Saprophytic Drosophila species
were from the Drosophila melanogaster species group. Tephritid puparia accounted for 59% of
the total recovered fly puparia, whereas the remaining 41% were drosophilid puparia, from
which only 12% belonged to D. suzukii. Fruit infestation levels by the three pest dipteran
species varied sharply across sampling months (Figure 1C). Ceratitis capitata yielded sig-
nificantly the highest infestation levels particularly between November and February,
with a peak in January, in fruits collected either from canopies (χ2

kruskal-Wallis (11) = 125.75,
p < 0.0001) (Figure 2A) or from ground (χ2

kruskal-Wallis (11) = 109.75, p < 0.0001) (Figure 2B).

Table 1. Total numbers of Anastrepha fraterculus (Af ), Ceratitis capitata (Cc), Drosophila suzukii (Ds), and
Drosophila spp. from D. melanogaster group (Dspp) puparia, and emerged adult flies, recovered from
Citrus aurantium (Ca), Eriobotrya japonica (Ej), Juglans australis (Ja), Prunus persica (Pp), and Psidium
guajava (Pg) fruits collected from canopies and ground between November 2016 and March 2020 in
Horco Molle, Tucumán, northwestern Argentina.

Fruit
Origin

Fruit
Species

No. of
Collected Fruit

(Weight, Kg)

Total Numbers

Af
Puparia

Af
Adults

Cc
Puparia

Cc
Adults

Ds
Puparia

Ds
Adults

Dspp
Puparia

Dspp
Adults

Canopy Ca 692 (87.4) 17 8 514 203 0 0 0 0
Ej 2700 (26.9) 492 245 1442 763 286 144 16 11
Ja 672 (28.3) 2819 1437 923 493 4 2 0 0
Pp 960 (32.6) 1122 550 6120 2948 1537 725 36 23
Pg 580 (29.1) 6321 3059 824 358 224 86 73 47

Ground Ca 92 (87.8) 108 45 767 301 0 0 7595 3158
Ej 2700 (27.1) 291 94 895 336 148 41 2458 1015
Ja 672 (28.1) 1974 832 724 299 61 23 3145 1209
Pp 960 (32.3) 1195 543 6376 3009 887 374 3249 1339
Pg 580 (29.2) 5650 2350 612 228 95 25 7427 2857

Anastrepha fraterculus showed significantly the highest infestation levels between
December and May in fruits sampled either from canopies (χ2

kruskal-Wallis (11) = 85.08,
p < 0.0001) (Figure 2C) or from the ground (χ2

kruskal-Wallis (11) = 130.00, p < 0.0001) (Figure 2D).
Drosophila suzukii exhibited the highest infestation levels between October and May, al-
though infestation peaked between November and January in fruits collected either
from canopies (χ2

kruskal-Wallis (11) = 29.59, p < 0.0001) (Figure 2E) or from the ground
(χ2

kruskal-Wallis (11) = 49.58, p < 0.0001) (Figure 2F). Saprophytic drosophilids had signif-
icantly similar infestation levels, <1 fly puparium/100 g fruit, in fruits collected from
canopies throughout the year (χ2

kruskal-Wallis (11) = 23.31, p = 0.0160) (Figure 2G). Infestation
levels by saprophytic drosophilids were remarkably high in fallen fruits from January to
April (χ2

kruskal-Wallis (11) = 200.97, p = 0.0001) (Figure 2H). Infestation levels by the three
pest dipteran species and by saprophytic Drosophila species showed significant differences
among the different fruit species, collected either from the canopies or from the ground
(Table 2). Significantly higher infestation levels by A. fraterculus than those of the other
pest fly species were recorded from walnut (Figure 3A,B) and guava (Figure 3E,F), whereas
C. capitata had significantly the highest infestation levels in peach (Figure 3I,J), loquat
(Figure 3C,D), and sour orange (Figure 3G,H). Infestation levels by D. suzukii in peach were
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high, but similar to that of A. fraterculus (Figure 3I,J). Infestation levels by Drosophila spp.
from D. melanogaster group were the highest in all sampled fruit species, but only in fruit
samples collected from the ground (Figure 3B,D,F,H,J).
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Table 2. Summary of Kruskal–Wallis models on the infestation levels by Ceratitis capitata, Anastrepha
fraterculus, Drosophila suzukii, and Drosophila spp. (D. melanogaster species group) on Citrus aurantium,
Eriobotrya japonica, Juglans australis, Prunus persica, and Psidium guajava fruits collected from both
canopies and the ground during fruiting seasons between November 2016 and March 2020 in Horco
Molle, Tucumán, Northwestern Argentina.

Fruit Origin:
Fruit Species

Statistical Results

df n χ2 p

Canopy:
Citrus aurantium 3 348 316.90 <0.0001

Eriobotrya japonica 3 108 145.38 <0.0001
Juglans australis 3 112 209.24 <0.0001
Prunus persica 3 128 208.25 <0.0001

Psidium guajava 3 116 164.67 <0.0001
Ground:

Citrus aurantium 3 348 485.34 <0.0001
Eriobotrya japonica 3 108 155.39 <0.0001

Juglans australis 3 112 179.20 <0.0001
Prunus persica 3 128 181.80 <0.0001

Psidium guajava 3 116 173.21 <0.0001

3.2. Parasitoid Abundance and Parasitism Levels

A total of 7349 adult parasitoids belonging to six different species, Ganaspis pellera-
noi (Brèthes) (28.6%) (Figitidae), Trichopria anastrephae Lima (28.2%) (Diapriidae), Pachy-
crepoideus vindemiae Rondani (18.1%) (Pteromalidae), Leptopilina sp. cf. boulardi (Bar-
botin, Carton, and Kelner-Pillault) (Figitidae) (14.9%), Doryctobracon areolatus (Szèpligeti)
(5.7%) (Braconidae), and Doryctobracon brasiliensis (Szèpligeti) (4.5%) (Braconidae), were
obtained from fly puparia recovered over the 40-month study. Five parasitoid species,
D. areolatus, D. brasiliensis, G. pelleranoi, P. vindemiae, and T. anastrephae, were recovered
from A. fraterculus, whereas only G. pelleranoi and P. vindemiae were associated with C.
capitata, and T. anastrephae, Leptopilina sp. cf. boulardi, and P. vindemiae with both D.
suzukii and Drosophila spp. The latter three parasitoid species prevailed on saprophytic
drosophilids, whereas G. pelleranoi mostly parasitized A. fraterculus and to a minor extent C.
capitata (Figure 4). The braconid species were found as associated only with A. fraterculus
(Figure 4). The numbers of parasitized host puparia recorded in all three pest fly species
and in saprophytic drosophilid species were significantly different between the ground
(χ2

kruskal-Wallis (3) = 1298.81, p < 0.0001) (Figure 5A) and canopy (χ2
kruskal-Wallis (3) = 281.66,

p < 0.0001) (Figure 5B) fruit samples. The highest number of parasitized host puparia
was on saprophytic drosophilids recovered from fallen fruits (Figure 5A). The number of
parasitized C. capitata puparia was significantly higher than that of A. fraterculus and both
were significantly higher than that of D. suzukii (Figure 5A). The number of parasitized
A. fraterculus puparia recorded from the canopy fruit was significantly higher than that
recorded for other tested fly species (Figure 5B). Moreover, the number of parasitized C.
capitata puparia was significantly higher than that recorded from both D. suzukii and sapro-
phytic drosophilids (Figure 5B). Significant positive correlations between parasitism and
infestation levels were recorded for C. capitata (τ = 0.51, z = 18.75, p < 0.0001), A. fraterculus
(τ = 0.75, z = 27.10, p < 0.0001), D. suzukii (τ = 0.37, z = 11.85, p < 0.0001), and Drosophila
spp. (τ = 0.85, z = 30.34, p < 0.0001). The total levels of parasitism were significantly
different between the host puparia recovered from fruits still in the canopies and those
from fallen fruits. Significantly, more parasitoids were recovered from puparia collected
from fallen fruits than from the canopy fruits. This pattern was consistent for A. frater-
culus (WM-W = 7.015, n = 2450, p < 0.0001) (Figure 6A), C. capitata (WM-W= 1.595, n = 1384,
p < 0.0001) (Figure 6B), Drosophila spp. (WM-W= 7650, n = 1221, p < 0.0001) (Figure 6C), and
D. suzukii (WM-W = 1.015, n = 975, p < 0.0001) (Figure 6D).
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4. Discussion

The current study provides significant information needed to develop fruit fly IPM
strategies that minimize environmental impact and maximize long-term sustainability. The
results showed that (1) highly disturbed wild habitats adjacent to crops are suitable sites
for the development and increase of the pest fruit fly species C. capitata, A. fraterculus, and
D. suzukii; (2) non-crop host fruit species influence the relative and temporal abundances
of these flies; (3) overlaps in fruiting seasons of different host species throughout the year
allow these flies to access regularly resources to sustain their populations in the disturbed
habitats; (4) temporal infestation levels by both invasive pest species are similar but differ
from the native pest; and (5) the abundance and diversity of resident parasitoids, as well as
parasitism levels, depend largely on non-crop fruit species where the larval or pupal hosts
developed, dipteran host species associated with the host fruits, and fruit infestation levels.

Firstly, we found high abundance and fruit infestation levels by the three fly species in
a forest regenerated from anthropogenic disturbances. Many characteristics in the disturbed
habitats, such as the presence of abundant and diverse indigenous and exotic host fruit
species as well as the high thermal and humidity variation may allow the occurrence and
coexistence of these species. Some introduced host plants widely dispersed in this habitat
such as C. aurantium and E. japonica, are uncontested or poorly contested by native fly
species, thereby providing empty niches mainly exploited by C. capitata [38], but less so by
D. suzukii. In addition to the high level of polyphagy of C. capitata and D. suzukii, both exotic
flies have high thermal plasticity, allowing them not only to persist but also to thrive in
such disturbed environments [6,9,49–52]. Although A. fraterculus prevails in low-disturbed
environments with a high abundance of native plants, it is also usually found in association
with exotic host fruits in highly disturbed environments [38,53].

Secondly, this study revealed different preferences for certain host plants among the
three fly species. Prunus persica was the preferred host fruit for C. capitata, followed in
decreasing order by P. guajava, E. japonica, C. aurantium, and J. australis. It was evident that
C. capitata preferred introduced feral fruits that are usually underutilized by A. fraterculus,
with the exception of P. guajava. Previous records [38,39] pointed out feral P. persica as
the most relevant multiplying hosts in northern Argentina and one of the key hosts for
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C. capitata dispersing in all Argentinian fruit-growing regions. Feral P. guajava was also
the preferred exotic host for A. fraterculus and together with the native J. australis were the
ones that mainly allowed the highest population growth of A. fraterculus as shown in this
study. Interestingly, the presence of P. guajava in disturbed habitats characterized by low
native plant cover and by sectors with a higher incidence of sun, increasing A. fraterculus’s
abundance, although preferred native hosts, such as walnuts, are still present. This occurs
because P. guajava is the most commonly recorded A. fraterculus host plant throughout the
Neotropics [17]. Interestingly, J. australis had not previously been recorded as a host of D.
suzukii in Argentina or South America. Although D. suzukii was occasionally abundant
in that native fruit species, it is a novel host to 24 exotic and native, crop, and non-crop
fruits thus far recorded for this invasive pest in Argentina [40]. Drosophila suzukii was
preferentially more abundant in P. persica in the study site, followed in decreasing order by
P. guajava and E. japonica. Both feral peach and guava have previously been recorded as
alternative hosts to D. suzukii in wilderness areas in northwestern Argentina [40]. Similarly,
D. suzukii was previously recorded infesting E. japonica fruits in crop areas of northwestern
Argentina [54], as well as in commercial peaches in northeastern Buenos Aires (central-
eastern Argentina) [55]. Data from the current study on the abundance of D. suzukii on
P. persica and E. japonica are not surprising since Rosaceae is the plant family with the
largest number of host species recorded for D. suzukii worldwide [21]. Citrus aurantium
evidently is not a suitable oviposition host for D. suzukii. However, two Citrus species, C.
sinesis (L.) Osbeck and C. reticulata Blanco, have been recorded as alternative reproductive
hosts on damaged fruits in California (USA) [56], whereas C. sinensis was also recorded in
Uruguay [21]. Rutaceae apparently include host species not preferred by D. suzukii [21].
The high abundance and high infestation levels of saprophytic drosophilids on all sampled
fruit species can be mainly attributed to the fact that these dipterans are associated with a
wide variety of habitats, particularly related to rotting fallen fruits [57]. Precisely, data from
the current study show the highest infestation levels of these drosophilids in ripe fruits
sampled only from the ground.

Thirdly, we showed overlaps of temporal availability of P. persica with the remaining
host fruit species and a constant availability of ripe C. aurantium fruit throughout the year.
This provides these fruit fly pest species with year-round resources for oviposition in the
study site. In this context, mainly both E. japonica and C. aurantium, but also P. guajava,
play important bridging roles during the cold-dry season, which spans from late autumn
and winter to early spring. During this period of the year, P. persica is not available and
its availability is low throughout mid- and late autumn when compared to the summer
and early autumn seasons. The role of E. japonica as a host for the three fly pests is crucial,
despite the low infestation levels recorded for this exotic, feral fruit species. This is because
E. japonica provides an alternative host when the latest guavas are not highly available
until late autumn, and when the earliest peaches ripe in late spring. This was previously
recorded only for C. capitata and A. fraterculus [38]. This study also showed that D. suzukii
used the same resource as the other two tephritid fly pests to persist at low density during
a period of unfavorable climatic conditions and a shortage of primary hosts. This is new
information on the ecological aspects of D. suzukii in northwestern Argentina, as the loquat
apparently is also a reservoir host for this invasive pest, whereas C. aurantium is a non-host.
This fact is relevant because P. persica is not only the main multiplying host for C. capitata,
but also for D. suzukii, as P. guajava is for A. fraterculus and the second proliferating host
for both C. capitata and D. suzukii. Therefore, D. suzukii may be found throughout the
year in environments with floristic characteristics similar to the site of the current study.
This is mainly due to the presence of late ripe guavas and the early ripening of the loquat
during the dry cold period. Isolated D. suzukii adult catches in liquid traps were recorded
in August (mid-winter) in blueberry-growing lowland areas of Tucumán [58]. The presence
of infested feral loquats in wild vegetation areas surrounding berry crops may explain the
winter catches of D. suzukii adults. Similarly, in southern Brazil, D. suzukii can still remain
at low natural infestation rates in native non-crop hosts, such as Psidium cattleianum Sabine
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(strawberry guava) and Eugenia unifora L. (surinam cherry), and in feral loquat, even in
winter [59]. Therefore, D. suzukii females that have overwintered in alternative non-crop
host fruits are probably a source of infestations in crop fruits available during spring in
northwestern Argentina. Drosophila suzukii has high dispersal abilities, which enable it to
move freely between both non-crop and crop habitats throughout the year [22,60–63]. The
same dispersal behavior between crops and patches of wild vegetation and surrounding
family gardens in a heterogeneous landscape has been recorded for C. capitata [44,64,65]
and A. fraterculus [53,66,67]. Structurally complex landscapes influence trophic interactions
mainly because suitable resources occurring in different types of patches can support
consumer species [68]. This essentially shapes the spatial and temporal dynamics of the
biological communities in these landscapes [69].

Fourthly, we showed that the population dynamics of D. suzukii and C. capitata ap-
peared to be similar but partially differ from A. fraterculus. Both D. suzukii and C. capitata
populations gradually increased from August (cold dry winter), reaching the highest peak
in January in C. capitata, and between December and January in D. suzukii (warm-humid
summer) and then sharply declined in March to maintain a low abundance throughout
autumn and winter. The population peaks may be associated with the highest availability
of peach and, to a lesser degree with the walnut fruiting period. However, the availability
of guava may have also influenced the infestation level of D. suzukii during February.
These low populations are not only associated with the absence of preferred host fruits but
also essentially due to the decrease in temperature and humidity at the end of the warm
humid season as previously discussed [44,58]. Earlier studies [38] in a secondary forest
of northwestern Argentina indicated two continuous population peaks for C. capitata in
December and January, coinciding with the greatest availability of both P. persica and C.
aurantium. In the current study, only one population peak was detected in January, as
accumulated infestation levels recorded for C. capitata in December and February were
very similar and lower than in January. The native host J. australis played a relevant role in
increasing C. capitata population, as in January the infestation level was 2.7-fold higher than
that of C. aurantium. As for D. suzukii, the current study provides first-hand information
on the temporal abundance variation of this invasive pest in Argentina, because the few
known studies on population fluctuation of this pest in Argentina were only carried out
in berry-growing areas using trap catches of adult flies. In northern and central Argen-
tinian fruit-producing regions, trap catches detected two adult population peaks in late
spring–early summer (November and December) and in mid-autumn (April and May),
respectively, with the catches being lower in the second than the first peaks and declin-
ing from late autumn onward [54,55,58,70–72]. However, in the Alto Valle de Rio Negro,
northern Patagonia (i.e., in the cold and dry southern Argentina), the peak of trapped D.
suzukii adults occurred between late summer and late autumn (March-May), coinciding
with raspberry and cherry fruiting seasons [73]. Climatic conditions are probably the major
factors affecting D. suzukii abundance [74]. The hottest and coldest months of the year in
temperate and subtropical climates may reduce D. suzukii populations; therefore, this pest
usually increases its population in late spring and mid-autumn [75]. This indeed reflects the
population dynamics based on adult catches in berry-growing areas from Argentina but is
not consistent with data of the current study, because the major D. suzukii population peak
occurred during the month with high temperature and humidity. The diverse microhabitats
in this environment and the phenotypic and thermal plasticity of D. suzukii, as well as a
high availability of suitable fruits, are probably responsible for the population increase in
the middle of the warm humid season. Similarly, the infestation levels of A. fraterculus also
gradually increased from August as C. capitata and D. suzukii, but the infestation levels of
A. fraterculus continually increased after January and reached population peaks between
February and April. This coincides with the guava fruiting period and the gradually rising
temperature and humidity as summer progresses [44]. Infestation levels A. fraterculus
decreased sharply after May and remained low during late autumn and throughout winter.
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Finally, the current study revealed the trophic associations among these host plants,
dipteran pests, and resident parasitoid species as well as the relative abundance and
diversity of parasitoids throughout the year. Although C. capitata was the dominant pest
fly in three feral introduced fruit species, C. aurantium, E. japonica, and P. persica, it was
parasitized only by G. pelleranoi and P. vindemiae, both generalist parasitoids [76]. Similarly,
C. capitata was also only parasitized by these two parasitoids on P. guajava and J. australis,
a major host of A. fraterculus. The figitid G. pelleranoi is one of the few Neotropical-native
larval parasitoid species sympatrically associated with Anastrepha that can successfully
develop on C. capitata larvae [76]. Ganaspis pelleranoi females frequently forage fly larvae
inside fallen fruit and mainly attack the host by entering through the fissures produced
in the fruit or holes produced by its jaws [77]. Faced with this behavior, physical features,
such as large size, rind thickness, and pulp depth, do not limit the parasitoid’s access to
locate and parasitize host larvae. This was supported in the current study as 85% of the
total identified G. pelleranoi specimens were from fallen fruit samples. The pteromalid
P. vindemiae is a cosmopolitan species that attacks puparia of various cyclorrhaphous
dipteran species, among which, C. capitata is a host recurrently recorded in the American
continent [76]. Pachycrepoideus vindemiae is an abundant and widespread species in wild
vegetation environments from northwestern Argentina, where it was recorded as a common
pupal parasitoid on C. capitata [39]. In terms of parasitoid diversity and abundance, C.
capitata was parasitized by two of the six identified species (33%), but the abundance of
parasitoids associated with this invasive pest was high. The abundance of G. pelleranoi
recovered from C. capitata prevailed on highly available fruits during the warm humid
season, while P. vindemiae from C. capitata was more abundant (76%) than G. pelleranoi only
on loquat. This may be because loquat is mostly available during the cool dry season, a
time of the year with low C. capitata infestation levels, and the absence of G. pelleranoi in
the study area. Interestingly, P. vindemiae was recovered from C. capitata puparia collected
from loquat from mid-August to mid-November. Apparently, P. vindemiae is a parasitoid
not only with high adaptability to diverse environments but also with greater thermal
plasticity than native parasitoids, such as G. pelleranoi. The other invasive species, D.
suzukii, also showed low parasitoid diversity. Only three species were recovered, with
P. vindemiae as the prevalent parasitoid in the four host plant species associated with D.
suzukii, followed by T. anastrephae, but only in P. persica and P. guajava. In line with the
latter, both host fruit species had the highest infestation levels by D. suzukii. However,
the abundance of P. vindemiae recovered from D. suzukii was low compared with that
of the other two identified flies, but T. anastrephae was mainly abundant on D. suzukii,
rare on A. fraterculus and absent on C. capitata. The South American-native T. anastrephae
is a pupal endoparasitoid previously associated with both A. fraterculus and D. suzukii
in Argentina [39] and Brazil [54]. However, T. anastrephae has a strong preference for
parasitizing puparia of resident saprophytic drosophilid species located inside the fruit [42].
The low diversity of parasitoids associated with D. suzukii in the study area may correlate
with the absence of host–parasitoid co-evolution and co-adaptation processes, especially
for larval endoparasitoids that must overcome the hosts’ immune response, and for this
reason, they are highly co-evolved with their particular hosts. This also applies to the
case of C. capitata as correlation coefficients between parasitism and fruit infestation by D.
suzukii and C. capitata were between 1.5- and 2.3-fold lower than those recorded for both A.
fraterculus and Drosophila spp. (D. melanogaster group). Although some larval parasitoid
species were recovered from D. suzukii puparia in Argentina, such as Dieucoila octofagella
Reche, Ganaspis brasiliensis (von Ihering), Leptopilina sp., Hexacola sp. [40], parasitism levels
were extremely low. The figitid specimens recovered from D. suzukii were taxonomically
similar to L. boulardi, a worldwide saprophytic drosophilid’s parasitoid. Leptopilina boulardi
was recently associated with D. suzukii in Argentina (Vanina Reche, unplublished data).
In contrast to the two invasive fly species, five of the six identified parasitoid species
(83%) were recovered from the native A. fraterculus. In addition, the highest parasitoid
abundance in P. guajava and J. australis came from A. fraterculus. Anastrepha fraterculus
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was mostly parasitized by G. pelleranoi, followed by two native braconid parasitoids, D.
areolatus and D. brasiliensis, whereas sporadically by the pupal parasitoids P. vindemiae and
T. anastrephae. Both Doryctobracon species integrate an assemblage of several Neotropical-
native parasitoids that co-evolved in sympatry with A. fraterculus in South American
rainforest areas [76].

5. Conclusions

The current study improves our understanding of the temporal and spatial dynamics
of these three important pest fruit flies, the utilization patterns and relative importance of
non-crop hosts for these pests, as well as the trophic associations with resident parasitoids
in the disturbed non-crop habitats surrounding cultivated crops. As shown in this study,
the disturbed natural habitat would inevitably provide sources of the fly populations that
may move into adjacent fruit crops. The three pests also showed different host preferences.
Both C. capitata and D. suzukii preferred peach and loquat, their highest infestation levels
thus occurred between December and February when peaches were highly available. In
contrast, high levels of infestations by A. fraterculus occurred between February and April
when guavas were highly available. Both P. vindemiae and T. anastrephae are key natural
mortality factors of D. suzukii while G. pelleranoi is the main natural mortality factor of
both C. capitata and A. fraterculus. Consequently, area-wide management strategies must
consider reducing pest pressure in susceptible crops by reducing sources of fly populations
in the non-crop habitats. In this context, biological control is highly desirable to naturally
regulate the fly populations. The current study suggests that timed mass releases of these
parasitoids during early or peak infestation stages of these pests in disturbed habitats may
help suppress the fly populations prior to their main spread to commercial crops.
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Simple Summary: Wolbachia, the intracellular symbiont of insects, is of big interest and importance
for its numerous effects on the host’s life-history traits. However, the details of Wolbachia–host
interaction are still not well studied and understood. Here, we present data on the influence of two
different Wolbachia strains on the life-history traits of two different wild-type D. melanogaster lines.
The results obtained allow us to assume that the effect of Wolbachia on the flies’ life-history traits
depends on the genotypes of both the host and the symbiont, but the fact of recent transfer of the
symbiont to a new host could also be a factor.

Abstract: The best-known effect of the intracellular bacterium Wolbachia is its mostly negative
influence on the reproduction of the host. However, there is evidence of a positive influence of
Wolbachia on the host’s resistance to stress, pathogens, and viruses. Here, we analyzed the effects
of two Wolbachia strains belonging to wMel and wMelCS genotypes on D. melanogaster traits, such
as fertility, survival under acute heat stress, and developmental rate. We found that D. melanogaster
lines under study differ significantly in the above-mentioned characteristics, both when the natural
infection was preserved, and when it was eliminated. One of Wolbachia strains, wMel, did not affect
any of the studied traits. Another strain, wMelPlus, had a significant effect on the development time.
Moreover, this effect is observed not only in the line in which it was discovered but also in the one
it was transferred to. When transferred to a new line, wMelPlus also caused changes in survival
under heat stress. Thus, it could be concluded that Wolbachia–Drosophila interaction depends on the
genotypes of both the host and the symbiont, but some Wolbachia effects could depend not on the
genotypes, but on the fact of recent transfer of the symbiont.

Keywords: Wolbachia; Drosophila; fertility; developmental rate; heat stress; viability

1. Introduction

Maternally inherited alpha-proteobacterium Wolbachia pipientis, best known for its
ability to induce cytoplasmic incompatibility and manipulate host reproduction [1], occurs
in more than 40% of arthropod species, including Drosophila melanogaster [2,3]. According to
its effect on reproductive biology of the host, Wolbachia has long been considered a parasite,
but now a lot of data have been accumulated indicating that the host, in turn, can benefit
from Wolbachia infection [4].

Another positive aspect of this symbiosis is the possibility of using Wolbachia in
the control of insect pests. Wolbachia have two main uses in this regard: incompatible
insect technique (IIT) based on cytoplasmic incompatibility (CI) caused by Wolbachia in
many insect species [5], and pathogen blocking technique (PBT) based on the ability of
Wolbachia to provide antiviral protection to their host and to spread in a wild population
due to CI-provided fitness advantages of Wolbachia-infected females [6,7]. IIT achieves a
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suppression of insect pests’ populations due to Wolbachia-infected males’ failure to produce
viable embryos by mating with wild-type uninfected females [8]. PBT blocks the spread of
distinct human pathogens, including Zika, Dengue, Yellow fever and West Nile viruses,
the Plasmodium parasites that cause malaria, and filarial worms in insect vectors such
as Aedes aegypti and Ae. albopictus [7,9]. The combination of IIT and female sterilization
with ionizing radiation was recently used for the population suppression of a fruit pest,
Drosophila suzukii [10,11], making D. melanogaster a valid model for Wolbachia studies.

In the members of the Drosophila genus, some evidence concerning the role of the
genetic features of both bacterium and its host in their interaction was obtained. The
antiviral protection of Wolbachia strains transferred to the same genetic background of
D. simulans from different Drosophila species depends on the Wolbachia genotype [12].
Various Wolbachia genotypes transferred to the same genetic background of D. melanogaster
also demonstrate different effects on the host’s hormonal status and survival under heat
stress [13,14]. On the other hand, the positive effect of Wolbachia infection on D. melanogaster
longevity [15] as well as fitness benefits caused by a Wolbachia infection in population cage
experiments in D. simulans [16] depend on the fly genotype.

In D. melanogaster, Wolbachia genotypes are classified into two groups, wMel and
wMelCS, based on polymorphic markers [17–19]. The wMel group is dominant all over the
world and thus could be considered as giving more benefits to its host [17,20]. However,
we have earlier discovered a Wolbachia strain, wMelPlus, which belongs to the wMelCS
group of genotypes but differs from other described members of this group by a large
inversion [21], and found out that this strain changes host fertility [14] and heat stress
resistance [22]. The positive effect of the wMelPlus strain on D. melanogaster survival
under acute heat stress was demonstrated on two different lines, Bi90T and Canton S,
after infection transfer from donor w153 line to them by 10–20 generations of backcross
with corresponding males [22]. On the other hand, the effect of wMelPlus Wolbachia on
its “native” host, D. melanogaster line w153, was never studied. At the same time, the
uninfected Bi90T line obtained by tetracycline treatment from wild type line Bi90, which
carried wMel Wolbachia from the beginning, did not differ from it in heat stress resistance
and fertility level [13].

So we could not be certain if the previously discovered effects of wMelPlus Wolbachia
on the host’s fitness depends only on the strain’s characteristics and not on the effect of
Wolbachia transfer from line to line. In order to clarify this question, we performed the
present study of fertility level, developmental rate, and stress resistance in two pairs of
D. melanogaster lines: Bi90–Bi90T and w153–w153T, infected and uninfected with wMel
and wMelPlus Wolbachia genotypes, respectively. The characteristics of line Bi90wMelPlus

carrying the wMelPlus strain on the Bi90T line’s genetic background were also investigated
when the effect of the strain on the trait under study was found in the “native” host line,
w153, compared to the tetracycline-treated w153T line.

2. Materials and Methods
2.1. Drosophila Lines and Rearing

The females of the following D. melanogaster lines were used in the study: isofemale
lines w153, carrying Wolbachia infection of wMelPlus genotype, and Bi90 carrying infection
of wMel genotype, established as full-sib families from a single inseminated wild-caught
female from Tashkent (Uzbekistan) and Bishkek (Kyrgystan), correspondingly [19]; the
corresponding uninfected lines, w153T and Bi90T, treated with tetracycline for three genera-
tions no less than 10 generations prior to the start of the experiments; and line Bi90wMelPlus,

obtained as a result of wMelPlus strain transfer to the Bi90T line by backcrossing with Bi90T

males for 20 generations as described earlier [22].
Flies were maintained on standard food (agar-agar, 7 g/L; corn grits, 50 g/L; dry

yeast, 18 g/L; sugar, 40 g/L) in a MIR-554 incubator (Sanyo, Osaka, Japan) at 25 ◦C under a
12:12 h light–dark cycle.
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2.2. Developmental Rate Analysis

Males and females with a difference in age no more than 4–5 h since eclosion were
chosen as parents; as they reached 3 days of age, flies were placed into vials (3–5 parent
pairs; 10 vials per experiment group), where they laid eggs for 24 h. Eclosed progeny
(imagoes) were counted every 12 h, at 9 a.m. and 9 p.m., up to the eclosion of the last
descendant. Developmental rate was presented as a percentage of the total number of
eclosed progeny for every period of measurement.

2.3. Fertility Analysis

To measure fertility, 3 or 5 pairs of young females and males with a difference in age
no more than 4–5 h since eclosion were placed into vials (10 vials per experiment group),
where they laid eggs under standard conditions. For 10 days, the flies were placed into
new vials every 24 h for oviposition. Fertility was measured as the number of progeny
(imagoes) eclosed from the eggs laid every 24 h per female.

2.4. Viability Analysis

To estimate viability under acute heat stress, the vials with flies of all groups (10–15 vials
with 5 females and 5 males each per group) at the age of 6 days were transferred from 25 ◦C
to 38 ◦C for 4 h. Then they were returned to 25 ◦C and the surviving females were counted
24 h later. The survival rates were calculated as the percentage of survivors in each vial.

2.5. Statistical Analyses
2.5.1. Fertility

Each culture vial was considered as a separate case, and the fertility in it per female per
day was considered as a separate trait. Euclidean distance was used to estimate differences
between vials by fertility over a range of days. The matrix of pairwise Euclidean distances
by fertility between all vials of all considered lines was processed by the principal coordinate
method (PCoA). For Euclidean distances, this method is equivalent to principal component
analysis (PCA) [23]. As a rule, differences between lines manifested themselves in one of
the first two principal components, which together accounted for more than half of the total
variance. The significance of the differences between each pair of lines for each principal
component was assessed using a two-sample t-test, applying the Benjamini–Hochberg P
adjustment to correct for multiple testing [24].

Some inconvenience of the Benjamini–Hochberg P adjustment is that it is neces-
sary, in addition to each sample’s pi-value, to calculate the corresponding standard pBHi-
adjustment for comparison. However, the calculation can be greatly simplified by multiply-
ing both indicators by N/i. Then the indicator Npi = pi-value × N/i must be compared
with NpBHi = pBHi-adjustment × N/i = iα/N× N/i = α, that is, with the standard tabular
level to which everyone is accustomed. It is simple, but very convenient. For i = 1, this
technique also works for the Bonferroni method [25].

For convenience of calculation and presentation of results, each pair of lines compared
by one quantitative characteristic (for example, by the principal component) was combined
into one sample and a dichotomous variable was additionally formed for it so that each
value of the quantitative sample was marked 0 for one of the lines, 1 for another. The
Pearson correlation coefficient r was calculated between the quantitative variable and the
dichotomous one. It is known [26] that calculating the significance of this point-biserial
correlation coefficient r is equivalent to calculating the significance of Student’s t-test used
to compare the means of two normal populations with equal variance. Additionally, the
squared correlation coefficient (r2) is an estimate of the currently recommended effect
size [27], so we also present it in the tables.

2.5.2. Developmental Rate

Every 12 h, the number of emerging flies was recorded for each vial. After the end
of the experiment, the resulting dynamics were normalized to the total number of all
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eclosed flies. Euclidean distance was used to assess differences in developmental rates
for each pair of vials. Next, just as for fertility, the principal components were calculated
by the Gower principal coordinate method and the lines were compared with each other
according to the first two principal components by t-test, applying the Benjamini–Hochberg
P adjustment [24] (see the previous section).

2.5.3. Viability

Survival rates were calculated as the percentage of survivors in each vial. The groups
were compared on this trait using the t-test by the Benjamini-Hochberg method [24].

3. Results
3.1. Fertility of D. melanogaster Lines w153 and Bi90 Infected with the wMelPlus and wMel
Wolbachia Strains, Correspondingly, and Control Uninfected Lines w153T and Bi90T

Earlier, we had shown that the wMelPlus strain of Wolbachia being transferred to Bi90T

line of D. melanogaster caused significant changes in host fertility level [14], so the first
thing to study was the fertility of the “native” wMelPlus line w153 in comparison with the
uninfected (tetracycline-treated) line w153T (Figure 1).

Figure 1. The fertility of D. melanogaster wild type lines Bi90 (infected with wMel Wolbachia strain),
w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected), w153T (uninfected). Each point
represents an average value of 9–10 replicates (3 females per test) as means ± s.e.m.

The Bi90T line, together with its precursor, the Bi90 line naturally infected with the
wMel strain, were taken into analysis as well (Figure 1). Analysis of the fertility curve
shows that, according to the level of fertility, this period can be divided into 2 sub-periods:
(1) typical fertility peak reached between 2 and 4 days after eclosion [28] and (2) subsequent
decrease in fertility level from 5 to 7 days after eclosion. In the first sub-period, lines with
different genetic backgrounds (originating from the Bi90 line and originating from the
w153 line) strongly differ from each other. In the second sub-period, the differences are
smoothed out. We analyzed the differences between all four lines in these sub-periods
using the principal component method (Figure 2).
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Figure 2. PCA plot showing variability of the fertility level per female per day in the Bi90 (infected
with wMel Wolbachia strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected),
w153T (uninfected) lines of D. melanogaster: (a) days 2–4 after eclosion; (b) days 5–7 after eclosion.
Each data point represents one biological replicate (three females per replicate).

In the first sub-period, lines Bi90 and Bi90T clearly differ from lines w153 and w153T,
implying differences in fertility caused by the genetic component of the host, i.e., by
D. melanogaster genotype (Figure 2a). However, there are no differences observed between
both the wMel-infected Bi90 line and the uninfected line Bi90T, and between the wMelPlus-
infected w153 line and the uninfected line w153T. In other words, component analysis did
not reveal any differences in fertility for this period resulting from the presence/absence of
both Wolbachia strains under study.

Statistical assessment of the fertility level for days 2–4 is given in Tables S1 and S2,
presenting a pairwise comparison of all lines under study using the t-test (below the
diagonal) by the Benjamini–Hochberg method (above the diagonal). There is a high
significance level for PC1 of the differences between the lines of Bi90 genotype compared
with the lines of w153 genotype (Table S1); there are no significant differences for PC2
(Table S2).

The results of comparing fertility levels of the Bi90 (infected with wMel Wolbachia
strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected), and w153T

(uninfected) lines in the second sub-period (days 5–7) by the principal component method
are presented in Figure 2b. Significant differences between lines can be seen, just as in
the first sub-period. However, they are less prominent, which is evidenced by minimal
(but significant) t-test by the Benjamini–Hochberg method for PC1 (Table S3). For PC2,
differences are insignificant (Table S4).

3.2. Developmental Rate of D. melanogaster Lines w153 and Bi90 Infected with the wMelPlus and
wMel Wolbachia Strains, Correspondingly, and Control Uninfected Lines w153T and Bi90T

Working with the Bi90 and w153 D. melanogaster lines infected with wMel and-
wMelPlus Wolbachia strains, correspondingly, we have noted that eclosion in the w153 line
occurs one day later than in the Bi90 line. For this reason, we analyzed the developmental
rates of these two lines as well as their uninfected versions, Bi90T and w153T. Figure 3
presents developmental rate curves expressed as a percentage of the number of eclosed
flies: from the first to the last, counted at equal 12-h intervals. In the wMel-infected Bi90 line
and the uninfected Bi90T line, developmental rate curves almost match; in the wMelPlus-
infected w153 line, the eclosion peak is delayed by 24 h compared to the Bi90 and Bi90T

lines, and the peak in the uninfected line w153T is close to that of w153.
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Figure 3. The developmental rate of D. melanogaster wild type lines Bi90 (infected with wMel Wolbachia
strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected), w153T (uninfected). Each
point represents the percentage of flies eclosed during 12 h (9–10 biological replicates per point;
five flies in each replicate, means ± s.e.m.

Developmental rate analysis by the principal component method shows that while
lines with the same genetic background (Bi90 and Bi90T) do not differ from each other, they
differ by PC1 from lines with a different genetic background (w153 and w153T) with a high
significance level (Figure 4).

Figure 4. PCA plot showing the variability of developmental rate in the Bi90 (infected with wMel
Wolbachia strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected), w153T (unin-
fected) lines of D. melanogaster: Each point (one replicate) represents the percentage of flies eclosed
during 12 h (five flies in each replicate).
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Tables S5 and S6 show t-test by the Benjamini–Hochberg method for PC1 and PC2,
correspondingly. The significance is very high: for NpBH, it is exponential. Notably,
developmental rates also significantly differ between lines w153 and w153T both by PC1
(Table S5) and by PC2 (Table S6), which may imply that the Wolbachia strain wMelPlus
influences the developmental rate of the w153 line.

3.3. Developmental Rate of the D. melanogaster Line Bi90 Infected with the wMelPlus Wolbachia
Strain in Comparison with the Control Uninfected Line Bi90T

In order to verify our assumption concerning the effect of the wMelPlus strain on host
developmental rate, we studied this trait in the Bi90wMelPlus line, which carries wMelPlus
Wolbachia on Bi90T nuclear background, in comparison with the uninfected line Bi90T

(Figure 5).

Figure 5. The developmental rate of D. melanogaster uninfected line Bi90T and line Bi90wMelPlus,
carrying Wolbachia strain wMelPlus from line w153 on nuclear background of line Bi90T. Each point
represents the percentage of flies eclosed during 12 h (10 biological replicates per line; five flies in
each replicate) as means ± s.e.m.

The PCA plot (Figure 6) allowed us to determine that the differences in developmental
rate between the Bi90wMelPlus and Bi90T lines are significant in both PC1 and PC2 (Table S7);
or significant at t = 3.73, NpBH = 0.00168 if we rotate the PCA plot by 30◦ (Figure S1).

3.4. Survival under Acute Heat Stress of D. melanogaster Lines w153 and Bi90 Infected with the
wMelPlus and wMel Wolbachia Strains, Correspondingly, and the Bi90 Line Infected with the
wMelPlus Strain in Comparrison with Control Uninfected Lines Bi90T and w153T

Earlier, we showed that the Bi90wMelPlus line is characterized by increased viability un-
der acute heat stress compared with the Bi90 lines infected with other Wolbachia strains [22],
so it was of interest to find out if the wMelPlus strain causes the same effect in its “native”
host, line w153. The analysis of survival under heat stress (38 ◦C, 4 h) carried out in the
Bi90, Bi90T, Bi90wMelPlus, w153 and w153T lines demonstrated that the line pairs Bi90–Bi90T

and w153–w153T did not differ in stress resistance within the pairs (Figure 7, Table S8).
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Figure 6. PCA plot showing the variability of developmental rate in D. melanogaster uninfected line
Bi90T and line Bi90wMelPlus, carrying Wolbachia strain wMelPlus from line w153 on nuclear back-
ground of line Bi90T. Each point represents the percentage of flies eclosed during 12 h (one biological
replicates per point; five flies in each replicate).

Figure 7. Survival under heat stress (38 ◦C, 4 h) of D. melanogaster females of lines Bi90 (infected
with wMel Wolbachia strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected),
w153T (uninfected). Each point represents an average value of 30–35 tests (N = 4 or 5 for each test) as
means ± s.e.m. The asterisk indicates significant differences between the lines (**, p < 0.01; *, p < 0.05).
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However, survival rate under heat stress in both lines with nuclear background of the
wMelPlus-infected w153 line was significantly higher than that of the wMel-infected Bi90
line, and w153T’s survival rate was higher than that of Bi90T (Figure 7, Table S8), which
suggests a strong effect of the D. melanogaster genotype on the trait under study. On the
other hand, the maximum survival rate was demonstrated by the Bi90wMelPlus line differing
significantly from the Bi90 and Bi90T lines (Figure 7, Table S8), which could be evidence
of Wolbachia genotype input to the trait value. At the same time, it should be noted that
there was no significant difference in stress resistance between the Bi90wMelPlus line and the
w153 and w153T lines (Figure 7, Table S8).

4. Discussion

Most studies performed on D. melanogaster have used only a few “wild-type” strains,
representing very little genetic diversity. However, it is the genetic variation that is one of
the main drivers of the evolution of life-history traits. Major life-history traits, which are
subject to evolution by natural selection and are therefore vital to understanding adaptation,
include developmental rate, size at eclosion, progeny number, life span, and various
stress resistance traits [28]. Here, we present data on two wild-caught isofemale lines
demonstrating significant differences in three life-history traits, namely, developmental
rate, fertility (estimated as progeny per female), and survival under acute heat stress. We
found out that lines Bi90T and w153T differ significantly in all traits under study. It was
shown that fertility level could be highly variable among both laboratory lines and wild
populations measured in the laboratory [29–31] but correlations between progeny number
and developmental rate were usually positive [28]. However, females of the w153T line
demonstrated a higher fertility level and a lower developmental rate compared to the
Bi90T line (see Figures 1, 2a, 3 and 4), i.e., these two traits were negatively correlated,
which was rather unexpected for us. Moreover, reduced fertility observed in the Bi90T line
(compared to the w153T line) was shown to correlate to increased resistance to such types
of stressors as desiccation and starvation [32,33], but in our experiments it went together
with decreased resistance to heat stress (see Figure 7). This could mean the existence
of a different mechanism of resistance to different types of stress, the specificity of lines
under study, or even both. The fact that stands for the uniqueness of one of the studied
lines, w153T, is that it carries the rather unique Wolbachia strain wMelPlus, which not only
alters its “native” host’s developmental rate (see Figures 3 and 4), but also changes the
fertility level, starvation, and heat stress resistance of the host when transferred to a new
D. melanogaster line [14,22,34]. It should be noted that for other Wolbachia strains (except
the well-known pathogenic strain wMelPop [35]) no such effects were found either in the
“native” host or following transfer to a new one [13,14,22].

There is evidence that the interaction between Wolbachia and Drosophila has a complex
nature. For example, it was found that a single Wolbachia strain wHa being transferred into
three genetically distinct isofemale lines of Drosophila simulans with the use of microinjection
methodology caused a dramatic fitness benefit in one of these lines and did not affect the
fitness of two others [16]. The transfection of a single Wolbachia strain of wMel genotype into
two different Drosophila species, D. melanogaster and D. nigrosparsa, resulted in completely
different changes in the differential expression of genes [36].

On the other hand, different Wolbachia strains being transferred to the same D. melanogaster
line Bi90T caused different effects on fertility level, dopamine metabolism, and resistance
to heat stress [13,14,22]. The results obtained in the present paper correspond with these
data: the wMelPlus strain, which belongs to the wMelCS Wolbachia genotype and is shown
to affect the fertility of females of line Bi90wMelCS [14], does not influence this trait in its
“native” host, the D. melanogaster line w153 (see Figures 1 and 2, Tables S1 and S2). Similarly,
the wMelPlus strain increases resistance to acute heat stress when transferred to the Canton
S or Bi90T lines [22], but does not affect it in w153 (see Figure 7).

Several attempts to shed light on the molecular mechanisms of the effect of Wolbachia on
host’s physiology have been made. The transcriptome analyses of infected D. melanogaster
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females performed recently demonstrated changes in differential gene expression, which
allowed to relate them to the Gene Ontology terms Iron ion binding and Oxidation–reduction
process [36] or to create protein–protein interaction networks in STRING with the strongest
interactions including Metabolism, Ubiquitin, RNA binding and processing, Transcription and
translation and Stress [37]. The latter correlates with our findings concerning increased stress
resistance of wMelPlus-infected females, and data on changes in metabolism correspond
with results on increased lipid and glucose content found in both Bi90 and Bi90wMelPlus

females [34]. However, it is not obvious how the findings made in transcriptome analyses
are connected with the effect of Wolbachia on fertility or developmental rate.

It is well-known that effects of many mutations found in one genetic background are
often suppressed or enhanced in other backgrounds [38]. According to the data obtained
here and presented in other investigations, it seems possible to suggest that an epistatic
interaction of this kind could be discovered in genetic interaction between a host and a
symbiotic bacterium, Wolbachia in particular.

However, not all effects of the wMelPlus strain depend on the host genotype: one
can see that it slows down developmental rate and postpones eclosion in both w153 and
Bi90wMelCS lines (see Figures 3–6). It was shown in the end of the last century and the
beginning of the present one that considerable variation in egg-to-adult development time
could occur among wild-type strains of various Drosophila species [39,40]. As testing flies
for the presence of Wolbachia was not common practice at the time, and Drosophila has
been shown to have high rates of infection [2], one cannot be sure that at least part of
the variables observed in these studies were not caused by Wolbachia. Another possible
explanation for our findings could be the uniqueness of the wMelPlus Wolbachia strain,
which is the only one to be found to increase resistance to acute heat stress [14,22] and to
change the host’s developmental rate (see Figures 3–6). The latter assumption is indirectly
confirmed by the data of Strunov et al. [41], who found that the wMelCS type of infection
and the wMel type did not influence any developmental life-history traits.

It should be noted that the results which demonstrate that wMelCS-infected flies
were more fertile than wMel-infected flies, while the latter did not differ in fertility from
uninfected flies [41], also agree with our data showing that the wMel Wolbachia strain,
which infected the Bi90 line, does not cause any effects on the life-history traits under
study. No changes in fertility level, developmental rate, and stress resistance in the Bi90
line compared to the uninfected Bi90T line were observed, while the w153 line infected
with Wolbachia of the wMelCS type has increased early life fertility level compared to the
Bi90 and Bi90T lines (Figures 1–7). Increased usefulness of the wMelCS type of Wolbachia
compared to the wMel type in terms of enhancing the host’s fertility was also demonstrated
in the experiments with fertility rescue in flies with the bag of marbles (bam) hypomorphic
mutation [42]. Moreover, wMelCS-like Wolbachia variants were shown to provide stronger
protection against Drosophila Flock House and C viruses compared to wMel-like variants as
well [43].

Thus, it could be concluded that Wolbachia–Drosophila interaction depends on the
genotypes of both the host and the symbiont. However, taking into account that some of
wMelPlus effects on life-history traits occur in the infected Bi90 and Canton S lines and
not in the “native” line for this strain, w153, it could be hypothesized that at least some of
the effects which occur in a D. melanogaster host infected with Wolbachia depend not on the
genotype of the symbiont, but on the fact of its recent transfer. And one more supposition
is possible as the w153T line is characterized by increased early life fertility and stress
resistance (see Figures 1, 2 and 7) even in the absence of the wMelPlus Wolbachia strain (see
Figures 1, 2 and 7). We suppose that it could be an evidence of a successful co-evolution
of the host line w153 and the symbiont Wolbachia strain wMelPlus. It can also be said that
our data provides some insight into the prospects for the use of Wolbachia in pest control,
indicating the need for thorough genetic studies of Wolbachia strains in pest species, such as
D. suzuki or mosquitoes of the Aedes genus, aimed at finding the genetic variations of the
bacterium most suitable for IIT and PBT.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects14120928/s1, Table S1. Significance level for PC1 of the
fertility differences between the Bi90 (infected with wMel Wolbachia strain), w153 (infected with
wMelPlus strain), Bi90T (uninfected), w153T (uninfected) lines for days 2–4 after eclosion using
the t-test by the Benjamini–Hochberg method. Table S2. Significance level for PC2 of the fertility
differences between the Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus
strain), Bi90T (uninfected), w153T (uninfected) lines for days 2–4 after eclosion using the t-test by
the Benjamini–Hochberg method. Table S3. Significance level for PC1 of the fertility differences
between the Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus strain),
Bi90T (uninfected), w153T (uninfected) lines for days 5–7 after eclosion using the t-test by the
Benjamini–Hochberg method. Table S4. Significance level for PC2 of the fertility differences between
Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus strain), Bi90T (uninfected),
w153T (uninfected) lines for days 5–7 after eclosion using the t-test by the Benjamini–Hochberg
method. Table S5. Significance level for PC1 of the differences in developmental rate between the
Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus strain), Bi90T (uninfected),
w153T (uninfected) lines with the t-test by the Benjamini–Hochberg method. Table S6. Significance
level for PC2 of the differences in developmental rate between the Bi90 (infected with wMel Wolbachia
strain), w153 (infected with wMelPlus strain), Bi90T (uninfected), w153T (uninfected) lines using
the t-test by the Benjamini–Hochberg method. Table S7. Significance level for PC1 and PC2 of the
differences in developmental rate between the Bi90T and Bi90wMelPlus lines using the t-test by the
Benjamini–Hochberg method. Figure S1. PCA plot (after a 30◦ rotation) showing the variability
of developmental rate in the Bi90T and Bi90wMelPlus lines of D. melanogaster. Each point represents
the percentage of flies eclosed during 12 h (one biological replicates per point; five flies in each
replicate). Table S8. Significance level of the differences in survival under acute heat stress between
the Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T

(uninfected), w153T (uninfected) lines using the t-test by the Benjamini–Hochberg method.
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Simple Summary: The olive fruit fly (Bactrocera oleae (Rossi) (Diptera: Tephritidae)) is a pest of major
economic importance that threatens the olive industry. Studying several factors affecting the survival
ability of this insect during food deprivation, such as its mating status, age, and diet, may provide
important insights into the biology of B. oleae that are useful for its effective control. The starvation
resistance (hours of survival after the removal of food) of adult olive fruit flies was measured in four
age classes in virgin and mated adults fed a full diet (water/sugar/yeast hydrolysate as protein in a
5:4:1 ratio) or a restricted, sugar-based diet lacking in protein, examining both males and females. The
pattern of starvation resistance was the same for both genders under the same conditions (mating
status, age, and diet) in the laboratory. Specifically, (a) mated adults showed much less resistance to
starvation compared to virgin adults; (b) younger adults endured longer starvation periods compared
to older adults; and (c) adults fed the restricted diet endured longer starvation periods than those fed
the full diet. We conclude that mating, a full diet, and aging reduce starvation resistance.

Abstract: The olive fruit fly (Bactrocera oleae (Rossi) (Diptera: Tephritidae)), although a pest of major
economic importance for the olive industry, has not been sufficiently studied with respect to the
factors affecting its survival resistance to food deprivation. In the present study, we examined the
effect of the interaction between mating status (virgin/mated), age class (11–20/21–30/31–40/41–50),
and diet quality (protein plus sugar or only sugar) on starvation resistance in B. oleae under constant
laboratory conditions. We conducted a total of 16 treatments (2 × 4 × 2 = 16) for each gender. Our
results showed that starvation resistance in B. oleae did not differ significantly between females and
males. The main conclusions of our study regarding mating status, age, and diet indicated that mated
adults showed much less starvation resistance compared to virgins, younger adults endured longer,
and the adults fed a restricted diet endured longer than those fed a full diet. A three-way interaction
between mating status, diet, and age class was also identified and was the same for both genders. The
interaction between mating status, age class, and diet also had a significant influence on starvation
resistance in both sexes.

Keywords: stress; aging; food type; lifespan; pest management; sustainability; Bactrocera oleae; olive
fruit fly

1. Introduction

Bactrocera oleae (Rossi) (Diptera: Tephritidae) (olive fruit fly) is a pest of major impor-
tance in the olive fruit production industry, as it causes up to 30% of the yield damage
to olive crops worldwide (along with fungi and weeds) [1,2]. Female B. oleae lay their
eggs inside the olive fruit [3], reducing the quality of both the olive fruit and the olive
oil produced [4]. Controlling the olive fruit fly is difficult because the larvae feed inside
the olive fruit, in a protected environment; therefore, pest control can be effective only
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before oviposition takes place. Given the potential losses of olive crops due to B. oleae,
olive farmers in the past constantly used conventional chemical insecticides to reduce
yield losses [5]. For many years, the use of insecticides was the only available approach to
suppressing the population of insects [1,2]. However, several concerns were soon raised
concerning an increase in the insects’ resilience to chemical substances, as well as the health
of humans or other mammals due to the presence of pesticide residues, which were very
often detected in olive oil [6]. In addition, it has been reported that the use of insecticides
has a negative effect on the natural enemies of B. oleae, such as Chrisopids (Neuroptera:
Chrysopidae) [7] and Psyttalia concolor (Szépligeti) (Hymenoptera: Braconidae) [8]. To
address these issues related to the use of chemicals, most olive-growing countries have
adopted the concept of integrated pest management (IPM) as a sustainable strategy for
olive crop protection to reduce the amounts of chemicals used to control pests in olive
groves, and they constantly seek other methods consistent with economic, ecological, and
toxicological requirements to maintain pests below the economic threshold while giving
priority to natural limiting factors [9].

Lately, there has been an increased interest in exploring more sustainable control meth-
ods, such as the sterile insect technique (SIT) [10,11]. The efficacy of this method relies on
producing mass-reared male insects, which, when released into the wild in large numbers,
are more competitive than wild males and are also capable of greater endurance under
stressful environmental conditions [10,11], such as food deprivation. Starvation resistance
(SR) is considered an important trait in pest management [12–16]; starvation resistance
and thermal stress [12] have been identified as two of the most common environmental
conditions that insects may face in their lifetimes [17]. Key factors that affect the starvation
resistance in insects are their mating status, age, and diet [15,16,18–20]. For males, mating
or even only courtship can lead to significant energy expenditure and consequently shorten
the insect’s lifespan [21–24]. Females mainly face energy losses due to egg maturation [18].
An insect’s mating status is also influenced by environmental conditions and strain [25–27].
So far, the study of aging in insects has shown that, regarding their starvation resistance,
their survival ability decreases with age [14,16,28]. Starvation resistance in adult insects
fed different diets affects their fitness [29]. Survival and sexual signaling were shown
to be crucially influenced by diet quality early in a male’s life [24]. The evaluation of
insect survival under varying conditions of food availability, diet, and quality provides
insights into the factors that drive the evolution of different feeding strategies and helps
us better understand the biology and ecology of insects [14,29]. The effects of food depri-
vation have been studied very little in model organisms, such as Drosophila melanogaster
(Meigen) (Diptera: Drosophilidae) [30,31], and insects of agricultural importance, like
Ceratitis capitata (Wiedemann) (Diptera: Tephritidae) [16]. A recent study on D. melanogaster
showed that feeding adults a protein-based diet for twenty generations led to lower body
weights and wing reductions in male adults [32], and the trade-off between reproduction
and lifespan is still an area under investigation [33]. There are several studies on topics
related to B. oleae regarding the physiology of the insect (e.g., the determination of volatile
substances in olives and their effect on reproduction [34], mating competition between wild
and artificially reared adults [35] and altered activity and rest patterns [36]), but, to our
knowledge, starvation resistance in B. oleae has not yet been studied. Additionally, the only
existing work in the literature addressing starvation resistance in Tephritidae that examines
how aging and diet affect starvation resistance was conducted on virgin C. capitata [16],
which is a polyphagous, cosmopolitan insect. There are some studies on the topic of starva-
tion resistance in Tephritidae, evaluating the effect of diet on several physiological aspects
of the adult olive fruit fly, such as lipid reserves, the onset of oviposition, lifetime egg
production and the longevity of adults [37], field survival [38], male sexual performance
in relation to insect vulnerability to starvation [38,39], or starvation resistance in different
time intervals [40], but none of them focus on the interaction between different parameters
and how they influence adults’ resistance to starvation. Furthermore, useful insights on
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starvation resistance in insects and the importance of factors affecting their adaptation to
periods of food scarcity have already been identified in studies on D. melanogaster [41].

The olive fruit fly is an oligophagous insect species relying on olives for its survival
and reproduction [3]. Thus, the survival of this species depends solely on the olive fruit.
Additionally, the olive tree commonly produces a much greater-than-average crop in one
year and a much lower-than-average crop in the following year in olive cultivation [42].
Therefore, these features, in conjunction with starvation resistance in B. oleae, as a result,
shape the population dynamics of the olive fly [43]. During years characterized by low
olive yields, it becomes crucial for the olive fruit fly to live for a longer period and, therefore,
to maximize its reproductive potential by producing a greater number of offspring [42,43].
In the above context, the effects of mating status, age, and diet on starvation resistance in
B. oleae were studied for both males and females. The aims of this study were to identify
which mating status (virgin, mated), age class in days (11–20, 21–30, 31–40, 41–50), and diet
(full, restricted) make B. oleae more vulnerable, namely, more susceptible to several stresses,
and to study the effect of the interaction between these three factors on starvation resistance
in this pest, namely, the combination of values of the three factors that resulted in increased
insect vulnerability due to starvation. We hope that studying the key factors affecting
B. oleae under food deprivation will provide insights that will help improve existing pest
control management or even formulate new, more sustainable and effective strategies.

2. Materials and Methods

The experiment was conducted in three main stages (Figure 1): (1) collecting non-
infested olives for oviposition and infested olives to obtain adults for the experiments
and maintain the colony; (2) preparing experimental insects that would be used in the
experiments; (3) recording the deaths every 4 h daily from the 11th day up to the 50th day
after the experimental insects were subjected to starvation (80 insects daily, with 3200 insects
in total).
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Figure 1. Stages of the experiment: (1) collecting non-infested and infested olives; (2) preparing
experimental insects fed full (protein) and restricted (sugar) diets; (3) recording insect deaths as a
measure of starvation resistance.

2.1. Origin and Handling of Experimental Insects and Olive Fruit

Adult survival following food deprivation, which is an index of starvation resis-
tance, was assessed in stable laboratory conditions (temperature: 25 ± 2 ◦C; relative
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humidity: 65 ± 5%; and photoperiod: L14:D10). Larvae were reared in (non-infested) olive
fruit collected in the wild from olive trees free of pests and diseases. The original total
number of insects involved was approximately 20,000 adults, while the final number of
insects participating in the study (due to the insects’ mortality) was 3200 flies. In all cases,
adults were carefully transferred using an aspirator, with particular attention paid to not
disturbing the insects. The aspirator was used as a transportation means, allowing insects
to enter and exit (from the same point), almost walking, without any force being applied to
them. In the case that any insect suffered any disturbance or injury during transportation,
it was removed and replaced.

The stages for acquiring and handling the olive fruit were the following:

(a) Insect cage types used in the experiments: The wild adult olive fly lines were housed in
custom-made insect cages based on the model of BugDorm cages (Model DP1000B)
usually used in entomological experiments [44]. The types of insect cages used
in the laboratory for the needs of the experiments were (A) BugDorm-type cages,
30 × 30 × 30 cm3 (colony cages for rearing of the olive fruit fly) (Figure 2a); (B) trans-
parent plexiglass cages with dimensions 20 × 20 × 20 cm3 (Figure 2b), where (i) pupae
gathered from infested olives in basins were placed into Petri dishes and then were
transferred into the plexiglass cages for the adults to emerge (see experimental proce-
dures and protocol for further information), and (ii) flies on the 10th day of their lives
were transferred to mate or to be together with other flies of the same sex; (C) individ-
ual plastic cages (Figure 2c), where (i) flies were transferred individually upon their
emergence, with either full or restricted diet and water, and (ii) flies were transferred
at the appropriate age, each time to a new individual plastic cage that was thoroughly
clean of any trace of food to measure the hours until death (starvation resistance).

(b) Diet food types for adult fruit flies: Two different diets were used: (A) a full diet consisting
of a mixture of hydrolyzed yeast (protein) in a ratio of 5:4:1 (water/sugar/yeast
hydrolysate as protein) or (B) a restricted diet containing only sugar but deprived of
protein. Water was supplied to all cohorts through a wetted cotton wick.

(c) Harvesting (non-infested) olive fruit for the rearing of olive fruit flies: Olive fruits used in
the experiments were collected from olive groves located in the region of Chalkidiki
and Northern Greece. The olives were selected one-by-one by hand in the above
regions from trees that were as free from pests and diseases as possible. To maintain
the number of insects needed for the experiment and the genetic diversity of the
experimental insect population close to that of natural populations, infested olives
were constantly collected from olive groves for a period of approximately three
months, and wild insects were constantly introduced to the colony. The total amount
of olives needed for the experiment was roughly 200 kg (Figure 3).

(d) Maintaining the (non-infested) olive fruit flies: Immediately after harvesting, the olive
fruits were placed in glass jars in the refrigerator at 6 ± 1 ◦C (Figure 3).

(e) Collecting infested olive fruits: Mc Cain traps with an appropriate food attractant were
used in the aforementioned regions to identify the period of the first adult flights and
the onset of infestation in the field. Olive fruits that had been infested by the olive
flies were collected from the trees and transported to the laboratory (Figure 3).
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Figure 2. Blueprints of the experimental cages used for fly rearing under constant laboratory condi-
tions: (a) BugDorm-type (custom-made) cages for rearing; (b) transparent plexiglass cages to which
flies were transferred (on the 10th day) to mate or to be together with others of the same sex; (c) plastic
cages (also custom-made from plastic cups) as individual cages.
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Figure 3. Collecting healthy and infested olives to rear (A) the experimental insects and (B) flies for
maintaining the colony.

2.2. Experimental Design

The response variable measured in the experiments was the duration of time for which
the insects survived after food deprivation (starvation resistance, measured in hours).
Insect deaths were recorded every 4 h daily by the same human observer. The starvation
resistance was then calculated based on the date and time of death. The experimental units
that were studied individually for starvation resistance were 3200 adult olive fruit flies
(10 adults ×40 days ×2 diets ×2 mating status ×2 gender = 3200) that originated from
the larvae in the infested olives. The initial number of flies was at least sixfold that of the
flies used in the experiments. This was due to the mortality of the flies observed before
they were included in the experiment. All adults that took part in each treatment were
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derived from larvae reared in olive fruit. The experiments on starvation resistance were
carried out from the eleventh to the fiftieth day of the insect’s life. The treatments examined
were the following: (a) mating status factor with two levels (virgin and mated); (b) age
factor with four levels (age classes: 11–20, 21–30, 31–40, and 41–50 days); and (c) diet factor
with two levels (full and restricted diets). There were 16 combinations of treatments in
total (2 × 4 × 2 = 16) for each gender. There were also 10 replicates, namely, 10 insects of
the same gender and same mating status and at the same age (day of life), also fed the
same diet, that were randomly selected for each treatment, as described in detail in the
experimental procedures and protocol. The wild B. oleae is mature for mating after the 7th
day [35]; this is why the 10th day was selected for mating. The period from the 11th to the
50th day was selected, because after an age of 50 days, it is difficult to maintain the number
of insects needed for each treatment.

The aim of the experimental design was to measure starvation resistance in olive fruit
flies under different conditions (mating status, food/diet, and age) to identify the status at
which insects are more vulnerable or more durable.

2.3. Experimental Procedures and Protocol

The experimental processes followed can be grouped into the following stages:

(a) Rearing the parents of the experimental insects: Adults from infested olive fruits that
had been collected from trees hatched inside wooden cages with plenty of water and
protein food. After the completion of their hatching, the olives of their origin were
removed, and fresh olives were added (ones that we had collected and maintained
in the refrigerator). After mating, the females laid their eggs in the olive fruit. These
infested olives were removed from the cages, laid into basins, and covered with
a suitable cloth to ensure the appropriate humidity and temperature conditions
(Figure 3). After pupation and before the emergence of the adults, pupae were
transferred to plexiglass cages with dimensions 20 × 20 cm, awaiting the appearance
of the adults (Figure 2b). In these plexiglass cages, there was either a full or restricted
diet and water (Figure 4).

(b) Handling the experimental insects before the experiment: Upon emergence, adults were
placed in individual plastic cages (Figure 2c) with water and food (either the full or
restricted diet). At the age of 10 days, groups of 10 adults of either only females and
males (both virgin) or 5 virgin males and 5 virgin females (mated) were allowed to be
together in larger cages (20 × 20 cm) for one day (Figure 2b) before being placed back
into individual cages (Figure 2c). After this period, the flies were placed back into
individual cages (Figure 2c) to eliminate crowding and social interactions (Figure 4).
Flies that had been kept with conspecifics of the opposite sex were monitored by a
human observer to verify mating. We observed the flies for mating from 16:00 to
21:00 because, in this species, mate searching and courtship take place during the late
evening [34,36]. Individuals that had not mated were removed from the experiment
and were replaced with others that had mated.

(c) Preparing the flies to undergo starvation (food deprivation): The steps followed (Figure 4):
(1) initially, experimental insects (pupae) were placed in Petri dishes in plexiglass
cages; (2) upon adult emergence, they were transferred individually to plastic cages
with water, half with the full diet and half with the restricted diet; (3) on the 10th
day, all insects were transferred to 8 plexiglass cages: (a) 4 cages with the full diet
(40 adults in total: 1 cage with 10 males, 1 with 10 females, and 2 cages with 5 males
and 5 females in each cage) and (b) 4 cages with the restricted diet (40 adults in total:
1 cage with 10 males, 1 with 10 females, and 2 cages with 5 males and 5 females in each
cage); (4) at the end of the 10th day, insects were transferred back to their individual
cages with water and with the same diet that they were fed in the plexiglass cage.

(d) Recording of deaths—Calculating starvation resistance: Upon reaching the eleventh day of
their adult life, ten individual adults from each treatment at a specific age (11th, 12th,
up to 50th day of life) were each transferred to a new individual plastic cage (Figure 2c)
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thoroughly clean of any trace of food [16]. The insects’ deaths were recorded every
four hours due to food deprivation during the light period (four times per day: 08:00,
12:00, 16:00, 20:00). In Figure 5, a schematic representation showing the feeding and
starvation stages is given. From the 11th day up to the 50th day of their lifespan,
80 insects (3200 in total) fed the full or restricted diet (40 adults fed the full diet and
40 adults the restricted diet, in each case: 10 virgin males, 10 virgin females, 10 mated
males, and 10 mated females) were subjected to starvation in new clear individual
cages. Within the period from the 11th to the 50th day, every four hours, the deaths
were recorded as a measure of starvation resistance. In case there was difficulty in
identifying an insect’s death, a fine paintbrush was used to gently move the insect
and confirm its death. Rotation of the plastic cages was performed daily to reduce
potential experimental errors. Starvation resistance was finally calculated as the
difference between the date and time of death and the date and time of the moment
the insects were subjected to food deprivation.
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Figure 4. Schematic representation of the processes for the preparation of the experimental insects
before they underwent starvation: (1) pupae were put in Petri dishes in plexiglass cages; (2) after
adults emerged, insects were put into individual plastic cages to avoid crowding; (3) on the 10th day,
all insects were transferred to 8 plexiglass cages: 4 cages with full diet (40 adults in total: 1 cage with
10 males, 1 with 10 females, and 2 cages with 5 males and 5 females in each cage); (4) at the end of the
10th day, insects were transferred back to their individual cages.
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Figure 5. Schematic representation of the experimental design: (a) feeding stage: from the 11th day
up to the 50th day of their lifespan, 80 insects (3200 in total) fed with the full or restricted diet were
subjected to starvation in new clear individual cages; (b) starvation resistance recording: within the
period of the 11th to 50th day, deaths were recorded every 4 h.

We adopted an age clustering of the results (starvation resistance—time in hours to
death) on a ten-day basis, as was presented in similar work on Tephritidae [16], to simplify
the results’ interpretation. The experiments conducted were analyzed for each gender
individually, because the inherent differences in the effects of mating and fecundity on
aging and longevity are usually studied separately for males and females due to their
physiology [45]. Additionally, the same pattern of starvation resistance has been identified
for both genders.

2.4. Statistical Analyses

The survival resistance of adult insects for each gender was analyzed with the ANOVA
method within the methodological framework of General Linear Models. The ANOVA
model included the effects (three main effects, three two-way interactions, and one three-
way interaction) of three factors: the mating factor with two levels (virgin and mated),
the diet factor with two levels (protein-rich food and sugar-only food without protein),
and the age factor with four levels (age classes: 11–20, 21–30, 31–40, and 41–50 days) [16].
There were 16 combinations in total of the three factors’ levels (2 × 4 × 2 = 16). The
ANOVA method was mainly used to estimate the correct standard errors of the differences
between the mean values of the factor levels’ combinations. Tukey’s multiple-comparisons
procedure [46] was used to test the significance of the differences between the compared
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mean values. Linear models’ residuals were tested for normality and homoscedasticity. The
residuals’ normality assumption was examined by visually inspecting the corresponding
histogram and boxplot, comparing the residuals’ median values with the value of 0 (zero),
assessing the corresponding skewness and kurtosis indices, and analyzing the results
of the Kolmogorov–Smirnov test for normality. The homoscedasticity assumption was
examined by visually inspecting the residuals’ scatter plot against the model’s predicted
values and assessing the magnitude of Spearman’s rho rank correlation coefficients between
the residuals’ absolute values and the model’s predicted values. No serious violations
of these two assumptions were detected. Data are presented as mean ± standard error
(SE). Additional descriptive statistical indices are presented in Supplementary Tables S1–S6.
Since only the terminal survival time of the insects was recorded, there was no specific
need to examine the data using a survival analysis model. All statistical analyses were
performed with the IBM SPSS Statistics ver. 26.0 Software (IBM Corp., Armonk, NY, USA).
The significance level in all statistical hypothesis testing procedures was preset at a = 0.05
(p ≤ 0.05).

Finally, we calculated the differences (in percent) between the values (days for which
insects endured starvation) for each of the 16 treatments (mating status: virgin, mated)
× (age class: 11–20, 21–30, 31–40, 41–50) × (diet: full, restricted) and the grand mean
of all flies in each gender regardless of their mating status, age class, and diet to better
represent the influence of each of the three factors on insect starvation resistance based on
the following formula (Equation (1)):

(
XT − X

)
∗ 100/X (1)

where XT is the mean starvation resistance (in hours) for each treatment, and X is the total
mean for each gender (in hours).

3. Results
3.1. Study of Starvation Resistance in Males

Tukey post hoc was applied to examine whether statistically significant differences
exist between the treatments (Supplementary Table S1). Also, descriptive statistics and the
ANOVA results are also available (Supplementary Tables S3 and S5, respectively). There
is a significant three-way interaction in males between the mating status, the diet, and
the age class, as indicated by ANOVA (F(3, 15) = 6.5, p < 0.001); see also Supplementary
Table S5 for a summary of the full model ANOVA results. Consequently, the focus is
mainly on examining this interaction using the simple–simple effects analysis approach.
More specifically, the two-way interaction between the four age classes and the two mated
statuses was examined within each diet [47]. The comparison between age classes is based
on the mean starvation resistance of the insects measured in hours to death (values in
parentheses).

In virgin males fed the full diet (protein), resistance to starvation decreased with age
(Figure 6A, Supplementary Tables S1 and S3). In the 11–20 age class, virgin males fed the
full diet lived longer compared to the 31–40 age class (in the 11–20 class: 72.0 ± 3.6 h; in
the 31–40 class: 48.5 ± 3.2 h; p = 0.003) and also compared to the 41–50 age class (in the
41–50 class: 39.6 ± 1.4 h, p < 0.001). Insects in the 21–30 age class lived longer than those in
the 41–50 age class (in the 21–30 class: 63.3 ± 5.7 h; in the 41–50 class: 39.6 ± 1.4 h; p = 0.002).
Therefore, in virgin males fed the full diet (protein), the ability to resist stress (starvation
resistance) tended to decline as they aged. On the contrary, in mated males fed the full diet,
there was no decline in starvation resistance as they aged. In mated males fed the restricted
diet (sugar), resistance to starvation decreased with age, following a similar pattern to the
one identified for virgin males. Insects in the 11–20 age class lived longer than those in the
31–40 age class (in the 11–20 class: 65.8 ± 4.6 h; in the 31–40 class: 33.8 ± 3.1 h; p < 0.001).
In virgin males fed the restricted diet (sugar), no decline in resistance was observed as they
aged (Figure 6B).
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In the following age classes, virgin males fed the full diet were more resistant than
mated ones. Specifically, in the 11–20 age class, virgin males fed the full diet were more
resistant to starvation than mated ones (in the 11–20 class, virgins: 72.0 ± 3.6 h; mated:
41.0 ± 5.5 h; p = 0.001), and in the 21–30 age class, virgin males fed the full diet were
more resistant to starvation than mated ones (in 21–30 class, virgins: 63.3 ± 5.7 h; mated:
27.2 ± 1.8 h; p < 0.001). In the 31–40 age class, virgin males fed the full diet were more
resistant to starvation than mated ones (in the 31–40 class, virgin males: 48.5 ± 3.2 h;
mated males: 25.1 ± 2.5 h; p = 0.003) (Figure 6A). In the 31–40 age class, virgin males
fed the restricted diet were more resistant than mated ones (virgins: 64.0 ± 6.7 h; mated:
33.8 ± 3.1 h; p < 0.001). No differences were observed between virgin and mated males fed
the restricted diet in the other three age classes (Figure 6B).

In the following age classes, mated males that were fed the full diet were less resistant
than those fed the restricted diet. Specifically, in the 11–20 age class, mated males that were
fed the full diet were less resistant to starvation than mated adults fed the restricted diet
(males on full diet: 41.0 ± 5.5 h; males fed the restricted diet: 65.8 ± 4.6 h; p = 0.05), and in
the 21–30 age class, mated males fed the full diet were more resistant to starvation than
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mated ones that were fed the restricted diet (mated males fed the full diet: 27.2 ± 1.8 h;
mated males fed the restricted diet: 53.3 ± 4.8 h; p < 0.001). On the contrary, no significant
differences in starvation resistance were observed between virgin males that received a full
diet and those that followed a restricted diet in any age group (Figure 6A,B).

3.2. Study of Starvation Resistance in Females

Tukey post hoc was applied to examine whether statistically significant differences
exist between the treatments (Supplementary Table S2). Also, descriptive statistics and the
ANOVA results are also available (Supplementary Tables S4 and S6, respectively). There is
a significant three-way interaction in females between mating status, diet, and age class,
as determined by ANOVA (F(3, 15) = 3.6, p = 0.016); see also Supplementary Table S6
for a summary of the full model ANOVA results. Consequently, the focus is mainly on
examining this interaction using the simple–simple main effects analysis approach. More
specifically, the two-way interaction between the four age classes and the two mating
statuses was examined within each diet [47]. The comparison between age classes is based
on the mean starvation resistance of the insects, measured in hours to death (values in
parentheses).

In both virgin and mated females fed the full diet, the resistance to starvation decreased
with age (Figure 7A, Supplementary Tables S2 and S4). In both cases, females in the
11–20 age class lived longer compared to the 41–50 age class. Specifically, in the 11–20 age
class, virgin females fed the full diet lived longer compared to full-diet-fed virgins in the
41–50 age class (in the 11–20 class: 74.4 ± 2.4 h; in the 41–50 class: 46.5 ± 1.5; p = 0.001). In
the 11–20 age class, mated females fed the full diet (mean starvation resistance in hours
to death: 57.4 ± 5.0 h) lived longer compared to their counterparts in the 41–50 age class
(mean starvation resistance in hours to death: 32.0 ± 4.6 h, p = 0.05). Therefore, in both
virgin and mated females that were fed the full diet (protein), their ability to resist stress
(starvation resistance) tended to decline with age.

Furthermore, in both virgin and mated females fed the restricted diet, the resistance
to starvation decreased with age. Specifically, virgin females in the 11–20 age class fed
the restricted diet exhibited significantly higher resistance to stress compared to those
in the 31–40 age class (virgin females in the 11–20 class: 107.8 ± 3.7 h; in the 31–40 class:
69.0 ± 4.8 h; p < 0.001). In the 11–20 age class, mated females fed the restricted diet exhibited
significantly higher resistance to stress compared to those in the 31–40 age class (mated
females in the 11–20 class: 78.9 ± 7.8 h; in the 31–40 class: 42.3 ± 2.7 h; p < 0.001) and also
to those in the 41–50 age class (in the 41–50 class: 33.4 ± 3.6 h, p < 0.001). Similarly, in
the 21–30 age class, mated females fed the restricted diet lived longer compared to those
in the 31–40 age class (mated females in the 21–30 class: 70.9 ± 6.9 h; in the 31–40 age
class: 42.3 ± 2.7 h; p = 0.001) and also to those in the 41–50 age class (in the 41–50 class:
33.4 ± 3.6 h, p < 0.001) (Figure 7B, Supplementary Tables S2 and S4).

In all four age classes, no significant differences in starvation resistance were observed
between virgin and mated females that were fed the full diet (Figure 7A). In some age
classes, virgin females fed the restricted diet were more resistant than mated ones. Specifi-
cally, in the 11–20 age class, virgin females fed the restricted diet were more resistant than
mated females (virgins: 107.8 ± 3.7 h; mated: 78.9 ± 7.8 h; p = 0.012). In the 31–40 age
class, virgin females fed the restricted diet were more resistant to starvation than mated
females (virgins: 69.0 ± 4.8 h; mated: 42.3 ± 2.7 h; p = 0.002), and in the 41–50 age class,
virgin females fed the restricted diet were also more resistant to starvation than mated ones
(virgins: 88.3 ± 7.1 h; mated: 33.4 ± 3.6 h; p < 0.001) (Figure 7B).
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Figure 7. Starvation resistance (in hours to death) for females: (A) fed the full diet (protein); (B) fed
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In the 11–20 age class, virgin females fed the full diet had reduced resistance to
starvation compared to those fed sugar (virgins fed the full diet: 74.4 ± 2.4 h; virgins fed
the restricted diet—sugar: 107.8 ± 3.7 h; p < 0.001). Similarly, in the 41–50 age class, virgin
females fed the full diet exhibited reduced resistance to starvation compared to those fed
sugar (virgins fed the full diet: 46.5 ± 1.5 h; virgins fed the restricted diet: 88.3 ± 7.1 h;
p = 0.05). Additionally, in the 21–30 age class, mated females fed the full diet had decreased
resistance to starvation compared to their sugar-fed counterparts (mated and fed the full
diet: 43.4 ± 2.2 h; mated and fed the restricted diet: 70.9 ± 6.9 h, p = 0.001) (Figure 7A,B).

3.3. Percentage Starvation Resistance Differences from the Corresponding Gender Mean

In Figure 8, the starvation resistance of males and females was also calculated as the
percent difference from the corresponding mean of each gender (Equation (1)). Based
on these results, the trend identified for both genders regarding starvation resistance is
almost the same, meaning that gender is not a factor that affects the longevity of the insects
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under stress conditions. In both genders and for all age classes, the virgin adults treated
with a restricted diet (sugar) had a higher starvation resistance (for males: from 10.3 up
to 46.5%; for females: 12.6 up to 75.9%) compared to the corresponding (male, female)
mean. Also, in younger age classes (11–20 and 21–30), in both genders, virgin adults
treated with the full diet (protein) (for males: from 28.4 up to 46.0%; for females: 3.9 up to
21.4%) and mated adults treated with the restricted diet (sugar) (for males: from 8.1 up to
33.5%; for females: 15.7 up to 28.7%) also had higher starvation resistance compared to the
corresponding (male, female) mean. Conversely, lower starvation resistance was similar
for both genders when compared to their (male, female) mean. In both genders and for all
age classes, the mated adults treated with the full diet (protein) showed lower starvation
resistance (for males: from −16.8 up to −49.1%; for females: −6.4 up to −47.8%) compared
to the corresponding mean of their gender. Also, in older age classes (31–40 and 41–50), in
both genders, virgin adults treated with the full diet (protein) (for males: from −1.6 up to
−19.7%; for females: −13.1 up to −24.1%) and mated adults treated with the restricted diet
(sugar) (for males: from −16.6 up to −31.4%; for females: −31.0 up to −45.5%) also had
lower starvation resistance compared to their (male, female) mean.
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In sum, the results show that (a) resistance to food deprivation decreases with age,
(b) in each age class, virgins are more resistant than the corresponding mated flies, (c) in
each age class, adults on the restricted diet are more resistant than those fed a full diet.
Mean values also indicate that females withstand food deprivation more than males in
almost all treatments.

4. Discussion

The results of our study revealed crucial insights into the conditions of age, diet,
and mating status, under which B. oleae is more susceptible to food deprivation. These
findings can lead to the implementation of more effective and environmentally sound pest
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management strategies that focus on the conditions under which B. oleae is more vulnerable.
These findings can not only provide critical information for more efficient pest control
strategies but also improve the understanding of the physiology of the insect to develop
integrated pest management strategies that focus on the weaknesses of B. oleae. In this
way, new, effective, and sustainable strategies can be developed that are not harmful to
beneficial insects, human health, or the environment. This new sustainable approach would
be of great interest to olive-growing countries that are constantly seeking the formulation
of more effective pest control strategies.

To our knowledge, our work is the first and unique study in the starvation scientific
literature that investigates how starvation resistance in the oligophagous insect B. oleae
is influenced by aging (across each day and for the age range from the 11th to the 50th
day). Due to the lack of other similar studies, there is difficulty in the assessment of our
findings. The only study that is close to the topic of our work but concerning a different
insect from the same family (Tephritidae) is one that was carried out and published by
our laboratory on the cosmopolitan and polyphagous species C. capitata, in which it was
examined how resistance to food deprivation changes across each day and throughout the
entire adult lifespan of the insect [16]. Overall, our findings are like those on C. capitata;
they specifically indicate that starvation resistance declines with age in both genders, and
younger adults endure longer. In addition, our results on the effect of diet on starvation
resistance in B. oleae are also in line with the results from the study for C. capitata; adults
fed the restricted diet show a higher starvation resistance than those fed the full diet. In
our work, olive fruit flies fed the restricted diet show a higher starvation resistance in
the first age class (11–20 days), followed by an abrupt decline in the second age class
(21–30 days) and, finally, a small increase in the other two older age classes (31–40 and
41–50 days), which, as a result, is in line with the results of the study on C. capitata [16]. A
comparison with other studies is not considered feasible due to the heterogeneity of the
studies (i.e., with studies on D. melanogaster or other insects that belong to the same order
but to different families). However, due to the lack of similar studies, a comparison will be
attempted in the same order-based context to achieve some sort of assessment. Moreover,
virgin adults of D. melanogaster fed a full diet had—in relative terms—a lower resistance
to starvation [48]. Furthermore, D. melanogaster adults fed a restricted diet showed the
reverse pattern of starvation resistance, with age positively affecting resistance in females
and without any effects on males [46].

Experiments with wild B. oleae are inherently difficult to conduct, as this insect requires
fresh olive fruit to complete its life cycle. As a result, olives must be uninfested and should
be harvested in time to effectively rear olive fruit flies. These olives can be preserved in
scientific refrigerators but for no longer than 4 months, setting a barrier to the completion
of the experiments. Also, it is difficult to obtain large numbers of insects simultaneously
for a given period. To maintain the number of insects needed for the experiment, infested
olives were constantly collected from olive groves for a period of approximately three
months. In addition, specific constant laboratory conditions are required for rearing and
for conducting experiments with B. oleae adults, such as temperature (25 ± 2 ◦C), relative
humidity (65 ± 5%), and photoperiod (L14:D10).

Moreover, it must be stressed that the insects cannot be easily synchronized; this
means that to obtain the number of insects for each treatment, at least 2–3 days were
needed for younger insects, and at least 20–25 were required for the older ones. In addition,
not all insects underwent starvation simultaneously. For each day from the 11th to the 50th
day of their lifespan, 80 insects per treatment were subjected to starvation, increasing the
complexity of the experiment and the difficulty in the management of the measurements.
The pattern of subjecting insects to starvation daily is based on a similar approach adopted
from a previous study on Tephritidae [16]. Therefore, conducting experiments with wild
B. oleae is a challenging process, and this might be the reason why no similar experiments
have been conducted on starvation resistance for this species so far.
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During the stage of collecting non-infested and infested olives, an effort was made
to obtain olives and flies located in the region of Chalkidiki and Northern Greece to have
more representative samples. To reduce the subjective bias errors in the measurements, the
same person from our scientific team was responsible for recording insect deaths due to
starvation. In addition, the rotation of the individual cages (change in their position in the
laboratory on a circular basis) was performed daily to reduce potential experimental errors.
As a result, all of these efforts to reduce biased errors further increased the complexity of
the experiment and the time needed for its completion.

Mating-specific effects on starvation resistance. In our study, virgin adults exhibited
greater starvation resistance compared to mated adults in all age classes. The results of our
study show that mating can be energetically costly for both males and females, and as a
result, virgin adults exhibit higher starvation resistance compared to mated ones. These
results are in line with previous studies on insect mating status [24,49,50]. Male C. capitata
that courted but did not mate have a similar lifespan to those that courted and then mated,
meaning that courtship alone is metabolically costly [50]. It was also found that mating
decreased the locomotor activity levels of males; these findings provide evidence that both
courting and mating are metabolically costly [36]. Males may need to compete for access
to mates or invest in courtship displays. Wing vibration associated with courtship [51,52]
and the spreading of pheromones [53] result in a shorter lifespan for males [50]. Moreover,
energetically expensive traits such as wings with special morphological characteristics
that signal male quality and attractiveness to potential mates are costly to produce and
maintain [51,52]. In Bactrocera tryoni (Froggatt) (Diptera: Tephritidae), mated females seem
to be less resistant to starvation than virgins, and that may happen because of mating
attempts and due to the mating procedure [54]. These mating procedures cost more energy
in mated females than virgins, the latter being more resistant to starvation. A recent study
showed that in two different strains of Anastrepha ludens (Loew) (Diptera: Tephritidae),
sexual maturation reduced survival in both genders [55].

Age-specific effects on starvation resistance. The results of the present study show
that younger individuals exhibit higher starvation resistance than those in older age classes.
This can be explained by the fact that younger adults may have greater energy reserves from
the larval stages than older ones or more efficient metabolic processes that allow them to
better endure periods of food deprivation. Gerofotis et al., following a similar methodology
to that used in the present study, found that in C. capitata, starvation resistance declines
with age; age and adult diet were the most significant determinants of starvation resistance,
followed by gender [16]. Belyi et al. observed a strong negative correlation between age
and starvation resistance in D. melanogaster [56]. Experiments on B. tryoni showed that
resistance to starvation and desiccation in both males and females decreases with age,
although there were statistically significant differences in the pattern and extent of this
decline [57]. Throughout aging, other biological functions also decrease. In B. tryoni, the
effect of age on the olfactory response and exploratory activity was found to be important;
specifically, the probability of an olfactory response in both genders to test odors declined
with age [28].

Diet-specific effects on starvation resistance. Our experiments revealed a clear rela-
tionship between diet and starvation resistance across all age classes, and specifically, adults
fed a protein-rich diet displayed a lower resistance to starvation compared to adults fed a
sugar-rich diet. Dietary restriction has already been studied in many species. Experiments
on A. ludens showed that a restricted diet not only extended their longevity but also reduced
their reproductive output [58]. Similarly, in females of Anastrepha fraterculus (Wiedemann)
(Diptera: Tephritidae), protein restriction expanded longevity and decreased egg produc-
tion [59]. Also, in B. tryoni, lifespan and egg production were often closely linked to diet
and the consumption of micronutrients [13]. In addition, protein consumption accelerates
sexual maturation, leading to further energy losses due to mating and, as a result, to a
shorter lifespan [21–24]. In the case of sugar consumption, the female produces a smaller
number of eggs and, therefore, expends less energy [16,60]. These patterns are in line
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with our findings and explain the higher starvation resistance of virgin adults when fed a
restricted diet. In females, the consumption of a protein diet plays an important role in the
maturation of their eggs. Specifically, in B. tryoni this laboratory adaptation has been found
to significantly enhance fecundity, resulting in a notable 4- to 5-fold rise in the rate at which
dietary protein is converted into eggs; mated females seem to be less resistant to starvation
than virgin ones on different diets, and that may result from mating attempts and due
to the mating procedure [54]. In the case of C. capitata, it has been observed that mating
enhances egg production in protein-fed females, but this is counterbalanced by reduced
survival [61]. In Anastrepha serpentina (Wiedemann) (Diptera: Tephritidae), egg production
was highest in flies maintained on a protein-rich diet; in flies kept on a restricted diet, egg
production was lower [37]. It has been found that in B. oleae, mating negatively affects
female longevity [62].

In Tephritid flies, protein digestion can be more energetically expensive than sugar
digestion, leaving fewer resources for other essential functions, such as maintaining energy
reserves [10,11,63–65]. Specifically, in C. capitata, nutritional status is a dominant factor
known to affect the male’s signaling performance and determine the female’s decision to
accept a male as a sexual partner [63]. Mating and a full diet (protein) shorten longevity in
both genders. In C. capitata, wild males fed protein had a mating advantage over protein-
deprived males [64]. These activities can require significant energy expenditure, leaving
fewer resources available for essential functions, such as maintaining energy reserves, thus
leading to shorter lifespans [10,11,65]. Research on D. melanogaster indicated that a seminal
fluid protein in stored sperm, the molecule Acp26Aa, is responsible for an initial elevation
in egg laying; females mated to mutant males that lack the molecule Acp26Aa lay fewer
eggs than those mated with wild males [66].

A recent study on Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) showed that a
restricted diet leads to changes in phenotype, antioxidant response, and gene expression
and a prolongation of lifespan in this species [67]. It would be interesting to study whether
B. oleae may experience similar negative effects when fed a restricted diet. Anastrepha
ludens and Anastrepha obliqua (Macquart) (Diptera: Tephritidae) fruit flies exposed to a
combination of sugar and fresh mango fruit pulp showed greater longevity and field
survival and better mating performance [38]. Experiments on B. oleae with a diet based on
fresh fruits, their derivatives, or fruit pulps may lead to similarly useful insights. According
to our findings, insects fed a full diet exhibited reduced starvation resistance in laboratory
conditions. Therefore, in future experiments on B. oleae, it is suggested that fruit-based
diets be preferred to protein to examine field survival and mating performance while
limiting the potential negative effects of protein on starvation resistance that have been
identified under laboratory conditions. These results could be applied to sustainable and
environmentally friendly control methods for B. oleae, such as the sterile insect technique or
other biotechnological methods.

Three-factor interactions in starvation resistance. In a study on C. capitata, it was
found that as the cohort aged, there was a noticeable trend of smaller consecutive lipid
crests, and as the cohort reached advanced ages and approached the maximum age, the
lipid contents experienced a significant decline [68]. These findings are in line with our
results: between the ages of 11 and 20 days, mated males that had consumed a full diet
exhibited a lower resistance to starvation. As mated adults reached the age of 21 to 30 days,
differences in starvation resistance were observed between those that had consumed full
or restricted food. This variation arises from the ongoing maturation of their eggs, as well
as the influence of courtship, competition, and mating in both genders. However, based
on our results, after reaching 30 days of age, the diet consumed does not appear to affect
starvation resistance in mated adults. Conversely, in the age group of 41 to 50 days, there is
a discrepancy in starvation resistance between virgin males and females, but no significant
difference is observed among mated individuals. This suggests that a restricted diet
enhances the resistance of adults in this age range when it comes to starvation resistance.
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Further research should focus on the isolation and comprehensive investigation of
genes associated with fertility, development, and ovarian function. For instance, a study
conducted on Zeugodacus cucurbitae (Coquillett) (Diptera: Tephritidae) provided genetic
insights into the intricate processes underlying ovarian development and reproductive
outcomes affected by nutritional factors [69]. The tangible next steps in B. oleae research will
first be studies in natural olive grove conditions, where the influence of factors affecting
insect starvation resistance may vary. Secondly, studying lipid contents in B. oleae could
provide additional useful insights into the proximal physiological processes underlying
starvation resistance.

Our results have strong practical implications for pest control. The study of adult
stress resistance in insects could ultimately lead to (early-life) rearing protocols that would
enhance the physiological traits of sterile mass-reared males (e.g., starvation and desiccation
resistance). Based on the results of our study, we recommend further research on the use
of sugar with fruit derivatives as a diet for mass-reared males (which is also more cost-
effective compared to yeast hydrolysate diets) because it could boost starvation resistance
and conceivably other fitness traits, ultimately benefiting the efficacy of the sterile insect
technique. The same applies to other “genetic” methods where the release of mass-reared
insects is required. The findings of the current study can therefore be used to formulate
more effective strategies based on better knowledge of the insect’s biology. Following up on
our findings, additional studies should seek to investigate the physiological mechanisms
behind starvation resistance, thus providing essential benefits for the management of
species of insects of agricultural and medical importance.

5. Conclusions

The results of the current study reveal insights regarding the key factors affecting
starvation resistance in B. oleae: mating status, age, and diet. This information is important
for improving existing or formulating new, more effective, and environmentally sound pest
control strategies.

The main conclusions of the current study regarding the factors affecting starvation
resistance are the following:

Mating status: virgin adults exhibit higher starvation resistance compared to mated adults
in all age classes.
Age: younger adults exhibit higher starvation resistance in almost all treatments.
Diet: adults that are fed a full diet containing protein show notably lower starvation
resistance compared to sugar-fed ones.
Gender: the same pattern of starvation resistance has been identified for both genders.

Regarding the interactions between the above factors, it can be deduced that in both
genders, younger virgin adults fed the restricted diet show higher resistance in conditions
of food deprivation.

We expect that the findings from our study on the critical factors of age, diet, and
mating status that affect starvation resistance in B. oleae will provide valuable information
on the vulnerability of this insect to food deprivation. Field studies and further research
must be conducted to confirm the results of our study on a larger scale.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/insects14110841/s1: Table S1: “Tukey (HSD) results for males.
Mean values followed by different numbers are statistically significantly different at significance
level a = 0.05 (p ≤ 0.05), according to the results of the Tukey’s multiple comparisons procedure”;
Table S2: “Tukey (HSD) results for females. Mean values followed by different numbers are statis-
tically significantly different at significance level a = 0.05 (p ≤ 0.05), according to the results of the
Tukey’s multiple comparisons procedure”; Table S3: “Additional descriptive statistical indices for
each treatment combination for starvation resistance for males”; Table S4: “Additional descriptive
statistical indices for each treatment combination for starvation resistance for females”; Table S5:
“Tests of between-subject effects for males (dependent variable: starvation resistance in hours)”;
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Table S6: “Tests of between-subject effects for females (dependent variable: starvation resistance
in hours)”.
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Simple Summary: Drosophila suzukii is an insect of global economic importance, including in the
Neotropical region. Due to the difficulty in controlling this insect pest with conventional insecticidal
molecules, it is necessary to search for novel alternatives. Here, we present the potential of synthetic
lactone-based insecticides to control D. suzukii. Additionally, we demonstrate molecular predictions
regarding the actions of these molecules on the nervous system of the target pest and on the nervous
system of its parasitoid, Trichopria anastrephae. By using in silico approaches, we demonstrate that
the lactone derivatives (rac)-8 and compound 4 predominantly affect the TRP channels of D. suzukii
(TRPM) and exhibit less stable interactions with the TRP channels expressed in T. anastrephae.

Abstract: Drosophila suzukii, an invasive insect pest, poses a significant threat to various fruit crops.
The use of broad-spectrum insecticides to control this pest can reduce the effectiveness of biological
control agents, such as the parasitoid Trichopria anastrephae. Here, we evaluated the toxicity of newly
synthesized lactone derivatives on D. suzukii and their selectivity towards T. anastrephae. We used in
silico approaches to identify potential targets from the most promising molecules in the D. suzukii
nervous system and to understand potential differences in susceptibilities between D. suzukii and
its parasitoid. Of the nine molecules tested, (rac)-8 and compound 4 demonstrated efficacy against
the fly. Exposure to the estimated LC90 of (rac)-8 and compound 4 resulted in a mortality rate of
less than 20% for T. anastrephae without impairing the parasitoid’s functional parasitism. The in
silico predictions suggest that (rac)-8 and compound 4 target gamma amino butyric acid (GABA)
receptors and transient receptor potential (TRP) channels of D. suzukii. However, only the reduced
interaction with TRP channels in T. anastrephae demonstrated a potential reason for the selectivity of
these compounds on the parasitoid. Our findings suggest the potential for integrating (rac)-8 and
compound 4 into D. suzukii management practices.

Keywords: spotted wing Drosophila; Trichopria anastrephae; in silico approaches; pesticide mode
of action

Insects 2023, 14, 697. https://doi.org/10.3390/insects14080697 https://www.mdpi.com/journal/insects53



Insects 2023, 14, 697

1. Introduction

The spotted wing drosophila, Drosophila suzukii, is a significant insect species that
reduces flesh fruit productivity in the Neotropical region [1,2]. Originally from Asia,
D. suzukii has now spread worldwide [3], and despite its recent invasion into orchards in
the Neotropical region, 28 plant species have been identified as hosts for D. suzukii [2]. For
instance, D. suzukii infestation has led to estimated productivity losses of around 30% for
Neotropical strawberry production [4].

The control of D. suzukii in the Neotropical region, as already described for Europe
and the USA [5,6], is heavily dependent on the use of a few molecules (e.g., organophos-
phates, pyrethroids and the spinosyns) with very-well-characterized undesired effects
on non-target organisms, including those that can provide naturally occurring biological
control [5–7]. A possible alternative to foliar spraying is the use of toxic baits or low-volume,
reduced-risk sprays in conjunction with feeding attractants [8,9]. However, although the
use of these devices can substantially reduce the amount of insecticide applied, the effi-
ciency can be strongly influenced by factors such as the high density of insects, unharvested
fruits, and other alternative host fruits in the field, in addition to the physiological aspects
(e.g., reproductive maturity, age, mating status) of insects [10,11].

In support of sustainable control options and compatible production methods of
small fleshy fruits, the use of parasitoids has been widely investigated [12,13]. The pupal
idiobiont parasitoid Trichopria anastrephae has been proposed as an effective biological
control agent for D. suzukii [2]. This parasitoid is naturally distributed in Brazilian regions
with occurrence on blackberry and strawberry fruits attacked by D. suzukii [14,15]. It is
able to achieve a parasitism rate of over 90% at some sites in Southern France [16]. Thus,
generating alternative pesticides compatible with the conservation of beneficial insects can
be a robust factor for the control of D. suzukii populations.

Macrocyclic lactones, such as avermectins and milbemycins, have been widely used
as insecticides to control a variety of insect pests with reported low risk to non-target
insects [17–20]. These lactones are derived from naturally occurring compounds produced
by soil-dwelling bacteria belonging to the genera Streptomyces (for avermectins) and
Streptomyces and Streptomyces avermitilis (for milbemycins) [18]. However, there is a
knowledge gap regarding the potential modes of action of synthetic lactone derivatives
in target and non-target organisms. For instance, previous investigations have demon-
strated the actions of some macrocyclic lactones on ligand-activated receptors (e.g., GABA
receptors) and transient potential receptor (TRP) channels expressed in invertebrate ner-
vous systems [21–23]. Indeed, considering the fact that the differential actions of novel
insecticides on GABA receptors and TRP channels have been demonstrated for insect pests
and their natural enemies [24–27], it would be reasonable to expect that such differential
activities might be related to the lactone derivatives.

Here, we synthesized novel lactone derivatives and evaluated the toxicity of lactone
derivatives on D. suzukii and its parasitoid, T. anastrephae. We further conducted in silico ap-
proaches to identify potential physiological targets in the D. suzukii nervous system for the
actions of the most promising lactone derivatives. Such molecular prediction approaches
helped to assess the action targets with higher selectivity potential for T. anastrephae.

2. Materials and Methods
2.1. Chemicals and Synthesis Process

We synthesized nine lactone derivatives. The identification of the compounds, as well as
their molecular structures, is described in Table S1. The progress of reactions to obtain all the
molecules used in this study was monitored by thin-layer chromatography (TLC) plates, and
purification was performed by column chromatography on silica gel 70–230 mesh. When
necessary, solvents and reagents were purified according to the literature [19]. Complete
and detailed synthesis of the molecules is described in Teixeira et al. [28] and Näsman [20].
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2.2. Chemical Solutions Preparation

The solid crystals of each molecule were weighed in 25 mL scintillation glass vials at
masses that would allow the desired concentration (i.e., 1000 mg L−1) to be reached after
the addition of the solvents, i.e., dimethyl sulfoxide (DMSO) and sugar water solution at
20% m/v. To dilute the molecules, first, an amount of DMSO that represented 2% of the final
volume of the solution, according to the exact molecular mass present in each sample, was
added to the vial. The DMSO + molecule mix was then gently hand-stirred preventing the
unnecessary spread of the solids on the vial walls. After allowing these first mixes to rest for
at least 5 min, or enough for all the crystals solubilize in the DMSO, the remaining volume
needed to reach the final solution volume was completed using a prediluted 20% m/v
sugar water solution. The addition of the sugar water into the DMSO + molecule mix must
be performed very gently and slowly by releasing the sugar water at the walls of the vial,
preventing turmoil or strong disturbance in the solution, followed by gentle stir using a
metal spatula. Failure in this step results in the molecule reprecipitating at the bottom or
surface of the solution, preventing even exposure to the chemical later on. The control
treatment consisted of a solution of 20% m/v sugar water containing 2% DMSO.

2.3. Toxicities on D. suzukii

The toxicity ratios between the compounds were estimated following the method-
ology proposed by Andreazza et al. [29]. Briefly, the initial assessment of the toxicities
of the lactone derivatives in D. suzukii adults was conducted by exposing adult flies to a
discriminatory concentration of 3 g L−1 for a 24 h period. For those lactone derivatives that
killed more than 80% at the initial test, we formed concentration–mortality curves. For both
the initial discriminatory test and the subsequent concentration–mortality curve assays,
the exposure was completely randomized. Our experimental unit consisted of 25 unsexed
3–4-day-old flies placed into a 250 mL glass vial. To prepare each exposure unit, a dental
cotton wick was placed inside a 250 mL glass vial, and 1.8 mL of the testing solution was
applied to the cotton wicks. Subsequently, the vial was closed at the top with a foam plug.
The fly release occurred by inserting a plastic tube between the plug and the vial’s wall and
puffing the flies into the vial. The insects could then feed on the solution ad libitum. At the
end of 24 h period, the mortality was checked, and a fly was considered dead if it was not
able to move upon being touched with a fine brush.

2.4. Toxicities on the Parasitoid T. anastrephae

Adult parasitoid T. anastrephae, up to 24 h old, were submitted to an ingestion bioassay
for a 24 h period. For this, the insects were deprived of food for 8 h prior to the installation
of the bioassays and placed inside plastic cages (100 mL) (10 pairs per cage), as described
by Bernardi et al. [30]. The treatments were composed of compound 4 and (rac)-8, prepared
as described in the “Chemical solutions preparation” section of this article. After 24 h of
exposure, the insecticide-contaminated diets were removed, and the insects were provided
with pure honey as a food source until the end of the bioassay. Insect mortality was
evaluated for up to 120 h following the beginning of exposure, and the data were submitted
to a survival analysis on Sigma Plot 12.5 (Systat software Inc., San Jose, CA, USA). The
experimental design was completely randomized with seven replicates per treatment, with
each replicate being composed of 10 pairs of T. anastrephae (n = 140).

To evaluate the sublethal effects of the treatments on the wasps’ functional parasitism
abilities, ten D. suzukii pupae (24 h old pupae) were offered per day for seven days (be-
ginning at 120 h) to each surviving T. anastrephae female from the ingestion bioassay. The
pupae were exposed to the wasps on a wet hydrophilic cotton layer on an acrylic petri dish.
Daily, the pupae were removed and placed in plastic cups (100 mL) sealed on top with
voile until the fly or wasp emerged. During the evaluation period, the wasps were fed with
80% (w/v) honey/water. The number of parasitoid offspring that emerged was recorded,
and the percentage of parasitism was estimated for each treatment during the 7 days of
pupae exposure.
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The percentage of parasitism data used for the function of treatment and days of
pupae exposure was submitted to a covariance analysis using Proc Mixed in SAS software
v 12.0 (SAS Inc. 2013, Cary, NC, USA) with three levels for the first covariable (i.e., control,
compound 4 and (rac)-8) and seven levels for the second covariable (i.e., first through
seventh day). The covariant structure used was compound symmetry based on the smallest
AICC (corrected Akaike’s Information Criterion) obtained for this structure among several
other covariant structures tested.

2.5. In Silico Evaluation of the Potential Target Receptors of Lactone Derivates on D. suzukii and
T. anastrephae
2.5.1. Prediction of Putative Targets of Lactone Derivates

The selective lactone molecules in favor of parasitoid insects were drawn using Marvin
Sketch 18.12.0 (ChemAxon, Budapest, Hungary) and saved in 3D mol2 format. Target
receptor predictions of lactone derivates was carried out with the Similarity Ensemble
Approach (SEA) and SwissTargetPrediction databases [31,32]. The genes of the predicted
target receptors were downloaded from the NCBI and Uniprot databases and the better
interactions against the selective lactone molecules determined from AutoDock Vina soft-
ware (CCSB, Center for Computational Structural Biology, La Jolla, CA, USA) were used for
the further analysis of molecular docking in both spotted wing drosophila and parasitoids.

2.5.2. Data Resources for the Selected Target Receptors of D. suzukii and T. anastrephae

The amino acid sequences of transient receptor potential (TRP) channels and gamma
aminobutyric acid GABA receptors of D. suzukii were retrieved from the National Center
for Biotechnology Information (NCBI) database. On the other hand, T. anastrepha has no
sequenced data resource available. Therefore, the proteins of a closely related species,
Trichopria drosophilae, were selected. The T. drosophilae proteins were obtained from the
transcriptome data found in the original SRA RNA-seq reads available from the National
Center for Biotechnology Information (NCBI). Sequence quality was assessed for each
dataset through visualization in FastQC (released 0.11.5). Adapters were removed and low-
quality regions were discarded using Trimmomatic (version 0.36). Low-quality readings
(mean score of less than 20) and those with less than 50 nucleotides were excluded [33].
After processing the raw readings, we proceeded with their reconstitution through Trin-
ity (version 2.5.1) with the default settings, resulting in contigs of the transcription se-
quences [34]. Then, we performed the prediction of coding sequences with more than
100 amino acids using TransDecoder [35]. We used Blast2GO to perform a functional
annotation with default parameters and an InterProScan analysis of the TransDecoder
to predict coding transcripts [36]. After obtaining the GO annotation for every coding
transcript, the GABA receptor and TRP channel were identified. Protein domains for both
the GABA receptor and TRP channel were identified using HMMER (release 3.0) with the
PFAM database.

2.5.3. Generation and Validation of 3D Structures of Target Receptors

Homology modeling was used to construct the 3D structures of both the GABA receptor
and TRP channel using The Swiss Model Workspace (https://swissmodel.expasy.org/
accessed on 17 January 2023). The templates were selected using the BLASTp tool, and the
crystallographic structures were obtained from the Protein Data Bank (https://www.rcsb.
org/ accessed on 17 January 2023). For the choice of the best structures, the experimental
method used and the quality parameters (i.e., resolution) considered were the R-value
and its complexing with a ligand. Clashes in crystallographic structures and amino acid
positioning in the active site were checked using the Swiss model [37]. The validation
of the stability of the generated models was performed by analyzing the Ramachandran
plot [34,38], in which it was possible to analyze the distribution of the torsion angles of
the backbone, Φ and ψ, which are responsible for the stereochemical quality of the protein
studies, and the QMEAN factor was also analyzed [39].
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2.5.4. Molecular Docking of Lactone Derivates against Target Receptors

Both selective lactone molecules designed by Marvin Sketch 18.12.0 (ChemAxon) and
the target receptors modeled were specified to the pdbqt format and were prepared for
the molecular docking process using Autodock ps 1.5.7 [40,41]. First, we added hydrogen
atoms to the ligands in order to compute the protonation states as well as all possible bond
torsions. The coordinates used for docking were generated by positioning the grid box
inside the receptor’s active pocket, and the crystallographic structures were used to design
the grid boxes. Posteriorly, the docking calculations were performed using AutoDock
Vina 4 [42], and nine docking positions for each ligand interacting with all receptors’ active
sites were generated. Affinity energies (kcal/Mol) for each interaction were also provided.
The results were analyzed using PyMOL 2.0 [43] and Discovery Studio 4.5 [44], and the
best interaction positions were selected. The following parameters were used to determine
the best positions: ligand interactions with the amino acids from the active site, receptor–
ligand affinity energies, the root-mean-square deviation (RMSD) between the initial and
subsequent ligand structures and the nature of interactions considering the hydrogen bonds
and non-covalent interactions for each complex according to 2D interaction maps.

2.5.5. Phylogenetic Analysis of TRP Channels

The analysis of the evolution of the D. Suzukii and T. anastrephae TRP channels was
conducted using TRP channel genes of seven other species, i.e., Drosophila melanogaster
(Dm), Bombyx mori (Bm), Tribolium castaneum (Tc), Apis mellifera (Am), Nasonia vitripennis
(Nv), and Pediculus humanus (Ph) [45]. For this, the sequences were aligned using Mus-
cle software, and the maximum likelihood method was used to calculate the tree based
on the WAG amino acid substitution model and with 100 bootstrapped datasets using
MEGA6 (Molecular Evolutionary Genetics Analysis) software [46]. The results were visual-
ized and represented using FigTree software (http://tree.bio.ed.ac.uk/software/figtree/
accessed on 17 January 2023). The analysis involved 79 amino acid sequences. The amino
acid subfamilies of TRPA (XP_016934147.1–XP_036671523.19) and TRPC (XP_016945947.1–
XP_036675292.1) of Drosophila suzukii were obtained from the NCBI (National Center and
Biotechnological Information).

3. Results
3.1. Insecticide Activity of Lactone Derivatives

Lactone derivatives exhibited varying toxicities (F14,75 = 48.2, p < 0.001) against adult
D. suzukii (Figure 1A). Among the tested compounds, five molecules, (rac)-2, (rac)-3, com-
pound 4, (rac)-5 and (rac)-8, demonstrated the ability to kill over 40% of D. suzukii adults.
Compound 4 and (rac)-8 displayed the highest potencies with mortality rates exceeding 75% at
a concentration of 3 g/L (Figure 1A). However, compound 4 (LC50 = 1.04 (1.01–1.08) g/L)
and (rac)-8 (LC50 = 1.13 (1.07–1.18) g/L showed statistically non-significant differences in
terms of toxicity (Figure 1B).

3.2. Functional Selectivity of Compound 4 and (rac)-8 Lactone Derivates to T. anastrephae Adults

The survival analysis of parasitoid males and females indicated that individuals
exposed to the estimated LC90 for compound 4 (1.46 g/L) and (rac)-8 (1.91 g/L) had
significantly (log-rank test, χ2 = 27.5, p < 0.001) lower survival abilities that those individuals
that were not exposed to the lactone derivatives (Figure 2A). However, at the end of the
experiment (i.e., 120 h) the survival rate for all exposed insects was greater than 80%.
Additionally, exposure to the LC90 of lactone derivatives did not affect the ability of
T. anastrephae to parasitize D. suzukii pupae (Figure 2B).
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Figure 1. Toxicity screening bioassay of lactone derivatives on Drosophila suzukii. (A) Mortality of D. 
suzukii adults caused by nine lactone derivatives at a concentration of 3 g/L. (B) Concentration–
mortality curves for the two most promising molecules (i.e., compound (4) and (rac)-8). Adult flies 
were exposed through the ingestion pathway, and the exposure period was 24 h. Control C repre-
sents insects treated with sugar solution. Control C represents insects treated with sugar solution 
containing 2% dimethyl sulfoxide (DMSO). 
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Figure 1. Toxicity screening bioassay of lactone derivatives on Drosophila suzukii. (A) Mortality of
D. suzukii adults caused by nine lactone derivatives at a concentration of 3 g/L. (B) Concentration–mor-
tality curves for the two most promising molecules (i.e., compound (4) and (rac)-8). Adult flies were
exposed through the ingestion pathway, and the exposure period was 24 h. Control C represents
insects treated with sugar solution. Control C represents insects treated with sugar solution containing
2% dimethyl sulfoxide (DMSO).
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  Figure 2. Selectivity of two lactone derivatives (i.e., compound (4) and (rac)-8) on males and females
of the parasitoid Trichopria anastrephae. (A) Survival of T. anastrephae adults exposed to the LC90 of
compound 4 (1.46 g/L) and (rac)-8 (1.91 g/L) estimated for D. suzukii. Survival curves followed by
the same letter do not differ from each other (log rank test, p > 0.05). (B) Functional parasitism of
T. anastrephae females after being exposed to compound 4 (1.46 g/L) and (rac)-8 (1.91 g/L). Columns
represent the combined daily parasitism rate over a seven-day period after 24 h of exposure to the
compounds. Columns under the same horizontal line do not differ from each other (Holm–Sidak
test, p > 0.05). The control represents insects treated with sugar solution containing 2% dimethyl
sulfoxide (DMSO).
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3.3. Molecular Docking Analysis of the TRP Channels with Lactone Derivatives

The phylogenetic analysis revealed the evolution of TRP channels of Drosophila suzukii
and the Trichopria drosophilae species, which is closely related to Trichopria anastrephae (Figure 3).
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ilae species, which is closely related to Trichopria anastrephae. The identities of the TRP channels were Figure 3. Analysis of the evolution of TRP channels of Drosophila suzukii and the Trichopria drosophilae
species, which is closely related to Trichopria anastrephae. The identities of the TRP channels were
determined using TRP channel genes of the Drosophila melanogaster, Bombyx mori, Tribolium castaneum,
Apis mellifera, Nasonia vitripennis, and Pediculus humanus genomes.

Our in silico analysis indicated that the TRPM channels are potential targets for the
actions of (rac)-8 and compound 4 in D. suzukii (Figure 4), but transcriptome analyses did
not result in TRPM sequence availability in the parasitoid flies. T. anastrephae individuals are
equipped with TRPC channels (Figure 4). The TRPM channels exhibited a Ramachandran
value of 92.62% and a QMEAN factor of −2.95 (Figure 4A), while the TRPC channels showed
similar results for the Ramachandran (91.8%) and QMEAN factor (−4.01) values (Figure 4A).
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Figure 4. Predictions of (rac-8) and compound 4 lactone derivative binding to TRP channels related
to Drosophila suzukii and the species closely related to the Trichopria anastrephae parasitoid, Trichopria
drosophilae. (A) Structures of active sites of the Drosophila suzukii TRP channel (TRPM, left panel) and
Trichopria drosophilae TRP channels (TRPC, right panel) interacting with (rac)-8 (blue). (B) Structures
of active sites of the D. suzukii TRP channel (TRPM, left panel) and Trichopria drosophilae TRP channels
(TRPC, right panel) interacting with compound 4 (green). (C) Two-dimensional interaction map
representations of D. suzukii and T. drosophilae TRP channels with (rac)-8. (D) Two-dimensional
interaction map representations of D. suzukii and T. drosophilae TRP channels with compound 4. All
detailed amino acids belonging to the lipid environment binding site are also represented. (For the
interpretation of the references used to color in this figure legend, the reader is referred to the web
version of this article).

The complex formed by (rac)-8 and the TRPM channels showed hydrogen bond
interactions with TYR514 and TYR515, van der Waals interactions with TYR511, ILE577,
ASN573 and GLU574, carbon hydrogen bond interactions with SER665 and SER513 and
alkyl interactions with TRP666 (Figure 4B). The predicted binding interactions of (rac)-8
with the TRPC revealed higher instability as the predominant forces were van der Waals
forces (Figure 4B). The (rac)-8 complex with the TRPC channel showed hydrogen bond
interactions with SER54 and van der Waals interactions with SER C:50, SER B:54, SER
B:50, SER A:54, SER A:50, ASN D:51 and SER D:50 (Figure 4B). Compound 4 exhibited a
lower interaction energy (AutoDockVina affinity energy kcal mol−1) between the TRPM
channel (−3.9) compared to TRPC (−3.2) (Figure 4B). While the SWD-related compound
4 TRPM complex showed hydrogen bond interactions with TYR A: 511 and van de Waals
interactions with TRP A: 666, SER A: 665, TYR A: 514, ILE A: 577, TYR A: 515, SER A:
513 and ILE A: 503, the complex formed by compound 4 and TRPC channels showed
hydrogen bonds with SER A: 50, SER B: 50, SER C: 50 and SER D: 50 and carbon hydrogen
bonds with SER A: 50 (Figure 4B).
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3.4. Molecular Docking Analysis of the GABA Receptors with Lactone Derivatives

Our in silico analysis indicated that the GABA receptor is a potential target for the
actions of only (rac)-8 in D. suzukii (Figure 5). The D. suzukii GABA receptors exhibited a
Ramachandran value of 94.81% and a QMEAN factor of −3.8 (Figure 5A), while GABA
receptors of the parasitoids showed similar Ramachandran (92.0%) and QMEAN factor
(−3.9) values (Figure 5A). The molecular docking results predicted no significant differences
in the interaction energy (AutoDockVina affinity energy kcal mol−1) between the GABA
receptors of D. suzukii (−6.1) and its parasitoid (−5.9) with (rac)-8 (Figure 5A). While the
(rac)-8 complex with the D. suzukii GABA receptor showed hydrogen bond interactions
with SER692 and LEU355, van de Waals interactions with GLY356, GLY354, SER591 and
ASN590 and alkyl interactions with PHE596, MET428 and ILE596, the complex formed by
(rac)-8 and the parasitoid-related GABA receptors revealed hydrogen bond interactions with
ILE55, van der Waals interactions with THR348, VAL344, PHE46, LEU263, SER49, VAL51,
LEU53 and ASN345, and alkyl interactions with ALA54. Similarly, the compound 4 complex
with D. suzukii GABA receptors (−3.9) did not exhibit significant differences in interaction
energy (AutoDockVina affinity energy kcal mol−1) when compared to the interaction affinity
recorded for the GABA receptors of the parasitoids (−4.0). While the compound 4 complex
with the D. suzuki GABA receptors showed hydrogen bond interactions with SER813, and
van der Waals interactions with TRP810, MET759, VAL756, ILE582, LEU814 and TYR817, the
compound 4 complex with the parasitoid-related GABA receptors showed carbon hydrogen
bond interactions with ALA123 and GLY105 and van der Waals interactions with ALA122,
GLY119, GLY319, LEU318, ALA425, GLY421, PHE422 and SER126.
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drosophilae. (A) Structures of Drosophila suzukii (left panel) and Trichopria drosophilae (right panel) GABA
receptor active sites interacting with (rac)-8 (blue). (B) Structures of Drosophila suzukii (left panel) and
Trichopria drosophilae (right panel) GABA receptor active sites interacting with compound 4 (blue).
(C) Two-dimensional interaction map representations of D. suzukii and T. drosophilae GABA receptors
with (rac)-8. (D) Two-dimensional interaction map representations of D. suzukii and T. drosophilae
GABA receptors with compound 4. All detailed amino acids belonging to the lipid environment
binding site are also represented. (For the interpretation of the references used to color in this figure
legend, the reader is referred to the web version of this article).

4. Discussion

Here, we presented a description of novel lactone-derived molecules that exhibit
potential for integration into D. suzukii management strategies. We demonstrated that two
of these molecules, (rac)-8 and compound 4, possess similar levels of efficacy for the killing
of D. suzukii adults while leaving the parasitism functionalities of T. anastrephae unaffected.
Additionally, through molecular docking analysis, we identified the mechanisms by which
these molecules interact with the GABA receptors and TRP channels of D. suzukii and its
parasitoids. This analysis shows that the effectiveness of these molecules against D. suzukii,
as opposed to T. anastrephae, may be attributed to their distinct actions on the TRP channel
subtypes present in these insect species.

It is already known that lactone-based compounds have toxic and antifeeding effects
on pest insects [47–49]. For instance, Szczepanik et al. [48] demonstrated that lactone ring
compounds cause feeding inhibition and behavioral deterrence during the larval growth
of the lesser mealworm Alphitobius diaperinus. These compounds also showed strong
antifeedant properties against adult A. diaperinus. Similar results have been described
for natural lactones against the variegated cutworms Peridroma saucia [47] and Spodoptera
frugiperda [49]. Our efforts reinforce such insecticide activities of lactone derivatives, demon-
strating their potential to kill D. suzukii adults with lower toxicity and a complete absence of
detrimental effects by T. anastrephae parasitism to its hosts. It is notable that T. anastrephae is
one of the most promising biological agents for D. suzukii in Neotropical fruit orchards [30].

The potential integration of the (rac)-8 and compound 4 lactone derivatives into the
management of D. suzukii would span a number of effective practices used for controlling
D. suzukii in the Neotropical region. The reduced number of effective control practices for
D. suzukii has been a serious problem for cherry and berry production in the Neotropical
region [1,2,50–53]. The reliance on a reduced number of molecules can either be worsened
by the fact that some of these molecules can also have detrimental effects on non-target
organisms [54,55]. For instance, T. anastrephae has been shown to be susceptible to the
conventional insecticides used in the management of D. suzukii [7,56,57].

Recent investigations that combined in vivo and in silico toxicological approaches
have shown that both GABA receptors and TRP channels play relevant roles in the distinct
actions of novel insecticides in insect pests and their natural enemies [24,25,27]. Here,
our sequence phylogenetic analysis indicated that the D. suzukii and T. anastrephae might
be equipped with different types of TRP channels. While D. suzukii expresses the TRPM
channel type, which is involved in the removal functions of Mg2+ from hemolymph [58],
repellent activities [59] and temperature avoidance [60], such channels are not present in
T. anastrephae. The parasitoid expresses the TRPC channels, which were shown to have
less stable molecular interactions in their lipid-binding environment with both (rac)-8 and
compound 4 in our in silico predictions. This may explain the lower susceptibility of the
parasitoid to both lactone derivatives. Interestingly, the stable interactions of both lactone
derivatives and GABA receptors of D. suzukii, which were also recorded with T. anastrephae
GABA receptors, did not allow the identification of the GABA receptors as a potential
reason for the selectivity of (rac)-8 and compound 4 towards the parasitoid.
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5. Conclusions

Despite further investigation aiming to evaluate further steps necessary to develop a
pesticide product (e.g., formulation type, application method and evaluations of efficacy at
field conditions), our findings represent a relevant and promising step that could lead to
the development of novel tools for controlling D. suzukii. Our investigations demonstrate
that lactone-derived molecules, (rac)-8 and compound 4 can effectively kill D. suzukii by
targeting TRP channels and GABA receptors. Notably, these lactone derivatives exhibit
reduced toxicity towards T. anastrephae with no adverse effects on functional parasitism.
This selective efficacy against D. suzukii can be attributed to the expression of a specific
TRP channel type (TRPM) in the fly, which facilitates more stable molecular interactions
compared to the TRP channels expressed in the parasitoid (TRPC). Furthermore, the lactone
derivatives’ actions on GABA receptors were comparable in both insect species and thus
do not contribute to the explanation of the lactone derivative’s selectivity. Our findings
demonstrate that both (rac)-8 and compound 4 exhibit the potential to be integrated into
D. suzukii management.
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Simple Summary: In insects, including tephritid fruit flies, some of which are notorious pests of
commercially grown fruit, the antenna harbors the sensilla responsible for the perception of odors
(chemicals carried by air), temperature, humidity, and movement. As one of the methods used to
monitor and control these agricultural pests is using traps baited with attractive odors, or toxic bait
sprays, both of which an adult fly detects through the antenna, the study of this organ is crucial
in understanding the behavior of the insect and applying this information in its environmentally
friendly control/management. In this study, we detected up to 16 different subtypes of sensilla
and various other hitherto unknown structures with the help of various types of microscopes in the
antenna of the Mexican Fruit Fly, Anastrepha ludens, a pest of citrus and mango. We describe these
sensilla/structures and suggest possible functions. As other researchers have previously worked on
this topic, we made a special effort to uniformize the criteria used to classify these key structures,
update the terminology, and better describe each sensilla with the help of detailed photographs.

Abstract: Using light, transmission, scanning electron, and confocal microscopy, we carried out a
morphological study of antennal sensilla and their ultrastructures of the Mexican Fruit Fly Anastrepha
ludens (Loew), an economically important species that is a pest of mangos and citrus in Mexico and
Central America. Our goal was to update the known information on the various sensilla in the
antennae of A. ludens, involved in the perception of odors, temperature, humidity, and movement.
Based on their external shape, size, cuticle-thickness, and presence of pores, we identified six types of
sensilla with 16 subtypes (one chaetica in the pedicel, four clavate, two trichoid, four basiconic, one
styloconic, and one campaniform-like in the flagellum, and three additional ones in the two chambers
of the sensory pit (pit-basiconic I and II, and pit-styloconic)), some of them described for the first time
in A. ludens. We also report, for the first time, two types of pores in the sensilla (hourglass and wedge
shapes) that helped classify the sensilla. Additionally, we report a campaniform-like sensillum only
observed by transmission electronic microscopy on the flagellum, styloconic and basiconic variants
inside the sensory pit, and an “hourglass-shaped” pore in six sensilla types. We discuss and suggest
the possible function of each sensillum according to their characteristics and unify previously used
criteria in the only previous study on the topic.

Keywords: Anastrepha ludens; Tephritidae; olfaction; antennal ultrastructures; sensilla; sensory pit;
hourglass-pore
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1. Introduction

The antenna is considered the major sensory organ of insects [1] because it contains
the main receptors involved in perceiving odors, movement, temperature, and humidity [2].
The receptors are located in sensilla, which have been classified according to their function
(i.e., olfactory, mechanoreceptors, or thermohygroreceptors), external morphology (e.g.,
clavate, trichoid, basiconic, campaniform, and styloconic), cuticle texture (i.e., multiporous
pitted sensilla (MPS), no-pore sensilla (NPS), multiporous grooved sensilla (MPGS)), size,
thickness-walled cuticle (i.e., thick-walled and thin-walled) and a combination of some of
these characteristics [3–7].

In the case of fruit flies (Diptera: Tephritidae), different authors have reported distinct
types of sensilla in various economically important species. For example, for Ceratitis
capitata (Wiedemann), Levinson et al. [8] reported three types of sensilla, whereas Mayo
et al. [9], Dickens et al. [5], and Bigiani et al. [10] reported four. Four types were reported in
Anastrepha (formerly Toxotrypana) curvicauda (Gerstaecker) [11], Anastrepha ludens (Loew),
Bactrocera cucurbitae (Coquillett) and Bactrocera dorsalis (Hendel) [5]. Recently, Perre et al. [12]
also reported four types of olfactory sensilla in Anastrepha obliqua (Macquart), Anastrepha
bistrigata Bezzi, Anastrepha grandis (Macquart), Anastrepha serpentina Wiedemann, Anas-
trepha sp.2 aff. fraterculus (s. Selivon), Anastrepha sororcula Zucchi, Anastrepha montei Lima,
and Anastrepha pickeli Lima. Additionally, Hu et al. [13] reported six types of sensilla in
B. cucurbitae and B. dorsalis, and other authors reported five in Eurosta solidaginis Fitch [14],
six in Bactrocera oleae (Rossi) [15], Bactrocera tryoni Froggatt [13,16], Bactrocera tau (Walker),
Bactrocera minax (Enderlein), Bactrocera diaphora (Hendel), Bactrocera scutellata (Hendel) [17],
and Anastrepha fraterculus (Wiedemann) [7], seven in Bactrocera zonata (Saunders) [18,19],
and ten types in A. serpentina Wiedemann [20]. The challenge one faces with this specialized
literature is that the use of different study techniques/methodological approaches for these
structures results in different classifications and terminologies for naming them, a fact that
can generate confusion.

Anastrepha ludens, the Mexican fruit fly, is an economically important species that
attacks citrus and mangos. Despite its significant status as a pest, the antenna have
been little studied. The only known study is the one by Dickens et al. [5], who, using
Scanning Electronic Microscopy (SEM) and Transmission Electronic Microscopy (TEM),
reported, according to the cuticular texture and internal morphology, four types of sensilla
(thick-walled MPS, thin-walled MPS, MPGS and NPS) in the antennal flagellum of males
and females.

In preliminary observations on the antennae of wild A. ludens flies, we recognized
some structures that were not mentioned in the work of Dickens et al. [5], which could
be important in future electrophysiological studies searching for chemical compounds to
develop attractants. We also recently studied the broad morphology and proteomics of
the antennae of this pestiferous species, with the aim of better understanding the response
to a potent commercial attractant [21]. Considering the above, we report on an in-depth
morphological analysis of the sensilla present in the flagellum and sensory pit in the
antenna of mature and immature A. ludens females and males using light, SEM, TEM, and
confocal microscopy techniques. We also update the terminology in the context of the
current nomenclature and suggest the types of sensilla that could be associated with the
chemical reception of various volatiles.

2. Materials and Methods
2.1. Insects

For SEM and TEM studies, we used wild A. ludens flies originating from white sapote
fruit (Casimiroa edulis La Llave and Lex.), one of the A. ludens native hosts collected in
Xalapa, Veracruz, Mexico. For confocal microscopy images, we used Laboratory-reared
flies maintained at the Red de Manejo Biorracional de Plagas y Vectores at the Instituto
de Ecología A.C. in Xalapa, Veracruz [22]. This colony is periodically refreshed with wild
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material, so we felt justified in using some specimens, as morphological changes in the
antenna have not been reported in lab-reared flies.

Newly emerged and 15–20-day old A. ludens females and males were used to identify
the antennal sensilla using three microscopy techniques (confocal, SEM and TEM). In the
case of sexually mature flies (15 days old), they were kept from their emergence as adults
(from pupae) until their use in 30 × 30 × 30 cm Plexiglass cages with food ad libitum
(mixture 3:1 of sugar and protein) and water in a laboratory at a temperature of 27 ± 1 ◦C
and RH of 70 ± 5%. We kept low numbers of flies in these enclosures to avoid damage to
the antennae or contamination through excessive dust or other materials.

Considering that there are different terminologies for identifying and classifying fly
antennal sensilla in the literature, we reviewed previous publications and summarized
them to homologize the terminology/nomenclature being used. We decided to use the
classical nomenclature, where the classification scheme is based on the external shape of
the sensilla in combination with the cuticular texture terminology used by Giannakakis
and Fletcher [16].

2.2. Transmission Electron Microscopy (TEM)

Antennae of five females and males of both ages were fixed over a week in a mixture
of 2.5% glutaraldehyde and 2.0% paraformaldehyde in phosphate buffer at pH 7.4 [23].
Samples were then post-fixed in 1.0% OsO4 for 2 h and then dehydrated using a graded
ethanol series (30–100%) for 10 min at each concentration. Heads with antennae were
mounted in LR–white resin polymerized at 50 ◦C for 24 h inside jelly capsules (EMS®,
Hatfield, UK). Ultrathin longitudinal sections around the antenna (blue peripheral line in
Figure 1) of 70 nm were cut with a Leica EMUC7 ultramicrotome; then, basal, medial, and
apical sections of the flagellum were analyzed. The slides were placed on a 200-copper mesh
(EMS®) and stained with 2% uranyl acetate and lead citrate [24]. Samples were examined
with a JEM-1400 PLUS transmission electron microscope (JEOL Ltd., Tokyo, Japan) and
photographed using a GAT-830.10U3 camera (GATAN Inc., Pleasanton, CA, USA).
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Figure 1. (a) Scanning electron micrograph of an overall view of the antennae of A. ludens; (b) Confocal
image of the apical part of the flagellum showing the distribution of different sensilla types represented
by black holes of different sizes; (c) Confocal image showing different types of sensilla (the longest
ones marked with white asterisks are trichoid sensilla); further details in Video S1.
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2.3. Scanning Electronic Microscopy (SEM)

Antennae of five females and males of both ages were fixed in a Karnovsky solution [23]
for at least a week. Once fixed, specimens were rinsed three times in phosphate buffer
at pH 7.2, and then dehydrated using a graded ethanol series (30, 50, 70, and 90%) for
30 min at each concentration and three times with absolute alcohol for 15 min. They were
then dried in a critical point dryer (Quorum K850, Quorum technology, UK), followed
by attachment to aluminum stubs using a carbon adhesive before coating with gold in a
sputtering Quorum Q150 RS [25]. The preparations were studied and photographed with a
FEI Quanta 250 FEG scanning electron microscope (FEI Co., Brno, Czech Republic).

2.4. Confocal Microscopy

Antennae of five females and males of both ages were fixed in 4% paraformaldehyde
and PBS (0.2 m/7.2 pH). Subsequently, they were placed in a 10% potassium hydroxide
solution to remove other tissue, mostly fat bodies. The antennae were stained with Congo
Red (Sigma-Aldrich, Steinheim, Germany) dissolved in 70% ethanol and incubated at
room temperature for 72 h. The samples were gradually dehydrated in ethanol (70% to
100%). The antennae were mounted with CytosealTM 60 mounting media (Richard-Allan
Scientific™ Thermo Scientific™).

Imaging and rendering: Serial optical sections were obtained at 0.2 mm intervals on
a TCS-SP8+STED (Leica Microsystems GmbH, Wetzlar, Germany) confocal microscope
with an HCX PL APO 40x/1.30 OIL CS2 objective and HCX PL APO 63x/1.40 OIL CS2
objectives. A laser line of 488 nm was used for imaging the Congo-Red-stained cuticle, the
laser power was set to 30% and the emitted fluorescent light was detected in the range from
613 nm to 683 nm.

3. Results

As previously reported for A. ludens and other tephritid flies [7,8,12,15], the antennae
have three segments: scape, pedicel, and flagellum (also called funiculus or post pedicel),
covered with different types and subtypes of sensilla and microtrichia (Figure 1, Video S1).
The comparison of each antennal-segment size, measured by its length and width, indicates
no differences between females and males, except for the width of the flagellum (Table 1).
As Dickens et al. [5] originally reported, the antenna also has an arista inserted on the
dorsal–proximal end of the flagellum and a sensory pit (also named olfactory pit) present
on the dorsal–proximal surface of the flagellum (Figure 1).

Table 1. Mean (± SE) length and width of different antennal segments of A. ludens females and
males (n = 50).

Segment Length (µm) T-Value Width (µm) T-Value
Female Male (p-Value) Female Male (p-Value)

Scape 97.3 ± 1.8 96.6 ± 1.5 0.31 (0.76) 180.9 ± 3.2 178.4 ± 2.0 0.66 (0.51)

Pedicel 169.5 ± 2.8 166.0 ± 2.4 0.94 (0.35) 193.2 ± 1.9 195.6 ± 1.5 −0.98 (0.33)

Flagellum 432.3 ± 3.3 430.5 ± 2.7 0.44 (0.66) 225.2 ± 4.5 214.8 ± 2.2 2.08 (0.04)

Arista 995.3 ± 4.7 998.8 ± 4.0 −0.55 (0.58) 38.36 ± 1.3 39.0 ± 1.6 −0.33 (0.74)
(p-Value) in bold numbers are significantly different (p < 0.05).

Based on the shape, length, cuticle thickness, pore density in the cuticle (i.e., multiple,
few, one, or none), pore shape, and if the sensillum is socket-based, we identified a total of
16 different sensilla subtypes (Figures 2–12) (including the three sensilla in the sensory pit)
and microtrichia (mi), mainly distributed on the flagellum (Figure 1b,c, Video S1; Table 2)
of the antennae of A. ludens females and males.

69



Insects 2023, 14, 652

Table 2. Equivalencies between the names of the sensilla in the A. ludens flagellum used by us and
the ones by Dickens et al. [5], including their putative/potential function.

No. Sensillum Name Used Here Sensillum Name sensu
Dickens et al. [5] Putative Function and (Location)

1
Basiconic I (rounded tip, the longest
with socket, thin-walled multipore
(MPS) with hourglass-like porous)

Thin-walled-MPS Chemoreception
(flagellum)

2

Basiconic II (rounded tip, shorter and
with a bigger diameter than b-I with

socket, thin-walled MPS with
hourglass-like porous)

Not reported Chemoreception
(flagellum)

3 Basiconic III (thick-walled with few
wedge-like pores) Not reported Chemoreception (flagellum)

4 Basiconic IV (smallest, in socket,
thick-walled, with wedge-like porous Not reported Chemoreception

(flagellum)

5 Pit-basiconic I (nutshell-like cuticle
texture with tip protuberance) Not reported Contact chemoreception (Internal

chamber of the sensory pit)

6 Pit-basiconic II (scaly-like cuticle
texture with a tip rosette) Not reported Chemoreception/Thermoreception

(Internal chamber of the sensory pit)

7 Campaniform-like Not reported (flagellum)

8 Chaetica No-pore (NPS) Mechanoreception (scape
and pedicel)

9 Clavate I (thick-walled, wedge-like
pore shape) Not reported Chemoreception (flagellum)

10
Clavate II (thin-walled, MP with

hourglass-like pore shape
and with socket)

Not reported Chemoreception (flagellum)

11 Clavate III (the shortest, thick-walled,
and without pores) Not reported Mechanoreception (flagellum)

12
Clavate IV (similar to C-I shape but

thin-walled and hourglass-like
pore shape)

Not reported Chemoreception (flagellum)

13 Styloconic Multiporous grooved sensilla
MPGS Chemoreception (flagellum)

14 Pit-styloconic Not reported (External chamber of the sensory pit)

15
Trichoid I (thin-walled, hourglass-like

pores and sharp-tipped, the
longest of flagellum)

Thick-walled-MPS Chemoreception
(flagellum)

16
Trichoid II (thin-walled,

hourglass-like pores
and blunt-tipped)

Not reported Chemoreception
(flagellum)

On the scape, we only detected chaetica sensilla (ch) and microtrichia (Figure 1a).
The pedicel has a line of prominent chaetica sensilla in the frontal margin and plenty of
microtrichia (Figure 1a).

On the flagellum or funiculus, based on the shape and using TEM and SEM techniques,
we identified four main types of sensilla—trichoid (tr), clavate (c), basiconic (b), and
styloconic (s)—with different subtypes according to the presence and shape of pores, cuticle
width and size (Figures 2–12). The four types were already reported for A. ludens by Dickens
et al. [5] using different terminology (Table 2). In the TEM study, we also found a different
kind of campaniform-like sensilla (cm), which was not previously reported for A. ludens.
However, since we were unable to conclusively identify it in the SEM study, we handled
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this finding with caution because it could be an incomplete capture of a sensillum in a bad
position. In addition, we report, for the first time, two subtypes of sensilla that differ from
all previously described sensilla, inside of the sensory pit of the A. ludens flagellum. Below,
we provide descriptions of each subtype of sensilla.

3.1. Types, Subtypes, and Descriptions of Sensilla
3.1.1. Basiconic

The basiconic sensillum is digitiform, with a wide base that gradually narrows towards
the tip and is shorter than the trichoid sensillum (Figures 2 and 3).

We identified six subtypes of basiconic sensilla. According to their tip shape (sharp or
blunt), longitude, the thickness of the cuticular wall, and the presence of hourglass-shaped
pores in the flagellum, we recognized four subtypes along the flagellum (Figures 2 and 3)
and two inside of the sensory pit of the flagellum (check Section 3.2). Basiconic type I (b-I)
are apparently the longest. They have a thin wall with hourglass pores, a rounded tip,
and are inserted in a socket (Figures 2a,b and 3a); this sensillum was named “thin-walled
multipore pitted sensilla” (MPS) by Dickens et al. [5] and “thin-walled MPS long subtype I”
by Castrejón-Gómez and Rojas [20].

Basiconic subtype II (b-II) sensilla are shorter and with a bigger diameter in the tip than
b-I, have a thin cuticular wall with hourglass pores, a rounded tip, and are also inserted in
a socket (Figures 2a,c and 3b); this sensillum was named “thin-walled MPS short subtype
II” by Castrejón-Gómez and Rojas [20].

Basiconic subtype III (b-III) sensilla have a thick cuticular wall with few wedge-shaped
pores (Figures 2a,d and 3c). Finally, basiconic subtype IV (b-IV) sensilla are the smallest of
our sub-classification, have a socket, a thick cuticular wall, and few wedge-shaped pores
(Figures 2a,e and 4e–f).
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by pores; (c) Cross-section of a styloconic sensillum showing double-wall, three well-defined den-
drites in the central part and 11 digitiform projections similar to what Dickens et al. [5] reported;
(d) Longitudinal section of a basiconic sensillum on its distal part, showing a dendrite (d*) inside
and the pores in the cuticle with an hourglass shape (arrows), the kettle (k), and the tubules (t);
(e,f) Transverse section of two thick-walled sensilla with wedge-shaped pores (arrows) like the one
found in the basiconic thick-walled sensillum subtype III and the clavate subtype III.

3.1.2. Chaetica Sensilla

The chaetica sensilla are the longest in the antenna, with a cone shape. They are
longitudinally ridged and have a pointed tip (Figure 5). The end of the ridged part
of the hair is attached to a socket that is probably suspended in a joint membrane [2],
which permits the sensillum’s free movement with an apparent mechanoreception function
(Figure 5c,d). Interestingly, in the lower outside part of the socket, there is a group of
16–20 tiny pores (Figure 5c,d).
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Figure 5. Scanning electron micrographs of chaetica sensilla [ch] and microtrichia [mi] on the pedicel
of A. ludens: (a) Aerial view showing the distribution of chaetica sensilla and microtrichia; (b) Lateral
view of the marginal part of the pedicel, where it is possible to see the cone shape of the chaetica
sensilla; (c,d) Close-up of the base of chaetica sensilla showing the longitudinally ridged cuticle, the
socket, and the groups of tiny pores in the socket base, denoted by black arrows.

3.1.3. Clavate Sensilla

According to the sensillum shape, the width of the cuticle wall, and the pore shape in
the cuticle, we defined four subtypes of clavate sensilla (Figures 6 and 7); one more than
reported for other species of tephritids to date.

The clavate type I (c-I) sensilla have a short waist, which widens at the top, and a thick
cuticular wall (Figure 7a), probably with wedge-shaped pores, similar to those shown in
Figure 4e,f. The clavate-type II (c-II) sensilla, observed on the medium part of the female
flagellum, have the smallest diameter in the middle part, are socket-based, and have a thin
wall (Figures 6c,d and 7b) with an hourglass-shape and multiple similar to those shown in
Figure 4a,d. The clavate type III (c-III) sensilla have the biggest diameter and thickest walls,
apparently with pores (Figure 7c). This sensillum, which is reported for the first time in a
tephritid fly, has a typical club shape, and a shorter base than subtypes I, II and IV; it was
only observed in the distal flagellum of females and males. Finally, we identified a clavate
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type IV (c-IV) sensillum through TEM with a similar shape to subtype I but exhibiting a
thinner wall with multiple hourglass-shaped pores (Figure 7d).
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Figure 6. (a) Scanning electron micrograph showing the distribution of clavate sensilla (details
under ‘c’) in a flagellum segment of a 15-day-old female A. ludens; (b) Scanning electron micrograph
with a close-up of clavate type sensillum surrounded by microtrichia (mi) and other sensilla types;
(c) Transmission electron micrograph of a clavate sensilla subtype II characterized by a thin cuticle
with multiple pores; (d) Transmission electron micrograph showing a transversal section of a thin-
walled clavate sensillum in newly emerged males (0 days).
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Figure 7. Transmission electron micrographs of longitudinal sections of clavate sensilla on the
flagellum of A. ludens antenna: (a) Subtype I sensillum with thick cuticle wall (dotted arrow) and
with wedge-shaped pores (black arrow) of 15-day-old male; (b) Subtype II sensillum with thin cuticle
wall, hourglass-shape and multiple pores (arrow) of 15-day-old female; (c) Subtype III sensillum, the
smallest of the subtypes, with thick cuticle wall and wedge-shaped pores (arrow) of 0 day-old female;
(d) Subtype IV sensillum with thin cuticle wall (arrow) and multiple hourglass-shape pores (arrow)
in a 15-day-old male (as shown in Figure 4a).

3.1.4. Styloconic

These sensilla are the smallest ones we identified. They are about 3 µm long and
are characterized by grooves and ridges that make them look like a group of digitiform
projections (Figure 8). They have a double wall (Figure 4c) that consists of a cuticular sheath
that wraps three dendrites in its internal lumen. They have 11-digit type projections with
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pores between them (Figure 8a,b). We detected them in different areas of the flagellum of
males and females.
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Figure 8. (a) Scanning electron micrographs of styloconic sensillum of A. ludens; (b) Transmission elec-
tron micrographs of styloconic sensillum showing an electron-dense dendritic sheath [ds], dendrites
[d], and the cuticle wall [cw].

3.1.5. Trichoid

The multipore trichoid-type sensilla we identified had the longest, thinnest, and most
conspicuous shape of all sensilla identified in this study (Figures 9 and 10), similar to those
previously reported for B. tryoni [13,16], A. curvicauda [11], and A. fraterculus [7]. In our
case, however, we identified two subtypes of trichoid sensilla (Figures 9 and 10).

In observations of longitudinal sections via TEM, we detected that within the tri-
choid sensilla, there were two variants: sharp (Figures 9 and 10a), and blunt-tipped
(Figures 9 and 10b), which we named trichoid I (Tr-I) and trichoid II (Tr-II), respectively.
Both types are thin-walled with an hourglass shape and multiple pores (Figure 10a,b). In
Figure 4a, a close-up of the trichoid sensillum of the proximal flagellum, it is possible to
perceive the hourglass-shaped pores and the tubule projections that run into the dendrite
branches. Tr-I are the most abundant and longest in the flagellum and are longer than
Tr-II (Figure 9a).
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Figure 10. Transmission electron micrographs of a longitudinal section of the trichoid sensilla on the
flagellum of an A. ludens adult antenna: (a) Subtype I with sharp-tip among microtrichia (mi) in a
newly emerged female (black arrow points to hourglass-shaped pores); (b) Subtype II with a blunt
tip (black arrow points to hourglass-shaped pores) in a 15-day-old female.

3.1.6. Campaniform-like Sensillum and Glands

In the flagellum of an A. ludens male, we identified, with the help of TEM images,
campaniform-like sensilla (Figure 11). In this case, three long cells were observed behind
the cuticula, clustered very close to the sheath surrounding the sensilla’s dendrite, like
a campaniform sensillum, which could possibly be a secretory cell associated with this
sensillum (Figure 11a).

In the TEM images, we also observed campaniform-like sensilla in females, which have
a flattened external cuticular area (there is no hair as such) and are apparently innervated
by two sensitive cells. Moreover, this type of sensillum is found very close to a group
of secretory cells directly in contact with the cuticula, where numerous channels can be
observed (Figure 11b–d). Unfortunately, we were not able to identify these sensilla with
SEM images.
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3.2. Sensory Pit

The olfactory or sensory pit is located in the dorsobasal part of the antenna (Figure 12a,
Video S2), and it is composed of two chambers (internal and external) where we found
three subtypes of sensilla (Figure 12b). Chambers are physically semi-separated by a bridge
of structures that look like modified microtrichia of different sizes and shapes, as well as
modifications of the cuticular floor (Figure 12b,c).

Insects 2023, 14, x FOR PEER REVIEW 13 of 20 
 

 

 
Figure 12. Scanning electron micrographs of the structures in the sensory pit located in the flagellum 
of the A. ludens antenna: (a) Internal part of the antenna showing the two chambers of the sensory 
pit; (b) Close-up of the chambers showing the structures (non-uniform wall and modified mi-
crotrichia pointed with white arrows) between the chambers. The distribution of the three subtypes 
of pit-sensilla is also discernible; (c) Internal chamber showing the distribution of pit-basiconic sen-
sillum subtype I [pb-I] and II [pb-II]; White arrows point to non-uniform wall and modified mi-
crotrichia; (d) Close-up of pit-styloconic sensilla; (e) Close-up of pit-basiconic subtype I sensilla [pb-
I] which have nutshell-like cuticle texture, nipple-like shape, and a tip protuberance (pointed by 
white arrows); (f) Close-up of pit-basiconic subtype II sensilla [pb-II], which have scaly-like cuticle 
texture with a rosette (pointed by white arrows) at the tip that appears to open and close. 

 
Figure 13. Scanning electron micrographs of the internal chamber of the sensory pit with pb-I and 
pb-II sensilla. Short arrows show the tip of pit-basiconic subtype I [pb-I] with a kind of porous plug, 

Insects 2023, 14, x FOR PEER REVIEW 13 of 20 
 

 

 
Figure 12. Scanning electron micrographs of the structures in the sensory pit located in the flagellum 
of the A. ludens antenna: (a) Internal part of the antenna showing the two chambers of the sensory 
pit; (b) Close-up of the chambers showing the structures (non-uniform wall and modified mi-
crotrichia pointed with white arrows) between the chambers. The distribution of the three subtypes 
of pit-sensilla is also discernible; (c) Internal chamber showing the distribution of pit-basiconic sen-
sillum subtype I [pb-I] and II [pb-II]; White arrows point to non-uniform wall and modified mi-
crotrichia; (d) Close-up of pit-styloconic sensilla; (e) Close-up of pit-basiconic subtype I sensilla [pb-
I] which have nutshell-like cuticle texture, nipple-like shape, and a tip protuberance (pointed by 
white arrows); (f) Close-up of pit-basiconic subtype II sensilla [pb-II], which have scaly-like cuticle 
texture with a rosette (pointed by white arrows) at the tip that appears to open and close. 

 
Figure 13. Scanning electron micrographs of the internal chamber of the sensory pit with pb-I and 
pb-II sensilla. Short arrows show the tip of pit-basiconic subtype I [pb-I] with a kind of porous plug, 

Figure 12. Scanning electron micrographs of the structures in the sensory pit located in the flagellum
of the A. ludens antenna: (a) Internal part of the antenna showing the two chambers of the sensory pit;
(b) Close-up of the chambers showing the structures (non-uniform wall and modified microtrichia
pointed with white arrows) between the chambers. The distribution of the three subtypes of pit-
sensilla is also discernible; (c) Internal chamber showing the distribution of pit-basiconic sensillum
subtype I [pb-I] and II [pb-II]; White arrows point to non-uniform wall and modified microtrichia;
(d) Close-up of pit-styloconic sensilla; (e) Close-up of pit-basiconic subtype I sensilla [pb-I] which
have nutshell-like cuticle texture, nipple-like shape, and a tip protuberance (pointed by white arrows);
(f) Close-up of pit-basiconic subtype II sensilla [pb-II], which have scaly-like cuticle texture with a
rosette (pointed by white arrows) at the tip that appears to open and close.

External chamber (Ec): This chamber is the outermost in the pit and the smallest. It
has at least eight styloconic sensilla (Figure 12b), which have, from the middle towards the
tip, the characteristic finger-like form of the styloconic sensillae with different longitudinal
fingers, and have a smooth cuticle from the middle towards the base (Figure 12d). We
named them pit-styloconic sensilla (ps). They are longer (ca. 7µm long) than the styloconic
sensilla found in the rest of the flagellum (ca. 3.76 µm long) and are inserted into sockets,
either alone or in pairs. This type of sensillum is like the one reported as “grooved
sensillum” by Honda et al. [26] in the “large olfactory pit” of the onion fly, Hylemya antiqua
Meigen (Diptera: Anthomyiidae). Although these authors suggested an olfactory function,
we detected no apparent pores in the cuticle, so their function remains uncertain.

Internal chamber (Ic): This chamber is bigger than the external one and has two
subtypes of basiconic sensilla, which are different from all sensilla in the rest of the
flagellum. We named them pit-basiconic sensilla type I (pb-I) (Figure 12e) and type
II (pb-II) (Figure 12f).
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There are about 20 pit-basiconic-type I sensilla (with a nipple-like shape) (Figure S1),
mainly located on the proximal side to the base of the antenna (Figure 12b). They are ap-
proximately 3–4 µm long, have a nutshell-like cuticle texture in two-thirds of the sensillum
cuticle from the tip to the base, are socketed, and end with a spherical protuberance or a
kind of porous plug (Figures 12e and 13).

The pit-basiconic type II (pb-II) sensilla are about 6 µm long. Approximately 13–15 pb-II
are located on the side facing the apical end of the antenna (Figure 12b). They have a
scaly-like texture with a rosette at the tip that appears to open and close (Figure 12f). This
sensillum is similar in shape to the “striated pit sensillum” reported by Honda et al. [26]
in the “large olfactory pit” of the onion fly. These authors reported, for the “striated pit
sensillum”, the presence of two sensory neurons that extend their dendrites to the sensillum
tip, but they did not observe any pores or opening in the tip that could have suggested
a gustatory or olfactory function. In our case, we do not have an internal image of this
sensillum showing the dendrites, but we have images suggesting that the rosette in the
tip could be a type of mouth that opens and closes. Considering the similitude of the
pit-basiconic type II with the “striated pit sensillum” reported by Honda et al. [26], we
suggest that this sensillum has an olfactory function.
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Figure 13. Scanning electron micrographs of the internal chamber of the sensory pit with pb-I and
pb-II sensilla. Short arrows show the tip of pit-basiconic subtype I [pb-I] with a kind of porous plug,
which could also be a secretion of viscous fluid containing a mucopolysaccharide that usually covers
the tips of chemoreceptor dendrites and sometimes is exuded through the terminal pore [1].

3.3. Microtrichia (mi)

These microstructures (“mi” in Figures 5b, 6b, 10a and 14) distributed along the
antenna are curved, grooved, long, and thin projections that narrow at their apical part,
ending in a sharp point. These projections are non-innervated, as becomes apparent in
Figures 10a and 14a–c), and in line with what other authors have reported [5,16]. However,
in a transversal cut made in the middle of a microtrichium, it is possible to observe
what appears to be a dendrite (Figure 14b). We propose that microtrichia are likely more
associated with a protective function of the sensilla in the antenna. We also suggest that the
longitudinal ridges of microtrichia could help conduct some substances by runoff to the
pores on the antenna cuticle (Figure 14d). Some of the microtrichia inside the sensory pit
are modified and partially separate the two chambers (Figure 12b,c).
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Figure 14. TEM and SEM of microtrichia: (a) TEM image of a transversal section of a microtrichium
showing the lumen in the center; (b) TEM image of a transversal section of a microtrichium showing,
in the center, a probable dendrite; (c) TEM of a microtrichium longitudinal section showing the lumen;
(d) SEM of basiconic sensillum and microtrichia [mi] with some pores (inside white circles) in the
antenna cuticle near their bases; black arrows point to the ridges of microtrichia; (e) Microtrichia
(black arrow) surrounding sensilla.

3.4. Other Structures

In addition to sensilla, we report on other structures discovered during the prepara-
tion of the samples for SEM and TEM studies. For example, when the antenna was cut
longitudinally, we found a tracheal tube crossing the medial–internal part (Figure 15a–c).
Tracheae are part of the insect’s air supply system, and their abundance in specific body
parts or tissues reflects the demand for oxygen in those parts [1]. Other structures that we
found included several rough spherical structures distributed along the deeper medium
part of the flagellum (Figure 15d). We also identified small pores on the antenna cuticle on
the base of some sensilla and microtrichia (Figures 5c,d and 14d).
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flows from the sensilla pit-basiconic subtype I (pb-I) (Figure 13); (f) a campaniform-like 
sensillum in the flagellum (although we could not confirm its presence with SEM images); 
(g) the presence of pores in the antenna cuticle (Figures 5c,d and 14); and (h) the presence 
of a tracheal tube crossing the internal part of the antenna longitudinally (Figure 15). 

Figure 15. (a) The internal part of the antenna showing sections of the tracheal tube that passes
through the antenna longitudinally (white arrows); (b) Cose-up of the trachea behind the sensory pit;
(c) Close-up of the trachea formed by tubes (tubes were cut during sample preparation) with small
pedicelled spherical protuberances and a duct crossing the antenna; (d) Internal part of the antenna
showing several rough spherical structures.

4. Discussion

Considering the shape, size, wall thickness, and presence of pores in the cuticle and
the location (flagellum and sensory pit), we were able to characterize and suggest the
function of 16 subtypes of sensilla (13 in the flagellum and three in the sensory pit) of
the A. ludens antennae. That is, we described 12 additional subtypes to those reported by
Dickens et al. [5] who only characterized four types (Table 2). We report, for the first time
in A. ludens: (a) two types of pores in the sensilla (hourglass and wedge shapes) that we
also used to classify the sensilla; (b) the description of the sensory pit and their associated
sensilla, classifying them according to their shape (to name them, we add the prefix “pit”);
(c) the presence of two chambers (external and internal chambers); (d) pit-styloconic (ps)
sensilla in the external chamber, and pit-basiconic subtype I (pb-I) and subtype II (pb-II)
sensilla in the internal chamber (Figure 12); (e) a porous plug or secretion that apparently
flows from the sensilla pit-basiconic subtype I (pb-I) (Figure 13); (f) a campaniform-like
sensillum in the flagellum (although we could not confirm its presence with SEM images);
(g) the presence of pores in the antenna cuticle (Figures 5c,d and 14); and (h) the presence
of a tracheal tube crossing the internal part of the antenna longitudinally (Figure 15).

The difference in the number of sensilla subtypes with respect to the ones reported by
Dickens et al. [5] is partly because these authors based their classification on the terminology
proposed by Altner [3], and thus only considered the presence/absence of pores and the
thickness of the cuticle, classifying all types of sensilla as no-pore sensilla (NPS) and
multiple pitted sensilla (MPS), and in the case of subtypes, thick (Thick-Walled MPS),
thin (Thin-Walled MPS) and Multiporous Grooved Sensilla (MPGS) (Table 2). However,
the complex repertoire of behaviors that A. ludens and other fruit flies exhibit during
host and food location, as well as courtship and mating, suggests the existence of a more
sophisticated group of sensilla than just four types.

The terminology used to describe and classify sensilla has been changing according to
the development of microscopy techniques that now allow for us to detect/describe internal
details that are helpful in better characterizing a sensillum. In our case, we partially used
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the old system of Schenk [27], based on the shape and mode of insertion in the antenna-
cuticular wall (e.g., the presence of a socket), which is still practical when distinguishing
one type from another with a light microscope. We also used a system used by other
authors e.g., [3,5,28–31] based on the presence or absence of cuticular pores, a single (thin)
or double (thick) cuticular-wall, as well as the study of other internal structures discovered
with SEM and TEM techniques. These two approaches helped us considerably refine the
classification used in the only other study on the antenna of A. ludens [5].

In the case of true fruit flies (Diptera: Tephritidae), most investigations have been
restricted to the study/description of morphological structures in the sensilla of the antenna,
and very few have tested the functionality of these structures. Considering that adult
fruit flies follow odors as cues to find food, mates, and hosts, the great advantage and
contribution of the work by Dickens and collaborators [5] was the inclusion of some
electrophysiological tests with C. capitata that confirmed that sensilla with pores were
related to chemoreception and those without pores were related to mechanoreception.

We found abundant microtrichia in the pedicel and flagellum of the A. ludens antenna,
which coincides with the findings of Dickens et al. [5], and other authors such as Gian-
nakakis and Fletcher [16], Bisotto de Oliveira et al. [7], Hu et al. [17], and Perre et al. [12],
among others, who, working with other species of fruit flies, all reported that microtrichia
constitute the major cuticular structures in the antenna compared with sensilla. However,
most authors describe microtrichia as non-innervated setae, curved and longitudinally
ridged, omitting any mention of their function, except for Hu et al. [17], who named them
“microtrichial sensilla” inferring a mechanoreception function for six species of Bactrocera.
However, in the latter study, it is not possible to observe the elastic membrane (the joining
or socket membrane observed in the chaetica sensilla in Figure 5c,d of our study) that,
according to Keil and Steinbrech [2], permits the sensillum movement and, with it, the
stimulation of the outer dendritic segment that in mechanosensitive sensilla is only located
in the internal base of the sensillum. In our case, we show innervated microtrichia without
the elastic membrane, socket, and pores (Figures 10a and 14a,c), which indicates that they
do not have mechanical or chemoreceptive functions. However, we found probable evi-
dence that microtrichia may have what appears to be a dendrite in the center, although we
could not see the other usually related ultrastructures (Figure 14b). Since we could not see a
well-developed dendrite in all samples, we suggest that the microtrichia could be vestiges
of true sensilla that gradually lost their main function in the evolutionary specialization
process of this group of flies and that, since they are very abundant and surround the
true sensilla, they could possibly work as physical protectors of sensilla. We surmise that
they could also possibly capture chemicals to avoid chemoreceptor sensilla saturation and
conduct the captured chemicals through their longitudinal ridges to the base of the antenna
cuticle, where some pores are present (Figures 5c–d and 14). Also, since we did not observe
pores in the microtrichia, we suppose that they do not have a chemoreceptive function.

The trichoid sensilla we found in A. ludens are similar to those reported in other
fruit flies such as B. tryoni [13,16], A. curvicauda [11], A. serpentina [20], A. fraterculus [7,16],
and the other eight species of Anastrepha [12]. Notably, the trichoid sensilla we observed
were not reported by Dickens et al. [5], who mention “longitudinally ridged trichoid
mechanosensory sensilla along the distal margins of both the scape and the pedicel” that
they classified as “No-Pore Sensilla” but that we classified as Chaetica sensilla. The same
authors refer to the arista as “an elongated trichoid arista”. In our study, Tr-I and Tr-II
were found to be thin-walled with multiple hourglass-like pores, a detail not reported
before; Tr-I are sharp, and Tr-II blunt-tipped (Figures 9 and 10). Pore presence and the
shape of Tr-I coincide with the trichoid type I reported for B. tryoni by Giannakakis and
Fletcher [16]; the difference is that, in our case, we report that trichoid subtype I (Tr-I) have
a thin wall and sharp tip (Figures 9a and 10a), while those authors report a thick wall
for trichoid type I. Trichoid subtype II is also similar to the trichoid type II reported by
Giannakakis and Fletcher [16]. Trichoid sensilla are considered chemoreceptors and are
associated with the behavior of orientation and intraspecific communication [2], specifically
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pheromone recognition [32,33]. In fruit flies, Levinson et al. [8] and Dickens et al. [5] re-
ported that trichoid sensilla (= thick-walled-[MPS] of C. capitata) respond to sex pheromone
and trimedlure extracts (an attractant based on sexual pheromones), respectively.

In the case of basiconic and clavate sensilla, there is great diversity in the A. ludens
flagellum we studied; therefore, it is sometimes complicated to discern one from the other
through SEM. These types of sensilla have been also reported in several other tephritid
fruit flies such as A. fraterculus [7], A. curvicauda [11], C. capitata [8], A. serpentina [20],
B. tryoni [13,16] and, very recently, in eight species of Anastrepha present in Brazil [12]. In
the case of B. dorsalis, Liu et al. [34] did not find clavate sensilla in the antenna of this
species. Despite the above, no specific studies on the function of these sensilla have been
performed, although most of the previously cited authors suggest that basiconic and clavate
are chemosensilla, mainly based on the presence of pores. Keil and Steinbrecht [2] mention
that basiconic sensilla in Bombyx mori L. have a thin cuticular wall, higher pore density, a
higher numbers of pore tubules per pore, and a greater number of dendrites than trichoid
sensilla. Although these authors did not identify a functional role in the studied structures,
based on the fact that B. mori basiconic sensilla respond to fatty acids and alcohols, and
considering that other insects have basiconic sensilla with similar features, they suggest a
possible function in food finding and selection.

In our observations, the hourglass pores were more related to thin cuticular-wall
sensilla, and wedge or funnel-like pores were more related to thick cuticular walls, with
both pore types presenting several tubules, which coincides with that reported by Keil
and Steinbrecht [2]. These authors report that the pheromone-sensitive trichoid sensilla
of B. mori have thick walls and funnel or wedge-shaped pores, which have a narrow
channel with tubules running from the channel to a broader fluid-filled canal to contact
the dendrites. Considering this, we surmise that the pores in the trichoid sensilla, the
longest ones (Figures 1b,c and 9a) in the flagellum, could help transport pheromones to
the dendrites.

With the help of TEM, we observed probable secretory epithelial cells contiguous to
the cuticle (class 1 glands) associated with campaniform-like sensilla, which had not been
described in the antenna of A. ludens and other fruit flies, except in B. zonata. In this case,
Awad et al. [18] reported the presence of campaniform sensilla on the pedicel of males
and suggested that they are mechanoreceptors. The glands on antennae in both males
and females, first discovered via TEM, have been widely described in egg parasitoids
associating Type 1 glands with campaniform sensilla [35]. Usually, campaniform sensilla
are located in structures where a mechanical deformation occurs on the cuticle [2,36]. In
our case, we could not identify these glands with the help of SEM as campaniform sensilla
in the flagellum are surrounded by many microtrichia and other sensilla, which made it
difficult to find them.

We report a styloconic sensilla (Figure 8) distributed along the pedicel of females and
males. This sensillum type is similar to those reported with the same name by Giannakakis
and Fletcher [16], Arzuffi et al. [11], Bissotto de Oliveira et al. [7], and referred to as
multiporous grooved sensilla (MPGS) by Dickens et al. [5] and Castrejón and Rojas [20],
grooved sensilla by Mayo et al. [9] and Bigiani et al. [10], or coeloconic sensilla by Keil and
Steinbrech [2] and Awad et al. [18], among other authors. In other insect species, in the
case of this sensillum type, chemoreception [13,16], higroreception and thermoreception
functions have been reported [3].

We found that the sensory pit in the A. ludens antenna has two chambers, the external
(most outer) and the internal, with distinct types of sensilla in each one (Figure 12). The
external chamber has a group of pit-styloconic sensilla, which coincides with the only
sensory pit chamber reported in B. zonata [18], where only styloconic sensilla are found.
Styloconic sensilla are also found in the “large pit” of the onion fly (H. antiqua), with the
difference that, in that chamber, there are two subtypes of sensilla [26]. In both cases, the
authors propose an olfactory function for these sensilla.
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The internal chamber of A. ludens is like “Chamber III” of Drosophila melanogaster Meigen
(its sensory tip has three chambers), which has two types of sensilla [37]. However, the
sensilla are quite different. In A. ludens, the pit basiconic type I (pb-I) sensillum is similar to
the “no-pore coeloconica sensilla (np-CS)” in “Chamber II” of the D. melanogaster sensory pit
because both have a kind of protuberance at the tip (Figures 12e and 13) and a conical shape;
however, they differ in the cuticular wall, which is smooth in the np-SC in D. melanogaster
and nutshell-like in the pb-I (Figures 12e and 13) of A. ludens. Shanbhag et al. [37] indicate
that the protuberance of np-SC is the molting pore of the sensillum and that the lumen
of the peg is filled with the dendritic outer segment of two sensory neurons and with
electron-dense material. In our case, the protuberance in the pb-I (Figures 12e and 13) could
be a porous plug separating the dendrite ends from the environment, or it could also be
part of a secretion of viscous fluid containing a mucopolysaccharide, which covers the tips
of the contact chemoreceptor dendrites and is sometimes exuded through the terminal pore
of the sensillum [1]. Honda et al. [26] reported a similar sensillum with a protuberance at
the tip and elongated pores in the “small olfactory pit” of the onion fly, but this fly species
has one large sensory pit and several (8–10) small olfactory pits.

The sensillum pit basiconic type II (pb-II) we describe is similar to the “striated pit
sensillum” of the H. antiqua “large chamber” [26] and to the “grooved sensilla 1 and 2 (GS1
and GS2)” of D. melanogaster in the “Chamber III” [37]. These sensilla have an open slit
channel system that permits access to the external environment, as is probably the case in the
sensilla pb-II of A. ludens (Figure 12f). In D. melanogaster, Shanbhag et al. [37], considering
the internal structure of this sensillum type, suggested a combination of olfactory and
thermoreceptive functions.

Finally, we report some structures observed in the internal part of the antenna
(Figures 14 and 15) that will need to be studied in more detail to discover their function.

5. Conclusions

In conclusion, our data suggest that the antenna of A. ludens contains a complex group
of chaetica, trichoid, clavate, basiconic, styloconic, and campaniform-like sensilla that
likely participate in the perception of volatiles originating from congeners, host plants
and food sources, as well as mechanoreception, thermoreception, and hygroreception.
These functions need to be confirmed via electrophysiological, neurological, and behavioral
studies, but an important step towards updating the knowledge on the antenna of A. ludens,
a key pest of fruit in the Americas, has been achieved here. We also need to confirm if the
various subtypes of sensilla identified here have different functions or simply represent
natural variabilty in shape.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects14070652/s1, Figure S1: Scanning electron micrograph of the
internal chamber of the sensory pit showing the distribution of at least 20 pit-basiconic type I (pb-I)
sensilla, identified by white asterisks; Video S1: Three-dimensional view using confocal microscopy
of the sensilla and microtrichia of Anastrepha ludens; several sizes of sensilla and microtrichia with
forked tips are shown (depth coding mode); Video S2: Three-dimensional rotational view of the
sensory pit of Anastrepha ludens; green color represents autofluorescence of the cuticle (447–543 nm)
with 405 nm laser excitation, and red color represents chitin stained with Congo Red.
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Simple Summary: Planting a diverse array of flowers in crop field settings can support insect crop
pollinators, as many pollinating insects feed on floral pollen and nectar as adults. Although adult
pollinating flies that feed on floral resources will also be supported by flower plantings, fly larvae
rarely feed on floral nectar and pollen. Here, we deployed pools filled with habitats (decaying plant
materials, soil, water) that pollinating fly larvae are known to feed on in seed carrot fields in an
attempt to attract flies to lay eggs. We found many fly eggs and larvae within the pools after 12 to
21 days. More eggs were laid on decaying plant stems and carrot roots, compared to other locations
(e.g., on decaying carrot flowers, leaves, etc.) within the pools. The habitat pools we trialed within
the seed carrot fields could be a quick and easy way to support the reproduction of beneficial fly
pollinators. These results can be used to support future studies to examine the effect of habitat pools
in crop fields on the number of flies that visit crop flowers.

Abstract: The addition of floral resources is a common intervention to support the adult life stages
of key crop pollinators. Fly (Diptera) crop pollinators, however, typically do not require floral
resources in their immature life stages and are likely not supported by this management intervention.
Here, we deployed portable pools filled with habitat (decaying plant materials, soil, water) in seed
carrot agroecosystems with the intention of providing reproduction sites for beneficial syrphid
(tribe Eristalini) fly pollinators. Within 12 to 21 days after the pools were deployed, we found that
the habitat pools supported the oviposition and larval development of two species of eristaline
syrphid flies, Eristalis tenax (Linnaeus, 1758) and Eristalinus punctulatus (Macquart, 1847). Each
habitat pool contained an average (±S.E.) of 547 ± 117 eristaline fly eggs and 50 ± 17 eristaline
fly larvae. Additionally, we found significantly more eggs were laid on decaying plant stems and
carrot roots compared to other locations within the pool habitat (e.g., on decaying carrot umbels,
leaves, etc.). These results suggest that deploying habitat pools in agroecosystems can be a successful
management intervention that rapidly facilitates fly pollinator reproduction. This method can be used
to support future studies to determine if the addition of habitat resources on intensively cultivated
farms increases flower visitation and crop pollination success by flies.

Keywords: non-bee pollinators; Syrphidae; pollinator management interventions; fly reproduction

1. Introduction

The abundance and diversity of insects that provide pollination services within agroe-
cosystems often depend on suitable habitat options for the insects to complete their life
cycles [1,2]. These habitats (e.g., remnant vegetation, semi-natural landscape features) are
typically not within the crop system itself, but nearby, and provide food, reproduction
sites, overwintering resources, and shelter from agricultural management practices such as
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tilling, harvesting, and pesticide application [3–7]. When non-crop habitat is maintained or
restored near intensely managed fields, beneficial insect abundance and diversity generally
increase [4,8–12]. Even small patches (e.g., tens of square meters or less) of non-crop habitat
can enhance beneficial insect biodiversity in cropping systems [3,4], and result in native
species spillover into agroecosystems [4,13,14]. However, most pollinator-friendly habitat
enhancements focus on floral interventions, such as floral strips and hedgerows [15–18],
to attract adult, wild pollinators, primarily bees. Few studies have focused specifically
on interventions to support the habitat needs for non-bee taxa (but see [2,19,20] for ex-
ceptions) and their non-floral resource needs (see [21] for an example of bee non-floral
resource needs).

While bees are highly dependent on flowers to obtain nutrition for both adults and
larvae, non-bee pollinator taxa, such as flies (Diptera), typically do not require floral
resources in their larval stages [22]. For example, the larvae of eristaline syrphid flies,
which are easily distinguishable due to the siphon-like ‘tail’ they use to breathe in poorly
oxygenated habitats, live in wet substrates commonly found in agricultural environments,
including decaying plant materials and manure [23–25]. Adult eristaline syrphid flies, like
the cosmopolitan species Eristalis tenax (Linnaeus, 1758), have been shown to effectively
pollinate crops as they morphologically resemble honeybees (Apis mellifera Linnaeus 1758)
in size and body hairiness [26–28], despite lacking specialized pollen-collecting structures
(e.g.,: scopa, corbicula). In fact, E. tenax is already a non-bee pollinator alternative in New
Zealand, where the fly is an effective pollinator of multiple crops including seed carrot [29].

Seed carrot is an ideal model crop to study a potential non-bee pollinator since the crop
often pollination limited despite attracting high numbers of other insect visitors [30,31].
Honeybees generally find seed carrot flowers unattractive, as the nectar composition is
high in ferulic acid, an insect-feeding deterrent, and low in caffeic acid, a bee attractor [32].
As some species of eristaline flies have been shown to be as effective as honey bees at
pollinating seed carrot [30,33], we hypothesized that building up populations of these
beneficial non-bee pollinators could increase free ecosystem service delivery within seed
carrot agroecosystems [29]. Therefore, this study was based in the Riverina region of New
South Wales (NSW), Australia (AU), where seed carrot growers plan for the crop to bloom
late austral spring and summer (November to December), when almost no other crops are
concurrently blooming to best facilitate honeybee pollination services.

In this study, we trialed the deployment of small, portable pools filled with non-floral
habitats to support the reproduction of eristaline syrphid flies in seed carrot agroecosystems.
Although the life cycle of eristaline syrphid flies is generally well known [34–36], to our
knowledge there are no studies that address whether eristaline flies have oviposition
preferences within the habitat they utilize to lay eggs in natural field conditions. We,
therefore, tested two habitats (soil with decaying carrot plants in water or decaying carrot
plants in water only) to determine if existing adult eristaline syrphid flies would utilize
the habitat pools as oviposition sites and evaluated where the flies oviposited within the
habitat provided. We addressed the following research questions:

1. Will eristaline syrphid flies use provisioned habitat pools as oviposition sites in a
commercial field setting otherwise unsuitable for larval development?

2. Which of the two habitats resulted in the greatest number of eggs and larvae?
3. What were the specific features within the habitat pools that resulted in the

greatest oviposition?

2. Materials and Methods
2.1. Study Sites

Seven study fields, at a minimum of 315 m apart, of seed carrot monocultures in
the Riverina region of NSW, AU, were chosen as sites in four locations comprising three
commercial farms and one private farm managed by South Pacific Seeds (Figure 1). The
seed carrot plots at the commercial farms varied from 5 to 14 hectares, while the private
farm grew commercial-grade seed carrot in small (<500 m) trial rows. Other plant resources
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flowering nearby included onion (Allium cepa L.) at sites six and seven and small patches of
native flowering trees, shrubs, and household gardens near sites one, four, and five as these
sites were situated near residential areas. No other crops were observed flowering nearby.
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Figure 1. Location of the seed carrot study sites (1–7) where the habitat pools were deployed within
the Riverina region of New South Wales, Australia.

2.2. Deploying the Habitat Pools

In preliminary experiments at site one, we placed horse manure and wet, decaying
carrot plants within a hybrid seed carrot plot to assess which substrates should be trialed
as non-floral fly habitat. The substrates were observed frequently until we observed
golden native droneflies, Eristalinus punctulatus (Macquart, 1847), oviposit within the wet,
decaying carrot plants. As eristaline fly larvae are commonly reared in slurries of manure in
laboratory conditions [24,36], this suggests that the larvae are more suited for semi-liquid
environments. We did not trial manure at the field sites as golden native droneflies were
not observed to oviposit within the manure and some landholders did not want manure
placed on their properties; therefore, we chose to trial decaying carrot plants in water as
reproduction sites for eristaline flies, with the presence or absence of farm soil. Thus, we
hypothesized that more larvae would be found in the semi-liquid decaying carrot plant
pool with soil, compared to the treatment with decaying plants and water only.

Pools were deployed during peak bloom (50% flowering) of seed carrot (15 November
to 9 December 2021), when adult eristaline flies are most likely to visit seed carrot flowers.
Two polypropylene pools (945 mm × 210 mm × 1100 mm each) were placed side by side
in a paired experimental design at each site to trial two habitats as eristaline fly oviposition
sites (n = 7 per treatment, 14 pools in total). The first habitat consisted of soil, discarded
carrot plants and water, while the second habitat consisted of discarded carrot plants and
water only. Soil from the farm site was placed within the first pool until the base of the pool
was covered, while the second pool contained two bricks to anchor the pool from strong
gusts of wind that frequently blow within the region. Three fully grown (150 cm foliage
height) male carrot plants were then taken from the site and placed in each pool which was
then filled with the same water used to water the seed carrot crop (Figure 2a). We did not
include a treatment without water, since eristaline flies cannot survive in habitats devoid of
water [35,36]. Likewise, sufficient solid food must be present within the water for eristaline
larvae to complete development [30], so we did not include a treatment of water-only pools.
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Instead, we conducted preliminary surveys searching for the immature stages of eristaline
flies within field sites before pools were deployed, to confirm that no eggs and larvae had
been laid in dry soil, dry plant material, or within crop rows. As no eggs or larvae were
found in the preliminary field surveys, we excluded them from analyses.
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Figure 2. Experimental design of the habitat pools deployed to attract eristaline flies: (a) a habitat
pool yet to be filled with water within a seed carrot field; (b) an adult, female Eristalis tenax (Linnaeus,
1758) fly within a deployed habitat pool. Arrowheads are pointing to the habitat pool and adult
eristaline fly for clarity.

After filling the pools with water, we left them undisturbed to allow the carrot plants
within the pools to decay and for eristaline adults to locate the pools (Figure 2b). Due to
unprecedented rain events at the time the pools were left undisturbed, site accessibility
varied between farms; therefore, the pools were deployed for 12 to 21 days depending on
field site accessibility.

2.3. Surveying the Immature Life Stages of Eristaline Flies

Once all farm sites were accessible on the same day, we conducted surveys in each
pool to count eristaline syrphid fly egg clutches, a group of eggs laid together in a single
oviposition attempt (Figure 3a), individual eggs, and larvae (Figure 3b). All egg clutches
and individual eggs were counted on 9 December 2021 (starting at 06:00 and ending at
18:30) and were removed from the pools, so the eggs did not hatch before the larvae were
counted. Additionally, we recorded the location of where the eggs were oviposited in
the pools (Figure S1). All egg clutches and eggs that were displaced from their original
positions in the pools (e.g., due to moving substrates) were counted but not included in
statistical analyses.

The day after the eggs were counted and collected, we returned to the pools and
counted the eristaline fly larvae over a two-day period (with each pool counted only once
for each immature life stage). To count the larvae, all plant material in the pools was
thoroughly checked for individuals, and then removed from the pools. Next, we dislodged
any larvae within the soil at the bottom of the soil treatment pools, by mixing the water
with the soil sediment using a hand-held sieve. We then sifted the soil and water sediment
through the sieve five times to determine the total number of larvae in the pools. When
larvae were caught in the sieve, they were removed from the pools to avoid duplicate larval
counts. For consistency, this procedure was also applied to the carrot and water treatment
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pools. We did not record where the larvae were found in the pools since we displaced all
larvae when mixing the water with the sediment.
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Figure 3. Immature stages of eristaline syrphid flies: (a) a clutch of eggs oviposited on a decaying
carrot stem; (b) larvae found within a deployed habitat pool. Arrowheads are pointing to the
immature stages of eristaline syrphid flies for clarity.

2.4. Rearing Eristaline Flies from Pools

Both eggs and larvae of various growth stages collected from each pool were reared
to adulthood in controlled conditions on decaying carrot plants (from inside the pools)
or a mixture of decaying carrot plants and sterilized horse manure to confirm species
identities. Horse manure was mixed into the habitat as previous studies have successfully
reared eristaline syrphid flies from manure [24,37]. Since eristaline syrphid flies have
similar morphology in eggs and larvae and are therefore difficult to identify at these
stages [23,37–39]; we waited until adults emerged to distinguish species identities using
taxonomic keys [23,25].

2.5. Statistical Analyses

Statistical analyses were performed using R version 4.1.2. We created generalized
linear mixed-effects models (GLMMs) using the MASS package to assess whether the
number of eggs and larvae within pools differed based on treatment (two categories) or
location (eight categories) [40,41]. To handle overdispersion in the collected count data,
all GLMM models were fit to a negative binomial distribution [42]. Additionally, as the
number of days the pools were left out in the sites to decay was not standardized as
intended due to unprecedented weather conditions, we included the fixed effect ‘Day’
(continuous: 5 discrete values) in all models. We also included ‘Site’ as a random factor in
all models, to account for the matched pair experimental design.

The DHARMa package was employed on all models to perform residual, dispersion,
and zero-inflation checks of the data [43]. For all significant models, we performed Tukey
pairwise post hoc multiple comparisons tests between fixed effects using the emmeans
package [44]. All figures were created using the ggplot2 package [45].
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3. Results

Two species of eristaline syrphid flies, the European dronefly, E. tenax, and the golden
native dronefly, E. punctulatus, were reared out of both habitat pools at all seven sites. The
fly E. tenax was successfully reared from all 14 pools, and E. punctulatus was reared from
three of the 14 pools. Additionally, eggs and/or larvae of both species were found within
all 14 pools (Table 1). The number of eggs within clutches ranged between 10 and 128 eggs
(mean ± S.E. 54.7 ± 3.9 eggs/clutch) in the soil, decaying carrot plants, and water habitat
and 15 to 125 eggs (mean ± S.E. 54.4 ± 3.6 eggs/clutch) in the decaying carrot plants and
water only habitat.

Table 1. Developmental stages of eristaline syrphid flies, Eristalis tenax (Linnaeus, 1758) and Eristalinus
punctulatus (Macquart, 1847) found in two habitats (1 = soil, carrot plants, and water and 2 = carrot
plants and water) at seven sites in the Riverina region of New South Wales, Australia. Both habitats
were left to decay for a minimum of 12 days before surveying for fly egg clutches, eggs, and larvae.

Habitat Site Days Clutches Eggs Larvae Species

1 Site 1 21 16 910 0 E. tenax

1 Site 2 14 7 494 26 E. tenax

1 Site 3 13 6 296 41 E. tenax

1 Site 4 12 9 694 117 E. tenax, E. punctulatus

1 Site 5 12 22 1355 107 E. tenax

1 Site 6 19 9 382 9 E. tenax

1 Site 7 19 4 113 3 E. tenax

2 Site 1 21 9 476 0 E. tenax

2 Site 2 14 2 233 16 E. tenax

2 Site 3 13 0 0 41 E. tenax

2 Site 4 12 4 258 201 E. tenax, E. punctulatus

2 Site 5 12 21 1497 137 E. tenax, E. punctulatus

2 Site 6 19 6 548 4 E. tenax

2 Site 7 19 8 401 0 E. tenax

Location within the habitat pools also influenced how many eggs were oviposited by
female eristaline flies. We found significantly more eggs were oviposited within decaying
carrot plant stems and decaying carrot vegetables compared to all other locations (Figure 4).
There were no significant differences in the number of eggs laid within the pools based
on habitat (p > 0.05 for both, Table S1). Additionally, the number of days the pools were
left out to decay did not significantly impact the number of eggs laid within habitat pools
(z1,4 = −0.012, p = 0.91).

First, second, and third instar eristaline fly larvae were found within both habitat
pools across all sites (Table 2). Significantly more living larvae were found compared to
dead larvae (z1,1 = 6.13, p < 0.001); however, the longer the habitat pools were left out to
decay, the fewer larvae of all three instars were found in the pools (Figure 5; see Table S2 for
statistics). There were no significant differences in the number of larvae found within the
pools based on habitat (z1,1 = −0.468, p = 0.64). Additionally, there were no larval instars
more abundant than others within the habitat pools (p > 0.05 for all, Table S3).
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Table 2. Total number of larvae found within habitat pools (1 = soil, carrot plants, and water and
2 = carrot plants and water) deployed at seven seed carrot sites in the Riverina region of New South
Wales, Australia.

Habitat Site 1st Instar 2nd Instar 3rd Instar Dead

1 Site 1 0 0 0 0

1 Site 2 17 4 3 2

1 Site 3 35 1 0 5

1 Site 4 54 50 12 1

1 Site 5 100 0 0 7

1 Site 6 1 4 4 0

1 Site 7 3 0 0 0

2 Site 1 0 0 0 0

2 Site 2 2 4 4 6

2 Site 3 5 19 13 4

2 Site 4 79 90 32 0

2 Site 5 135 2 0 0

2 Site 6 0 0 0 4

2 Site 7 0 0 0 0
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Figure 5. The number of larvae (first, second and third instar) found within the pools based on
habitat (soil, carrot plants, and water or carrot plants and water only) and the number of days the
habitat pools were left to decay. Individual data points representing larval instars found per pool
(n = 14 per instar; 42 in total) are jittered onto the figure for clarity. The shaded outline of the linear
regression lines indicates standard error.

4. Discussion

In this study, we demonstrate that beneficial fly pollinators can utilize small, portable
pools filled with locally available, cheap substrates (habitat) in seed carrot agroecosystems
as oviposition sites. To our knowledge, no other study has deployed non-floral habitats to
provide oviposition sites for pollinating eristaline flies. We found that all the habitat pools
contained eggs or larvae of E. tenax, a cosmopolitan fly species that is an effective pollinator
of carrot, onion, canola, and other cropping systems [28,46]. We also showed that the habitat
pools encouraged oviposition by E. punctulatus, an eristaline fly endemic to the Australasian
region [23]; however, other fly species in the genus Eristalinus Rondani, 1845 are known to
be effective pollinators of other cropping systems including celery and fennel (Apiaceae),
which are close relatives of seed carrot [47]. Species within the Eristalinus genus are found
globally and have similar larval habitat and diet requirements [23,25,39]. Therefore, we
predict that closely related flies from diverse biogeographical regions will be attracted to
the habitat additions tested as well. Both fly species demonstrated oviposition preferences
within the habitat, as more eggs were laid on decaying carrot stems, likely because this
location within the pool offered protection for the eggs from the sun, preventing the eggs
from desiccation, or from predators.

We conducted this study to determine whether habitat pools could host eristaline fly
reproduction. Thus, while it has been demonstrated that these pools act as oviposition
sites for resident populations of flies, it is unclear how many pools are required to impact
pollination services within different-sized fields. While we did observe E. tenax and
E. punctulatus flies visiting seed carrot flowers in low numbers before these habitat pools
were deployed within fields, it was beyond the scope of the study to compare the effect of
habitat pool presence and absence on crop yield.
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It is well-known that many species of flies can develop in large numbers from small,
transient resources [48–50]. The habitat pools tested were proven to be effective and were a
quick and easy way to attract flies since both eggs and larvae were found within the habitat
after a minimum of 12 days when the seed carrot crop was at peak bloom (50% flowering).
For both fly species reared, the time needed to undergo different developmental stages is
similar, as eggs hatch after 48 hours, and in optimal conditions, the larvae take an average
of 12 days to develop before pupation [23,39]. Although the number of larval instars found
did not differ significantly between pools, the majority had recently hatched and were
in the first instar of development, and thus likely oviposited 48 to 96 hours previously.
Hence, to best facilitate fly pollination during peak crop bloom, we suggest placing the
pools nearby a different flowering crop or a small planting of flowers, 12 to 15 days before
the flowering onset of the desired crop to ensure that adult eristaline flies locate the pools
and two to three generations of syrphids emerge by the time the desired crop reaches
peak bloom.

Environmental conditions in the region at the time the habitat pools were deployed
significantly influenced pool management. While these results suggest that the deployed
habitat pools were low maintenance, we suspect that, under more average (i.e., drier, hotter)
environmental conditions at this time of year within the region, this may not be the case.
As the Riverina region is typically hot and dry in austral summer, we anticipated refilling
the pools with water at least once or moving the pools to a shaded location to ensure the
deployed habitat remained a suitable oviposition site for eristaline flies; however, rain
events were common when we performed this experiment, so farms became inaccessible
to check on the progress of the pools. As the mean temperature between November to
December 2021 in the region was 21 ◦C to 24 ◦C, none of the habitat pools dried out
completely; however, the pools were shallow and not completely shaded, so the sun could
have heated up the habitat pools, which could have negatively affected egg and larvae
survival. Therefore, we recommend deploying pools in completely shaded environments
and monitoring the water level within pools, to ensure that the pools do not become
ecological traps for eristaline flies [51].

Similarly, fewer larvae were found within the pools the longer the pools were left out to
decay, suggesting the larvae within the pools left undisturbed for longer had either crawled
out of the pools to pupate, died competing for food resources, or had been predated upon.
As large amounts of decaying carrot plant debris were found within all pools, it is unlikely
that the larvae died competing for food resources. The only observed predator within the
pools was the rove beetle Creophilus erythrocephalus (Fabricius, 1775) which was present in
two pools at the same farm. These rove beetles are known predators of fly larvae [52,53],
although they have not been recorded feeding on rat-tailed maggots, specifically. Further
research is required to better understand how to scale up these habitats to meet pollination
service needs, the length of time the portable habitat pools should be placed on farms, the
water conditions that eristaline syrphid fly larvae require to survive, the potential predators
of the fly larvae, and whether these pools attract non-target or potential pest species to
crop fields.

5. Conclusions

In this study, we successfully trialed a non-floral resource habitat intervention which
acted as oviposition sites for beneficial fly pollinators. These habitat pools are a unique,
yet cheap, alternative for landholders who want to support pollinating fly reproduction
but may not be able to set aside arable land for non-crop habitats. The flies oviposited
within decaying carrot plant habitat, and larvae of all instars were found in pools within
12 days. Eristaline flies were found to preferentially oviposit underneath decaying plant
stems, likely to protect eggs from predation or adverse environmental conditions. The
substrates placed within the habitat pools (soil, discarded carrot plants, and water) are
locally available, cheap, and the pools are small and portable, enabling placement and
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removal at key flowering times. This approach may increase the natural population of flies
that provide critical pollination services to crops in intensely managed agricultural systems.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/insects14050439/s1, Figure S1: Location of eggs within habitat pools [22];
Table S1: Egg results [22]; Table S2: Larval results [22]; Table S3: Larval instar pairwise compar-
isons [22].
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Simple Summary: House flies have been global pests of humans and animals since antiquity, and are
notoriously difficult to control. Flies in nature are sometimes infected with salivary gland hypertrophy
virus (MdSGHV), which prevents them from mating or laying eggs. A better understanding of how
the virus works could be helpful for through use as a fly management tool. In this study, we found
that infected female flies, which normally do not mate, could be induced to mate by treating them
with hormones that are involved in normal fly reproduction. The results provide insight into the
mechanisms by which the virus tricks the fly into being unresponsive to male suitors.

Abstract: Infection with salivary gland hypertrophy virus (MdSGHV) of Musca domestica prevents
female flies from accepting copulation attempts by healthy or virus-infected males. This study
focused on supplemental hormonal rescue therapy for mating behavior in virus-infected female
house flies. The inhibitory effect of the virus on mating behavior in females injected with MdSGHV
was reversed by hormonal therapy in the form of octopamine injections, topical application of
methoprene, or both therapies combined along with 20-hydroxyecdysone. Infected females whose
mating responsiveness had been restored continued to have other viral pathologies associated with
infection such as hypertrophy of the salivary glands and a lack of ovarian development.

Keywords: juvenile hormone; octopamine; methoprene; corpus allatum; sesquiterpenoids; hormone
supplemental rescue therapy; mating receptivity

1. Introduction

Mating behavior is essential for those insects that rely on the successful transfer of
both viable sperm and female egg development. Without either, individuals have wasted
gametes. Various factors have been shown to influence normal mating in insects. One factor
that is currently under investigation is the effect of viruses on either sperm/egg production
or on mating behavior. Studies on the nematode, Caenorhabditis elegans, demonstrated that
virus infection somehow changes male mating choice [1]. One of the most complete studies
showing the effect of a virus on insect mating behavior is that of Burand et al. [2], who
showed that the virus Hz-2v altered mating behavior and pheromone production in female
moths. The review by Kariithi et al. [3], in addition to focusing on tsetse flies, provides
information that diverse viruses of insects, including dipterans, affect both male and female
reproductive systems.

Hytrosaviruses are a relatively recently discovered group of viruses that are mostly
known from forms that infect house flies and Glossina species [4]. They are double-stranded
DNA, enveloped viruses that are characterized by causing hypertrophy of the salivary
glands and effects on the reproductive system. The virus infecting house flies (MdSGHV)
is thought to be transmitted per os when infected flies deposit the virus on food and has
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been regarded as a potential biological control agent [5,6]. In contrast, the viruses infecting
Glossina spp. are mainly viewed as an impediment to tsetse mass-rearing efforts for releases
in sterile insect technique programs [7].

Coler et al. [8] first reported that MdSGHV shuts down ovarian development in house
flies. They did not, however, mention the effect of the virus on mating behavior for either
sex. Later, Leitze et al. [9] reported on mating trials using different combinations of healthy
versus infected males and females at different times post-infection. They demonstrated that
females virally infected for 72 h, post-eclosion at the previtellogenic stage, had almost zero
percentage of copulation when paired with healthy males. They suggested that the virus
somehow influenced the central nervous system, thus shutting down mating receptivity.

To explain the effect of the virus on mating receptivity, Kariithi et al. [10] provided
evidence that low hemolymph sesquiterpenoid levels may account for the female’s refusal
to mate. They reported that “MdSGHV replication in the CA/CC [corpus allatum/corpus
cardiacum] complex potentially explains the significant reduction of hemolymph sesquiter-
penoid levels, the refusal to mate, and the complete shutdown of ovarian development
in viremic females.” They did not, however, examine the effects of biogenic amines or (S)-
methoprene, a juvenile hormone (JH) mimic, both of which have previously been used by
researchers to study mating behavior in flies [11,12]. In their review paper, Kariithi et al. [4]
reported that hytrosavirus replicates within the CA and suggested that it disrupts JH
hormone biosynthesis.

Because our laboratory has previously studied mating behavior in flies [13,14], we de-
cided to see if we could reverse the effect that salivary gland hypertrophy virus (MdSGHV)
has on mating responsiveness in house flies. Compared to previous studies, a different ap-
proach for rescuing mating behavior in infected females was used here. We treated infected
female house flies with two chemicals—octopamine (OA) and JH [i.e., (S)-methoprene]. OA,
a biogenic amine, is a neurohormone in insects known for its involvement in fly mating [15].
(S)-methoprene, a synthetic analog of juvenile hormone (JH), has been previously shown
to influence the mating behavior of flies [16]. The effects of OA and (S)-methoprene were
examined separately on infected females. Our hypothesis was that mating responsiveness
could be rescued in virus-infected females if they were given hormone therapy that could
counteract the effects of infection.

2. Materials and Methods
2.1. Maintaining Flies

Flies were from the WTF strain maintained at USDA-ARS-CMAVE in Gainesville, FL.
Adults were separated upon emergence and put into separate cages based on sex. Cages
(20 × 20 × 20 cm) were provided with two 30 mL plastic containers of water with saturated
Absorbal© wicks and one 30 mL plastic container with a 1:1 mixture of dry granulated
sugar and powdered milk. Cages were held at 24–25 ◦C in incubators.

The WTF house fly colony includes a small but variable proportion of females that are
autogenous (do not require protein for mating receptiveness or ovarian development) in
each generation. To eliminate autogenous flies from the assays, females were pre-screened
for signs of autogeny by placing them for 1 h with active males (1:1 females:males) ready to
mate and removing any females or males that mated from the study. Only non-autogenous
females were used for the mating studies. After removing all flies suspected of being
autogenous, the remaining flies were separated again into groups of males and females.

2.2. Infection with Virus

Female flies were infected within 24 h of emergence with the FL strain of MdSGHV as
described by Lietze et al. [9] and Shaler et al. [17]. Briefly, frozen virus samples containing a
single pair of homogenized/filtered ovaries from infected flies in 50 µL of sterile saline were
thawed then serially diluted fourfold (10−4 dilution) in PBS. Flies were cold-immobilized
and injected in the thorax with 2.5 µL of the diluted virus, resulting in injection of about
8000 viral copies based on Lietze et al. [9]. The 10−4 dilution was selected for infection
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because we had previously determined this to be the best dilution out of a series of 12-fold
dilutions to consistently produce 100% infected flies with hypertrophied salivary glands
and no ovarian development (unpublished data).

2.3. Hormone Treatments

Octopamaine (OA) treatments were administered to the females via the same injection
used to deliver the virus to avoid mortality from multiple injections. Because it is soluble
in PBS, OA (6 mg) was directly dissolved into the MdSGHV inoculum (200 µL), producing
a final diluted concentration of OA (30 µg/µL). When the 10−4 diluted virus inoculum was
injected (2.5 µL) into each cold-immobilized female, final dosages of 75 µg of OA [15] were
administered per fly.

Methoprene was applied topically. A stock solution of (S)-methoprene (5 µg/µL) was
prepared by mixing methoprene (5.40 µL), density of 926.1 µg/µL, with acetone (994.60 µL).
Cold-immobilized flies were treated by applying 1 µL of this solution (5 µg (S)-methoprene)
to the thoracic surface of each female at 48 and 72 h after infection, resulting in a final
dosage of 10 µg (S)-methoprene per fly.

A final experimental condition was a combination of: (1) topical application of metho-
prene as before; (2) injection with octopamine as before; and (3) inclusion of 2.5 µg of
20-hydroxyecdysone (20E) in the initial injection along with the virus and OA.

Several sets of control flies were set up as well: (1) uninfected, untreated flies;
(2) uninfected flies injected with 2.5 µL PBS; and (3) uninfected flies treated topically
with 1 µL acetone. Finally, uninfected control females were also set up that were denied
protein (sugar-fed only) and either left untreated or treated topically with methoprene as
described previously.

For each bioassay, cages of 50 healthy male flies and 15 flies from each of the treatment
or control groups were set up and provided with food and water. An additional sample of
five females injected with the virus were set aside from each batch of virus-injected flies to
provide a virus quality control check before mating bioassays. These flies were dissected
72 h after viral injection and examined to confirm both hypertrophy of the salivary glands
and lack of ovarian development. Mating bioassays were only conducted if all of the
injected flies in a batch were symptomatic for infection.

2.4. Mating Timeline in House Flies

To determine an appropriate timeline of mating behavior for our assays, preliminary
tests were first conducted to determine when females were optimally receptive to mating
attempts. To do this, 24 h-old healthy females were placed into 7 separate, 16 oz plastic
containers, with water, granulated sugar, and powdered milk, and 24 h-old males were
added to each cup for 7 consecutive days. Each day, when males were added, they were
observed for mating behavior for 1 h. Males showed clear mating behavior attempts
beginning when females were 48 h old, but females did not accept male attempts until after
120 h post-eclosion. Based on these observations, mating behavior observations were done
with females that were 120 h old at the time of bioassays.

2.5. Observation of Mating Behavior

Females from treatment or control groups were removed from their holding cages
and transferred individually to 30 mL cups, each with a ventilated cap. Three healthy
males of the same age were cold-immobilized and introduced into each cup containing
1 female. Sexual behaviors, and especially copulation, were observed for 2.5 h, as previously
reported by Lietze et al. [9]. If a copulating pair included a hormone-treated female, she
was saved for later dissection to confirm viral symptomology. Successful mating acceptance
was defined as when females extended their ovipositor and contacted the claspers and
aedeagus of the male [13]. Copulation acceptance from the female was indicated when
a male and female fly embraced in mating for at least 30 min and did not unclasp from
each other. Mating acceptance data were analyzed by G-tests of independence (chi square
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estimate, [18]) comparing (1) uninfected untreated controls with others; and (2) infected
untreated females with others.

3. Results

Successful copulation was observed between infected females treated with hormone
therapy and untreated, healthy males (Figure 1).
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Figure 1. A MdSGHV-infected female treated with octopamine, (S)-methoprene, and 20-hydroxyecdysone
mated on day 5 with an uninfected, untreated male (A,B). The copulatory position of the pair is
correct, with the male on top (A,B). The yellow arrow (A) points to the female ovipositor that is being
drawn into the male’s genital area by his claspers (A) while, in (B), the normal mating positions is
shown, with the male on top.

Healthy, untreated control females showed a 65% copulation rate for a duration longer
than 30 min (Table 1). The mating success of PBS-injected females (80.4%) did not differ
significantly from the untreated controls. No copulation was observed in virus-injected
flies that were given no hormone therapy. The copulation rates of infected flies that were
given octopamine (23%) or methoprene (27.8%) alone were significantly higher than for
untreated infected flies, although somewhat lower than for uninfected females. Infected
flies that were given both OA and methoprene had copulation success rates (88.9%) that did
not differ from uninfected flies. The uninfected flies that fed only on sugar (no protein) did
not mate at all, but treatment of these sugar-fed flies with methoprene resulted in mating
success (50%) that did not differ significantly from flies that were provided with both sugar
and protein (65%).

Table 1. The effect of various treatments on female house fly mating behavior/copulation. Adult,
anautogenous females subjected to various treatments a and who then mated with uninfected, active
mating males. Inf. = females infected with salivary gland hypertrophy and no ovarian development.

Treatment Dose # Mated/N b %Mated c

Chi-Square d

Uninfected Infected

vs vs

No injection/no treatment N/A 17/30 65.0 - 38.154 **

PBS-injected control 2.5 µL 45/70 80.4 0.513 61.564 **

Infected with MdSGHV 2.5 µL 0/45 0 33.010 ** -

Inf. + Octopamine (OA) 75 µg 3/20 23.0 9.339 ** 6.605 **
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Table 1. Cont.

Treatment Dose # Mated/N b %Mated c

Chi-Square d

Uninfected Infected

vs vs

Inf. + Methoprene (Meth) 2 × 5 µg 10/60 27.8 14.834 ** 11.043 **

Inf. + MdSGHV + acetone 2.5 µL + 1 µL 0/10 0 12.652 ** 0.102 ns

Inf. + OA, Meth. + 20E 5, 2.5 + 2.5 µg 8/20 88.9 1.340 ns 20.592 **

Sugar-fed only N/A 0/10 0 12.652 ** 0.102 ns

Sugar-fed only + Meth 1 µL 5/10 50.0 0.134 18.722 **
a All treatments were injected except methoprene, which was applied topically. b Number of females that mated
over the total number of females of all trials. #, Number of females that accepted copulation attempts by male flies.
c Percentage of females that copulated with healthy males for a duration longer than 30 min. d Mating success of
either uninfected controls or infected untreated flies compared to others; **, p < 0.01, ns, p > 0.05.

4. Discussion

Our results on the effect of viral infection on female mating receptivity are in broad
agreement with those of Leitze et al. [9], who also found that early infection with MdSGHV
causes females to be refractory to mating attempts by males. The two studies differ
somewhat in regard to defining successful copulation. We used the same behavioral
observations for successful copulation as described by Tobin and Stoffolano [4] for house
flies, which includes the female voluntarily everting her ovipositor so that the male can
grasp it and pull it into his genital opening. This contrasts somewhat with Leitze et al. [13],
who stated that the female “extended her ovipositor into the genital opening” and that this
constituted a successful copulation. In fact, the male grabs and pulls the ovipositor into his
genital opening [13].

Manning [19] appears to be the first to have demonstrated the importance of JH in
the mating receptivity of females in the Diptera, in this case D. melanogaster. Adams and
Hintz [20] subsequently discussed how JH stimulates mating in female house flies, while
Barth and Lester [21] and Ringo [11,22] later discussed the various factors influencing recep-
tivity in insects and provided references demonstrating that JH is essential for receptivity
in many insects (i.e., including flies), as well as that the JH analogue, (S)-methoprene, can
induce or restore mating receptivity when given as a hormone replacement therapy. An-
other important physiological event that can influence mating with respect to JH in flies is
when they enter adult diapause [23]. Stoffolano [24] examined the spermathecae of female
Phormia regina and found that, based on the absence of sperm, females in diapause failed to
mate, while non-diapausing females successfully copulated. During their adult diapause,
Phormia regina and Protophormia terraenovae adults refuse to mate [24,25] and, presumably,
this is related to the diapause syndrome, which is due to an insufficient amount of JH.
Tanigawa et al. [25] were able to rescue CA ablation in Protophormia that prevented mating
by using a topical application of methoprene. In another study, Teal et al. [12] demonstrated
that JH was essential for mating in the Caribbean fruit fly Anastrepha suspensa (Loew).

We found that the JH analog methoprene and octopamine were both effective at
rescuing mating receptivity in infected females. In contrast, Kariithi et al. [10] attempted
to rescue mating behavior in virus-infected house flies by injecting them with ecdysone,
commercial JH-III, or methyl farnesoate, and were unsuccessful in their attempt to produce
hormonal therapy. Differences in methodology between the two studies include our use of
lower viral doses, the topical application of JH (methoprene), and the use of more than one
application of methoprene.

Adams and Hintz [20] demonstrated that JH was essential for female house flies to
accept mating attempts by males, and Yin et al. [14,26] showed that removal of the CA in
P. regina females significantly reduced receptivity, which could be reversed if they topically
applied methoprene. In their paper, Kariithi et al. [10] noted that “MdSGHV replication
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in CA/CC potentially explains the significant reduction of hemolymph sesquiterpenoids
levels, the refusal to mate, and the complete shutdown of egg development in viremic
females”. The involvement of the CA/CC complex suggests that low or no JH is involved
in the lack of mating receptivity in virus-infected female house flies. Evans et al. [15]
showed that two applications of 5 µg of methoprene or one 75 µg dose of OA can sig-
nificantly increase the percentage of insemination in P. regina that were fed only sugar,
which normally do not mate. OA is a neurohormone that regulates the reproductive
function of Drosophila melanogaster by controlling the metabolism of JH directly and 20E
indirectly [27–30]. Our results indicate that either JH or OA therapy alone was sufficient
to partially restore mating acceptance (23–28%) in virus-infected flies, whereas flies that
received both therapies plus 20-hydroxyecdysone (20E) copulated at the same rates (88.9%)
as uninfected controls. Further research would be needed to determine whether 20E
contributed to the effectiveness of the combination of JH and OA.

The topical application of various juvenoids has been shown to rescue mating recep-
tivity in flies, per the following examples: methoprene for Protophormia terraenovae [25],
methoprene or fenoxycarb for Anastrepha suspensa [12], trans, trans-10, ll-epoxy farnesenic
acid, methyl ester for house fly [20], methoprene for Drosophila melanogaster [28], OA for
Phormia regina [15], and now methoprene and octopamine for virus-infected house flies.

We were able to rescue mating receptivity in virus-infected females. For this study, we
applied octopamine by injection, while Barron et al. [31] showed, using honeybees, that var-
ious methods of application were suitable. It is possible, as shown by Amsalem et al. [32],
that some events in the behavior and physiology of an organism can be rescued by hor-
mone replacement therapy, while other events are unable to be rescued. Hormonal rescue
therapy is difficult and can require the application of hormones within a critical window of
effectiveness, multiple treatments, an appropriate method of delivery of the treatments,
and the tolerance of the study animal to injection. The ability of a therapeutic to rescue
a particular pathogen-induced effect may also depend on the dosage of the pathogen or
treatment producing the effect.

MdSGHV is an attractive biological control agent for managing house flies because
of its inhibition of mating behavior and ovarian development. One of the paradoxes of
the virus, however, is that flies are only maximally vulnerable to per os infection during
a narrow window after adult eclosion, during a time when flies are generally too young
to commence feeding [33]. This is thought to be due to development of the peritrophic
matrix in the hours after emergence, which prevents the virus from crossing the fly midgut
into the hemocoel [34]. House flies are also susceptible to infection by immersion in or
sprays with suspensions containing homogenates of virus-infected flies [35]. Although it
has limited utility from a fly management standpoint, this viral/house fly system provides
a good model to explore the behavioral aspects of how the virus is obtained and spread,
the immunity/reproductive tradeoffs, and how it affects mating/copulatory behavior.

5. Conclusions

Injecting octopamine and topically applying methoprene twice, following the injection
of the virus into healthy females, resulted in the restoration of mating receptivity of infected
females. Treatment with octopamine alone showed a lower percentage of mating behavior
than treatment with methoprene alone. We demonstrate that methoprene has the greatest
effect on rescuing mating behavior in house flies when the treatments are combined. Re-
gardless of hormone treatment, viral injection still resulted in the pathology of the salivary
glands and a reduction in ovarian development. The use of the JH-mimic methoprene
supports the suggestion that the virus somehow affects sesquiterpenoid production in the
corpus allatum or allatotropin from the brain, thus reinforcing JH’s long-understood role in
mating receptivity in house fly females. Information is now needed as to whether virus-
infected males can be hormonally rescued to mate, and it remains to be determined whether
either sex is able to detect virus-infected mates, which might determine mate choice.
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Simple Summary: Drosophilids (fruit flies) are known as study models in several areas of science.
Several drosophilid species have recently attracted public attention because they are expanding their
geographic distribution and infesting fruit crops. Here, we investigated the relationship between
plants and fruit flies in a commercial fruit and vegetable distribution center in Brazil. We accomplished
this by collecting 99,478 kg of potential fruit and vegetable hosts from two time periods separated
by a decade, representing 48 plant taxa. The 48,894 fruit flies that emerged from these hosts were
identified and attributed to 16 fly species. On both collecting occasions, fruit fly assemblages were
strongly dominated by basically the same exotic species, which explore a broader range of hosts,
especially those of exotic origin, when compared to native neotropical fruit flies. These results are
concerning because the studied site, along with other urban markets around the world, might be
acting as a source of widespread generalist species that subsequently disperse into surrounding
natural vegetation and crops. As these flies are usually superior competitors, they can promote
the local extinction of native fruit flies and therefore contribute to the homogenization of fruit fly
communities on larger scales. This phenomenon, known as “biotic homogenization” is worrying
scientists worldwide.

Abstract: Although drosophilids have been extensively studied in laboratories worldwide, their
ecology is still relatively poorly understood. This is unfortunate because some species are currently
expanding their geographic distribution and infesting fruit crops. Here, we investigated the relation-
ship between drosophilids and potential plant hosts in a commercial fruit and vegetable distribution
center in the Neotropical region. We collected discarded fruits and vegetables from this commercial
center during two time periods (2007–2008 and 2017–2018). Resources were weighted and individually
monitored in the laboratory. The drosophilids that emerged were identified, and the relationship
between them and their resources was explored. From the 99,478 kg of potential hosts collected, we
identified 48 plant taxa, from which 48,894 drosophilids of 16 species emerged. On both collecting
occasions, drosophilid assemblages were strongly dominated by basically the same exotic species,
which explore a broader range of resources, especially those of exotic origin, when compared to
neotropical drosophilids. These results are concerning because the studied site, Along with other
urban markets around the world, might be acting as sources of generalist widespread species that
disperse to surrounding natural vegetation and contribute to biotic homogenization.

Keywords: breeding site; Drosophila; fruit markets; invasive species; niche breath; urban ecology;
vegetable markets; Zaprionus
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1. Introduction

The family Drosophilidae includes more than 4600 nominal species [1] that breed
preferentially on fermenting substrates such as fruits, flowers, or fungi [2]. While most
species are geographically and ecologically restricted, some are generalists and dispersed
beyond their native ranges throughout the world [3]. In Brazil, 364 drosophilid species
have been recorded, 350 of which are native and 14 of which are exotic to the Neotropical
region [4]. Certain exotic species, such as Drosophila melanogaster Meigen and D. simulans
Sturtevant, probably reached Brazil via ships from Africa in the 16th century. Others arrived
in the country more recently as a consequence of globalization. From the late 20th century,
five new arrivals in the Neotropics were accurately recorded in the earlier stages of invasion:
D. malerkotliana Parshad and Paika [5], Zaprionus indianus Gupta [6], D. nasuta Lamb [7],
D. suzukii Matsumura [8], and Z. tuberculatus Malloch [9]. These introductions are especially
worrying because some of these species, such as the spotted wing Drosophila (D. suzukii,
see [10,11]) and the African fig fly (Z. indianus, see [12,13]), have become invaders and
impact agricultural crops.

The establishment of invasive species in new areas also represents an important threat
to biodiversity [14]. Widespread species usually present a high climatic tolerance [15] and
explore a wider range of resources than narrowly distributed species. As a result, they can
outcompete native species. In a comprehensive survey of fruit-breeding drosophilids and
their hosts in the Neotropics, Valadão et al. [16] recorded 180 species of plants (representing
50 families) acting as hosts of 100 drosophilid species. These authors also found that
exotic drosophilids breed in more plant species and use exotic hosts more frequently than
do Neotropical drosophilids. However, Valadão et al. [16] focused primarily on fruits
collected near the host plants; fruits from markets and refuse containers were excluded
from their analysis. As there is an expressive drosophilid fauna established in urban
environments [17–21], it is worth investigating the drosophilid community associated with
the resources available in commercial markets.

The Cerrado biome, also known as Brazilian Savanna, spans most of the Central
Brazilian highlands [22] and is one of the world’s biodiversity hotspots due to its high
level of endemism and habitat loss [23]. It comprises a savanna of variable structure on
the well-drained interfluves, with gallery forests or other moist vegetation following the
watercourses [24]. The climate in the Cerrado is tropical dry winter Aw in 95% of the
biome, according to the Koeppen classification, and the precipitation is highly seasonal and
concentrated during the rainy season from October to April. Currently, 125 neotropical and
13 exotic species of drosophilid have been recorded in this biome [25]. The drosophilids
established in a protected area in the center of the Cerrado biome and monitored since 1998
seem to respond to climate seasonality, vegetation heterogeneity, disturbance (including the
arrival of exotic species), resource availability, and parasitoids [26–33]. Given the degree of
knowledge of this system, it is relevant to investigate the entry routes and establishment
sites of exotic species. In this context, food supply and distribution centers in urban areas,
which receive products not only from all over the country but also from abroad, become
important places to be explored.

The objective of our study was to investigate the relationship between drosophilids and
plant species in a distribution center that supplies many urban markets located in the core
area of the Cerrado biome. Our main questions were the following: Does the drosophilid
community change over time? How are drosophilid species distributed among plant species?
Do exotic drosophilids explore a wider range of resources than neotropical drosophilids?

2. Materials and Methods
2.1. Collections and Taxonomic Determination

Plant resources were collected at the Centrais de Abastecimento do Distrito Federal (“Fed-
eral District Supply Center” hereafter CEASA-DF), located in the Industry and Supply
Sector of Brasília, Brazil. The horticultural products that arrive at CEASA-DF come from
different regions of the country and undergo a selection process before being sold. In this
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process, fruits and vegetables that are deemed unfit for consumption are discarded on the
ground, under unloading trucks, and in refuse containers. The collections focused on these
decomposing plant resources, which serve as breeding sites for flies and were concentrated
over two periods. First, six monthly collections were carried out between August 2007
and January 2008. In the second period, five collections were carried out between October
2018 and May 2019. The collection method in both periods was similar: two collectors
randomly collected plant resources. However, in the first period, the collectors spent up to
two hours on each collection, while in the second, they spent up to one hour, or until they
completed a box of approximately 50 L. The sample units collected (fruits, vegetables, or
their fragments) were individually packed and transported to the laboratory.

In the laboratory, each plant sample unit was identified to species (or variety for
Brassica olearacea L. and Prunus persica L.) and classified into types: DF (dry fruits), FF
(fleshy fruits), SB (stem bulbs with cataphylls), ST (stem tubers), RT (root tubers), and VL
(vegetative leaves). Sample units were then weighed and placed in a transparent plastic
container to allow visualization of the hatched flies. In the containers, a thin layer of
vermiculite was placed at the bottom to control humidity, and a thin cloth was placed
at the opening to trap flies and allow gas exchange. The containers, kept at 25 ◦C and
12 h:12 h (L:D), were observed every two days. Hatched flies were aspirated and identi-
fied by external morphology [34,35] or male terminalia [36,37]. Taxon circumscriptions,
names, authors, and geographic distributions of plant and drosophilid species are cited in
Valadão et al. [16]. Taxa not included in their study were checked in Taxodros [1] and The
World Flora Online [38] for drosophilids and plants, respectively.

2.2. Data Analyses

To assess sampling effort and compare species richness for both collection periods [39],
we plotted the drosophilid species accumulation curves using a sample-based rarefaction
method (plant taxa) using the function “specaccum” in the Vegan package [40] available
in R 4.2.2. We used the Whittaker plot to show the species abundance rank and assess the
evenness of the community [41]. To calculate the relative abundance of exotic/neotropical
species, we added up the abundances of all the species in each category and divided them
by the total abundance. We also assessed the drosophilid density (Nflies/g) per plant
species; plant samples without emergencies were not considered.

For each collection period, we built matrices of interactions between drosophilid
species and plant species, including all recorded interactions. Then, we generate two
bipartite networks to visualize the webs. Moreover, we calculated the Spearman correlation
between the mass of each vegetable species and the richness and abundance of flies to
understand whether the number of interactions reflected the number of resources. For that,
the bipartite package [42] and the function “cor.test,” available in R 4.2.2, were used.

The classification of drosophilids as generalists or specialists was based on the criteria
established by Magnacca et al. [43]. A species was considered a specialist if two conditions
were satisfied: (i) at least two-thirds of its breeding records are associated with a single
plant family; and (ii) any other family has <25% of the remaining records, ensuring a clear
preference for a single family. For example, a species with 60 breeding records would
be considered a specialist if at least 40 records were made in a single plant family and
any other family had no more than 15 records. Thus, a drosophilid may be considered
a specialist even if it uses alternative plant families as secondary or occasional hosts.

To investigate whether exotic drosophilids explore a wider range of resources than
neotropical drosophilids, we calculated the proportion of positive associations observed
between Neotropical (N) and exotic (E) hosts (H) and drosophilid (D) species for the four
possible pairs: NH × ND, NH × ED, EH × ND, and EH × ED. The expected percentage of
associations for each pair was predicted based on the total number of possible associations
in the matrix. The adherence between observed and predicted association percentages in
each category was tested using the X2 goodness-of-fit test followed by an exact binomial
test for each pair as a post hoc test [44]. For this analysis, we only used nominal species.
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3. Results

In total, 99.478 kg of plant resources representing 48 species and two varieties (50 taxa
in 28 botanical families) were collected and transported to the laboratory (Table 1). From this
material, 48,894 drosophilids emerged, representing 16 species (Table 2). Despite the number
of sampling units and drosophilids being approximately 50% smaller in the second period
compared to the first, the two rarefaction curves stabilized. Thus, in both periods, the sampling
effort was sufficient to represent the richness of drosophilids in this urban supply center (Figure 1).

Table 1. Plant families and taxa collected in the Federal District Supply Center in Brasília, Brazil (CEASA).

Family Taxa Popular Name Code Type Mass (g) Empty
Mass (%)

Collection
Period

Actinidiaceae Actinidia chinensis Planch. E Kiwi; Kiwi 1 FF 592.4 86.26 1′, 2
Amaranthaceae Beta vulgaris L. E Beterraba; Beetroot 2 RT 482.9 100 2′

Amaryllidaceae Allium cepa L. E Cebola; Onion 3 SB 3037.1 57.81 1, 2
Anacardiaceae Anacardium occidentale L. N Caju; Cashew fruit 4 FF 524.0 25.38 1

Mangifera indica L. E Manga; Mango 5 FF 8595.8 69.42 1, 2

Spondias mombin L. N Cajá,Cajazinho;
Java plum 6 FF 107.2 100 2′

Spondias purpurea L. N
Ciriguela, Seriguela;

Gambia plum,
Purple mombin

7 FF 8.9 100 2′

Annonaceae Annona squamosa L. N Pinha, Fruta do Conde;
Custard apple 8 FF 398.6 100 2′

Apiaceae Arracacia xanthorrhiza Bancr. N

Batata baroa,
Mandioquinha;

Arracache, Peruvian
parsnip

9 RT 79.7 100 2′

Daucus carota L. E Cenoura; Carrot 10 RT 501.8 100 2′

Araceae Colocasia esculenta (L.) Schott E Inhame; Cocoyam, Taro 11 ST 711 73.42 1
Asteraceae Lactuca sativa L. E Alface; Lettuce 12 VL 290 0 1

Brassicaceae Brassica oleracea L. var.
acephala DC. E

Couve; Collard greens,
Kale 13 VL 59.9 100 2′

Brassica oleracea L. var.
capitata L. E Repolho; Cabbage 14 VL 585 0 1

Bromeliaceae Ananas comosus (L.) Merr. N Abacaxi; Pineapple 15 FF 27,195.5 0 1, 2

Cactaceae Selenicereus undatus (Haw.)
D.R.Hunt N Pitaya; Dragon fruit 16 FF 205.9 100 2′

Caricaceae Carica papaya L. N Mamão; Papaya 17 FF 6256.2 87.24 1′, 2

Caryocaraceae Caryocar brasiliense
Cambess.N Pequi; no English name 18 FF 171 17.54 1

Convolvulaceae Ipomoea batatas (L.) Lam. N Batata doce;
Sweet potato 19 RT 125.2 100 2′

Cucurbitaceae Cucumis anguria L. E Maxixe; West
indian gherkin 20 FF 577.7 78.38 1, 2

Citrullus lanatus (Thunb.)
Matsum. and Nakai E Melancia; Watermelon 21 FF 6071.9 2.86 1, 2

Cucumis melo L. E Melão; Melon 22 FF 962.9 0 1, 2

Curcubita moschata Duchesne N Abóbora; Pumpkin,
Winter squash 23 FF 1497.3 11.98 1, 2

Cucumis sativus L. E Pepino; Cucumber 24 FF 844.7 58.01 1, 2

Sicyos edulis Jacq. N Chuchu; Chayote,
Corstophine 25 FF 558.9 31.10 2

Ebenaceae Diospyros kaki L.f. E Caqui; Persimmon 26 FF 282.8 100 2′

Lauraceae Persea americana Mill. N Abacate; Avocado 27 FF 1201.4 100 2′

Malvaceae Hibiscus esculentus L. N Quiabo; Okra, Gumbo,
Lady’s fingers 28 DF 62.9 100 2′

Moraceae Artocarpus heterophyllus
Lam. E Jaca; Jackfruit 29 FF 1490 0 1
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Table 1. Cont.

Family Taxa Popular Name Code Type Mass (g) Empty
Mass (%)

Collection
Period

Musaceae Musa x paradisiaca L. E Banana; Banana 30 FF 5860.3 34.55 1, 2
Myrtaceae Psidium guajava L. N Goiaba; Guava 31 FF 1035.7 54.28 1′, 2

Oxalidaceae Averrhoa carambola L. E Carambola; Star fruit 32 FF 105.3 13.58 1, 2′

Passifloraceae Passiflora edulis Sims N Maracujá; Passion fruit 33 FF 1800.9 43.17 1, 2
Rosaceae Fragaria vesca L. N Morango; Strawberry 34 FF 209.8 64.59 1, 2

Malus domestica (Suckow)
Borkh. E Maçã; Apple 35 FF 5128 94.,44 1, 2′

Prunus domestica L. E Ameixa; Plum 36 FF 1393 63.03 1, 2
Prunus persica (L.) Batsch E Pêssego; Peach 37 FF 709 56.56 1, 2′

Prunus persica var. nucipersica
(L.)C.K. Schneid. E Nectarina; Nectarine 38 FF 433.8 76.26 1, 2′

Pyrus communis L. E Pera; Pear 39 FF 1568.4 73.64 1, 2

Rutaceae Citrus x aurantiifolia
(Christm.) Swingle E Limão; Lime 40 FF 571 80,14 2

Citrus x reticulata Blanco E Mexirica, Bergamota;
Tangerine 41 FF 2391 38,62 1, 2

Citrus sinensis (L.) Osbeck E Laranja; Orange 42 FF 2681.2 47.,78 1, 2
Sapindaceae Litchi chinensis Sonn. E Lichia; Lychee 43 FF 19.9 100 2′

Solanaceae Capsicum annuum L. N Pimentão; Bell pepper 44 FF 2346.5 71.02 1, 2
Capsicum chinense L. N Pimenta; Chili pepper 45 FF 25.5 100 2′

Solanum aethiopicum L. E Jiló; Bitterberry 46 FF 239.6 100 2′

Solanum lycopersicum Lam. N Tomate; Tomato 47 FF 5592 39.33 1, 2

Solanum melongena L. E Beringela; Eggplant,
Aubergine 48 FF 360.5 39.92 2

Solanum tuberosum L. N Batata; Potato 49 ST 3420.4 79.69 1, 2

Vitaceae Vitis vinifera L. × Vitis
labrusca EN Uva; Grape 50 FF 108.4 40.96 1, 2′

E: exotic; N: neotropical. Popular names: Brazilian Portuguese; English names. DF: dry fruit; FF: fleshy fruit; RT:
root tuber; SB: stem bulb with cataphylls; ST: stem tuber; VL: vegetative leaf. Resources that are not FF in bold.
Code: as in Figure 3. Mass: total collected. Empty mass: mass without the emergence of drosophilids. Collection
periods 1: 2007–2008; 2: 2018–2019; apostrophe (′): there was no emergence of flies.

Table 2. Genera, subgenera, groups, and species of Drosophilidae recorded on fruits and vegetables
collected in the Federal District Supply Center located in Brasília, Brazil, in two collection periods:
2007–2008 (1) and 2018–2019 (2). E: exotic; N: neotropical; Plant Fam/Spp: number of plant families
and plant species with drosophilid records.

Genus Subgenus Group Species Code
Plant

Fam/Spp

Abundance

2007–2008 2018–2019

Drosophila Dorsilopha busckii D. busckii Coquillett E A 6/13 1198 1647
Drosophila cardini D. cardini Sturtevant N B 9/14 121 412

D. cardinoides Dobzhansky and Pavan N C 1/2 0 11
immigrans D. immigrans Sturtevant E D 4/4 8 140

D. nasuta Lamb E E 1/1 0 211
repleta D. hydei Sturtevant E F 11/14 14,361 1049

D. mercatorum Patterson and Wheeler N G 9/13 299 472
D. repleta Wollaston N H 1/1 0 17

willistoni D. nebulosa Sturtevant N I 4/4 25 0
Sophophora melanogaster D. ananassae Doleschall E J 10/14 424 2775

D. kikkawai Burla E K 1/1 2 0
D. malerkotliana Parshad and Paika E L 6/6 592 0

D. melanogaster Meigen E M 11/15 6838 3225
D. simulans Sturtevant E N 15/22 7824 3739

saltans D. sturtevanti Duda N O 1/1 0 85
Zaprionus Z. indianus Gupta E P 14/20 2154 1265
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flies/g), and pineapple (1.26 flies/g). In the second period (2018–2019), the plant species 
with the highest density of drosophilids were potato (4.12 flies/g), mango (1.90 flies/g), 
and pineapple (1.34 flies/g). Several plant taxa did not register drosophilid emergence 
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Figure 1. Sample–based rarefaction curves for Drosophilid species were recorded in fruits and vegeta-
bles collected in the Federal District Supply Center located in Brasília, Brazil, in two collection periods.

3.1. Temporal Changes

The richness of fly species in both periods was similar: 12 and 13 species, with a strong
dominance of exotic species (Figure 2). The two most common species present on the
two collection occasions (Table 2) corresponded to 98.7% and 93.4% of the total abundance,
respectively. The species composition varied: nine occurred in both periods, three occurred
exclusively in 2007–2008, and four occurred only in 2018–2019. The plant species most used
by flies in 2007–2008 were pumpkin (1.81 flies/g of resource), melon (1.65 flies/g), and
pineapple (1.26 flies/g). In the second period (2018–2019), the plant species with the highest
density of drosophilids were potato (4.12 flies/g), mango (1.90 flies/g), and pineapple
(1.34 flies/g). Several plant taxa did not register drosophilid emergence (Table 1).
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Figure 2. Rank–abundance distribution for drosophilid species recorded in fruits and vegetables
collected in the Federal District Supply Center located in Brasília, Brazil, in two collection periods.

3.2. Relationships between Plant and Drosophilid Species

The associations between plant and drosophilid species are shown in Figure 3. The
richness of drosophilids in the same plant species varied between 1 and 12, and the most
commonly used hosts were pineapple (12 species), banana (11 species), tomato (10 species),
melon, and plum (7 species each). Similarly, the number of hosts used by the same species
of drosophilid varied between 1 and 22 (Table 2). The drosophilids recorded in most plant
species were Drosophila simulans (22) and Zaprionus indianus (20). However, most species
of drosophilids were considered generalists when analyzed using the Magnacca criterion.
The exceptions were D. cardinoides, D. nasuta, D. repleta, D. kikkawai, and D. sturtevanti. The
total success rate of fly emergence across the years was 70% of resources (N = 50 species).
Fleshy fruits had a success rate of 76.9%; other classes of resources (pooled), such as tubers,
bulbs, fruits that are dry at maturity, and leaves, had a lower rate of fly emergence (45.5%).
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Figure 3. Quantitative food webs for drosophilid species were recorded in fruits and vegetables
collected in the Federal District Supply Center located in Brasília, Brazil. (A) collection periods
2007–2008 and (B) collection periods 2018–2019. For each web, the left bars represent the host plant
and the right bars represent drosophilid species. The black lines represent established interactions
between plants and drosophilids. The black bars represent native species for the Neotropical region,
and the grey bars represent exotic species. The plant and fly species codes are given in Tables 1 and 2,
respectively. Underlined codes represent species occurring in both periods, A and B.

The correlation between the drosophilid abundance hatched from each plant species
and its mass (weighed in the laboratory) was 0.78 (p < 0.01) and 0.76 (p < 0.01) in the
two collection periods, respectively. The correlation between the drosophilid richness
hatched from each plant species and its mass was 0.8 (p < 0.01) and 0.72 (p < 0.01).

3.3. Neotropical and Exotic Resources Explored by Neotropical and Exotic Drosophilids

Regarding the geographic (native) origin of flies and host species, the matrix between
nominal drosophilids and plants showed that 18.11% of all possible associations were
recorded. Although the overall chi-square was not significant (χ 2 = 7.311, d.f. = 3, p > 0.05),
the use of exotic hosts was significantly lower than expected for neotropical drosophilids
and higher than expected for exotic drosophilids (Table 3). The use of neotropical hosts
by neotropical and exotic drosophilids follows the same pattern, except that the p-value
(p < 0.07) was marginally significant.
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Table 3. Percentages of observed interactions (matrix cell occupancy) between drosophilids and host
species (i.e., 100% would mean all possible drosophilids using all possible hosts) for each of four possible
classes of interaction: (i) Neotropical drosophilid×Neotropical host; (ii) Neotropical drosophilid× exotic
host; (iii) exotic drosophilid×Neotropical host; and (iv) exotic drosophilid× exotic host. p-values refer to
pair Binomial tests.

Plant Hosts

Drosophilids Neotropical (21 Taxa) Exotic (29 Taxa)

Neotropical (6 species) 19/126 = 15.08% (p = 0.067) 15/174 = 8.93% (p < 0.001)
Exotic (10 species) 40/210 = 19.05% (p = 0.064) 68/280 = 24.28% (p = 0.012)

4. Discussion

This is the first study to investigate the drosophilid community’s association with
resources available in a food supply distribution center in the Neotropics. This study
demonstrated that the drosophilid communities sampled in the two periods, separated
by a decade, were remarkably similar and were mainly composed of generalist species,
with most of them being exotic to the Neotropical region. Exotic drosophilid species clearly
explored more hosts than their neotropical counterparts, especially exotic host species,
supporting the pattern found for wild drosophilids and their fruit hosts [16].

4.1. The Fly Community Remained Relatively Stable after Ten Years

Over time, many similarities have been identified between the two widely isolated
samples. Species richness was very similar, and the composition followed the pattern found
in natural environments [45]: a few dominant species, generally exotic, in contrast to much
more numerous rare species. The relative abundance of species in the community seems to
be a predictor of their persistence in the community since the less frequent species (>1.23%)
fluctuated the most between the two periods. Our results also support the hypotheses that
anthropic environments are favorable for establishing generalist drosophilids [17,19,46].
Markets, especially, provide large amounts and a variety of food resources for drosophilids
and are less subject to climate seasonality that affects arthropod communities in tropical
savannahs [47–49]. Therefore, distribution centers such as the one studied here may
function as reservoirs that support generalist and exotic drosophilid populations.

4.2. Drosophilid Species Are Not Randomly Distributed among Plant Species

The abundance of drosophilids in each plant species was strongly correlated with
the mass brought to the laboratory. Previous studies suggest that resource availability is
an important predictor of population growth rates [32,50]. However, fly density fluctuated
strongly among different hosts, indicating that plant identity also plays an important role in
drosophilid abundance. In drosophilids, there are guilds of species associated with flowers,
fungi, and fruits [2,51]. Even within the same guild, however, some host species seem
to be especially attractive to flies. For the community studied here, pineapple represents
an important resource because it is abundant, supports a high density and richness of
drosophilids, and all the collected fragments were colonized. The richness and abundance
of drosophilids in each host species probably reflect characteristics such as host chemistry,
microbial composition, texture, temperature, and the presence or absence of larvae [52].
Drosophila females usually explore the substrate with their proboscis and ovipositor to
evaluate its quality for oviposition [53]. As the internal microbiome of a single fly represents
a highly reduced subset of the external microbial community, the flies might have some
level of control over the yeasts and bacteria that inhabit their digestive tracts [54,55].

As might be expected [2], the emergence of Drosophilids from fleshy fruit (FF) re-
sources was higher than from other types of resources, i.e., bulbs (SB), tubers (RT and
ST), leaves (VL), and dry fruits (DF). No emergence of flies was detected from any of
the root tubers (RT; N = 4), i.e., beetroot, carrot, Peruvian parsnip, or sweet potato; in
nature, such resources would rot underground. There was also no emergence from Okra,
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commercialized as fruit at a very immature stage, that would have naturally matured into
a dry, capsular fruit (DF). Stem and leaf resources (SB, ST, and VL), i.e., cabbage, collard
greens, lettuce, onions, potato, and taro had varying levels of emergence. Seven species of
Drosophila emerged in total from these resources, all of which, except for D. immigrans, were
among the most abundant species in our dataset, with the three most abundant species of
flies, D. hydei, D. simulans, and D. melanogaster, respectively colonizing four, three, or two
species of these classes of resources.

The insect’s choice of the host seems to be based on a decision rule that maximizes the
expected production of offspring. Polyphagy is putatively selected for when the chances
of an organism finding its preferred resource as well as encountering impalatable, toxic,
or poor-quality resources are low, while monophagy is selected for when the chances of it
finding its preferred resource, as well as encountering impalatable, toxic, or poor-quality
resources are high; both strategies aim at maximizing intake of high-quality resources
and avoiding a poor-quality diet [56]. The community studied here is mostly composed
of generalist species that oviposit in hosts presenting a wide range of conditions. As
urban markets tend to maintain high resource availability throughout the year, even if
their composition varies according to seasonality, generalist drosophilids can easily find
suitable breeding sites and therefore maintain larger populations in these locations. At
the other extreme, four species (D. kikkawai, D. repleta, D. sturtevanti, and D. nasuta) were
bred from a single host and presented relative abundances lower than 0.05%. Although
resource fidelity has been described in drosophilid species [57,58], this is not the case here.
D. kikkawai, D. repleta, and D. sturtevanti have been recorded in at least six plant families, and
D. nasuta was a recent invader in the Neotropics during the period of this study; currently,
it is widely established in South America, but its breeding sites are virtually unknown [59].

4.3. Exotic Drosophilids Use More Resources Than Neotropical Drosophilids

The three drosophilid species that exploit the most resources—Drosophila simulans,
Zaprionus indianus, and D. melanogaster—are endemic to Africa [3,35], widely distributed
throughout the world [1], and abundant in South America [26,32,60]. The success of exotic
drosophilids partly stems from their ability to exploit a wider range of plant species. This
finding supports Valadão et al. [16], who suggest three complementary hypotheses to
explain the broader resource richness used by exotic drosophilids. First, exotic species
have survived the trials of introduction, establishment, and dispersion in a new area; thus,
they should be adapted to an array of conditions. Second, they may favor their own
offspring by inoculating microbes at their breeding sites through their fecal deposits and
oviposited eggs [61,62], enhancing the resources available to hatching larvae. Finally, exotic
drosophilids can be superior competitors compared to native species: D. melanogaster can
affect the size of other species when sharing the same resource patch during the larval
stage [63], and Z. indianus can chase away other species of drosophilids that leave potential
breeding sites without laying eggs (see video S1 in Valadão et al. [16]). These processes can
promote niche breadth expansion via adaptive evolution [64].

Exotic drosophilids were particularly successful in breeding on exotic host plants,
which usually represent much of the resources available in fruit and vegetable distribution
centers. Consequently, these markets could provide plentiful breeding sites that act as
sources of species that colonize surrounding patches of natural vegetation as well as
a possible selection for enhanced generalism. The dispersion of competitive species from
urban markets to nature, in turn, could contribute to biotic homogenization by eliminating
native species [65,66]. The decline of insect populations and species around the world has
been intensely debated, and while there are studies suggesting dramatic rates of extinction
of insect species over the next few decades [67,68], there is also some criticism of the
methods used to estimate this decline [69].
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4.4. Future Research

Drosophilids are good models in many areas of research [70], including conservation
and invasion biology [71,72]. In addition to the high-quality, extensively researched publi-
cations about nearly all aspects of these flies, there are also complete databanks dealing
with Drosophila genetics (https://flybase.org/, accessed on 18 January 2023) and taxon-
omy, including geographical distribution (https://www.taxodros.uzh.ch/, accessed on
18 January 2023). An interesting line of research would be testing the hypothesis that geo-
graphically widespread generalists have an apparently greater tendency to use novel, exotic
hosts than geographically constrained specialists, as found for butterflies [73,74]. Another
promising avenue for research is the standardized approach for systematically monitoring
alien species and tracking biological invasions [75]. Considering that exotic species can
interact, favoring each other and establishing new ones [76], monitoring becomes especially
relevant. In the interval between the two collection periods, the establishment of two exotic
species in the Neotropical region was recorded: Drosophila nasuta and D. suzukii. The first,
D. nasuta, was registered by us in the second collection period as a rare specialist species
(<0.5% of the sample came from a single host), although it was much more abundant
(211 records) than the other newly–recorded species of the second period combined (113).
This result certainly reflects the short time of introduction at the time of collection, since
there are records of D. nasuta associated with different trophic levels [77]. Furthermore,
given its distribution potential in different Neotropical biomes [78,79], D. nasuta possibly
uses a variety of resources that should mediate its dispersal. The second, D. suzukii, was
not found in our samples, although it occurs in natural environments adjacent to the study
area [80]. Known as the spotted-winged Drosophila, D. suzukii has already been found
on 64 host plants in 25 families in Latin America, most of which are exotic species [10].
This is an important worldwide pest that infests wild and cultivated small soft-skinned
fruits [81], and the rarity of this type of host in our samples might explain its absence in the
present study.

5. Conclusions

In short, our study suggests that the drosophilid community established in a fruit and
vegetable distribution center located in the core area of South America is relatively stable
and dominated by generalist exotic species. Neotropical species were also present, but in
general, they were rarer and showed a narrower niche breath. These results are worrying
because the studied site, along with other urban markets around the world, might be acting
as sources of generalist widespread species that disperse to surrounding natural vegetation
and contribute to biotic homogenization.
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Simple Summary: Maggot growth is important in estimating the postmortem interval in cases
involving decomposing bodies. In turn, the time in which maggots transition from one stage of
development to the next is crucial in determining growth rates. In this study, we examined in
detail these transition times for two important blow fly species. Species transitioned between stages
following a bell-curve pattern which was not previously known. This new information will be
valuable for improving maggot growth determinations and postmortem estimates.

Abstract: Blow fly development rates have become a key factor in estimating the postmortem interval
where blow flies are among the first decomposers to occur on a body. Because the use of blow fly
development requires short time durations and high accuracy, stage transition distributions are
essential for proper development modeling. However, detailed examinations of stage transitions are
not available for any blow fly species. Consequently, we examined this issue in two blow fly species:
Lucilia sericata and Phormia regina. Transitions for all life stages across all measured temperatures
were normally distributed. Use of probit analysis allowed determination of 50% transition points
and associated measures of variation (i.e., standard errors). The greatest variation was noted for the
L2-L3, L3-L3m, and L3m-P stage transitions. These results invalidate the notion that largest maggots
should be preferentially collected for determining current maggot population stage, and further
call into question the relationship between intrinsic variation and potential geographic variation in
development rates.

Keywords: insect development; postmortem interval; blow fly; maggot development

1. Introduction

The blow flies (family Calliphoridae) have emerged as the most important single
group of insects in forensic entomology [1–3]. Their importance arises from their biology,
specifically the strong attraction to decay in many species [2,4]. Given their response
to decompositional odors coupled with strong flight, it is not surprising that blow flies
typically are the first insect colonizers. Indeed, blow flies can arrive at a dead body and lay
eggs within literally minutes of death. Consequently, this time of oviposition can be an ideal
indicator for estimating time of death. Calculating an estimated time of oviposition itself
depends on examining the degree of maggot development at the time of a body’s discovery,
and on using temperature and development data to determine when egg laying occurred.

Blow fly development is curvilinear, with a linear section in the center and curves
at the low and high temperatures [1]. Typically, most research on blow fly development
has focused on the linear portion of the development curve, and few of these studies
explicitly report on stage transitions, possibly since the assumption is that larval molting
events are relatively synchronous and occur over a short time [5]. However, in a study of
Chrysomya megacephala, Wells and Kurahashi [6] reported that only the molts from egg to
first and first to second stages were “highly synchronized”, each transition occurring in 6 h
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or less. Kamal [7] reported large ranges (from hours to days) around his presented modal
development times, which suggests large transition times where multiple life stages are
found together. Most other studies on blowfly development research either treat transitions
as a single point or do not discuss transitions at all.

Because there is very little data on stage transitions of blow flies, the associated
transition distribution is unknown, which is integral for determining development time
within stages. Here, by “transition distribution” we refer to the temporal frequency (counts
or proportions through time) at which a new life stage occurs during the molting from one
stage to the next.

Mathematically, the issue of transition distribution is identical to that in which any
numerical distribution must be determined. Most commonly, frequency distributions are
associated with sampling. With blow fly development, the transition distribution not
only represents the temporal pattern at which one stage molts into another, but also is a
necessary tool for determining stage duration and estimating variation. Broadly, two types
of transition distributions are likely. First is the negative binomial (or similar mathematical)
distribution that is asymmetric with a peak to the left. With this distribution, stage duration
should be calculated by measuring the time from mode to mode between stages. Second is
the normal, or Gaussian distribution. If the frequency distribution for stage transitions is
normally distributed, then determination of stage duration requires use of the mean (=the
peak of the distribution), and stage duration is calculated as the time from peak to peak
between stages.

Debates regarding use of mean or mode routinely occur in the forensic entomology
literature [1,8], even though no experimental determination of the actual transition distribu-
tions exists for all life stages of any blow fly species. Moreover, transition distributions are
necessary for measuring variation and attaching confidence intervals around transitions.
Finally, transition distributions are important for determining developmental curves, de-
grees of uncertainty, and sampling protocols, all of which ultimately influence the accuracy
of PMI estimations.

The need to determine transition distribution exists, theoretically, in determining the
stage duration for any organism that molts. In practice, if the duration of stage transitions
are short relative to the total duration of a stage, using single times to represent a transition
is adequate. Similarly, if the time of concern is that of the total larval period, or time
from egg to adult (as is often the case with agricultural pests), then details on transition
distributions are not needed. In contrast, because the use of blow fly development requires
short time durations and high accuracy, transition distributions are essential for proper
development modeling. We examined this issue in two blow fly species: Lucilia sericata and
Phormia regina.

Lucilia sericata (Diptera: Calliphoridae) is a ubiquitous fly that belongs to a group
of necrophagous insects that are dependent on decomposing flesh to complete their life
cycle [4] and has played major roles in sheep strike and other forms of myiasis, maggot
therapy, and death investigations. In the Midwest, L. sericata often is the first blow fly to
oviposit on a dead body, and for this reason, it is potentially one of the most important
species in determining the PMI [2]. The age of maggots when a body is discovered provides
a starting point from which to count backward to the time of oviposition, providing an
estimate of the duration of the exposure of the body [2]. Developmental research on
L. sericata has focused on linear portions of the development curve (e.g., [7,9,10]) with
temperatures between 16 and 35 ◦C and no explicit consideration of stage transitions.

In the past, much of the research concerning Phormia regina (diptera: Calliphoridae)
was dedicated to its role in livestock myiasis [11]. However, with its near complete range
across the U.S. (except southern Florida) ([4,12]), P. regina has steadily increased its role as a
colonizer of human and other animal remains. As such, their role in postmortem interval
(PMI) estimations has also increased. Like the situation with L. sericata, there are insufficient
development data for P. regina to allow calculation of stage transition distributions. Among
existing studies on P. regina development (e.g., [7,10,11,13]), issues include insufficient
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number of replications, inconsistent temperature regimes, variable sampling protocols, and
non-specific life stage intervals.

Ideally, blow fly species would have complete developmental data sets [1]. Unfor-
tunately, developmental experiments are expensive, both in labor and materials, and it
would be difficult (if not impossible) to capture and maintain colonies of all blow fly species.
Designing developmental studies, therefore, requires choosing species that may or may
not share certain life history traits but are of similar importance ecologically or legally.
For this study, P. regina was chosen because of the species’ increased geographic area,
their increasing role in death investigations, and their placement in a different subfamily
(Calliphoridae: Chrysomyinae) from L. sericata (Calliphoridae: Luciliinae).

By examining different subfamilies and comparing the data between P. regina and
L. sericata, the overall goal of having concise development data for the majority of the
Calliphorids becomes easier if clear patterns emerge. For example, if stage transition times
are consistently normally distributed and variation within life stages is similar between
species, then it is not unreasonable that overall development patterns may be similar. Thus,
our goals in this study were to establish stage transition distributions with confidence
intervals across all life stages (egg to adult) and multiple temperatures for L. sericata and
Phomia regina.

2. Materials and Methods
2.1. Flies

Lucilia sericata were obtained from colonies maintained at the University of Nebraska–
Lincoln (Lincoln, Nebraska). The colony was established in October 2010, from field-
collected insects provided by Dr. Jeff Wells from Morgantown, West Virginia. At the time
of research, the colonies achieved 100 generations without addition of new flies.

Phormia regina were obtained from colonies maintained at the University of Nebraska–
Lincoln (Lincoln, Nebraska). The colony was established in 2011 from field-collected
insects in Lancaster County, Nebraska. At the time of research, the colonies achieved
100 generations without addition of new flies. For specific rearing protocols, see Roe
and Higley [14].

Adult flies were maintained in screen cages (46 cm × 46 cm × 46 cm) (Bioquip
Products, Claremont, CA, USA) in a rearing room at 27.5 ◦C (±3 ◦C), with a 16:8 (L:D)
photoperiod. Multiple generations were maintained in a single cage, and ca. 1000 adult
flies were introduced every 1–2 weeks. Adults had access to granulated sugar and water ad
libitum, and raw beef liver for protein and as an ovipositional substrate. After egg laying,
eggs and liver were placed in an 89 mL plastic cup which was surrounded by pine shavings
in a 1.7 L plastic box. The pine shavings served as a pupation substrate. The 1.7 L box was
placed in a I30-BLL Percival biological incubator (Percival Scientific, Inc., Perry, IA, USA)
set at 26 ◦C (±1.5 ◦C). After eclosion, adults were released into the screened cages.

2.2. Incubators

Incubator information has been previously discussed in Authement et al. [14]; per-
tinent information was revisited here. Incubators were customized, model SMY04-1
DigiTherm® CirKinetics Incubators (TriTech Research, Inc., Los Angeles, CA, USA). The
DigiTherm® CirKinetics Incubators have microprocessor -ontrolled temperature regulation,
internal lighting, a recirculating air system (to help maintain humidity), and a thermoelec-
tric heat pump (rather than coolant and condenser as is typical with larger incubators and
growth chambers). Customizations included the addition of a data port, vertical lighting
(so all shelves were illuminated), and an additional internal fan. The manufacturer’s speci-
fications indicate an operational range of 10–60 ◦C ± 0.1 ◦C. It is worth noting that a range
of ±0.1 ◦C is an order of magnitude more precise than is possible in conventional growth
chambers. Although growth chambers have been shown to display substantial differ-
ences between programmed temperatures and actual internal temperatures [15], incubators
tested with internal thermocouples in a replicated study showed internal temperatures
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on all shelves within incubators never varied by more than 0.1 ◦C from the programmed
temperature, in agreement with the manufacturer’s specifications. Given the high level of
measured accuracy with programmed temperatures, we were able to use incubators for
temperature treatments, which improved our experimental efficiency and helped reduce
experimental error.

2.3. Experimental Design

The studies with Lucilia sericata and Phormia regina used the same experimental design.
For each species, treatments comprised eleven temperatures (7.5, 10, 12.5, 15, 17.5, 20, 22.5,
25, 27.5, 30, and 32.5 ◦C) with a light: dark cycle of 16:8. Twenty eggs (collected within
30 min of oviposition) were counted onto a moist black filter paper triangle and placed
in direct contact with 10 g of beef liver in a 29.5 mL plastic cup. The cup was placed in a
7 cm × 7 cm × 10 cm plastic container that had 2.5 cm of wood shavings in the bottom for
L. sericata, and 2.5 cm of damp sand for P. regina. The container was then placed randomly
in an incubator. A total of 22 incubators were available for use: the experimental unit
was an incubator, temperature treatments were randomized by incubator, and replications
were conducted through time to provide sufficient incubators for all treatments. Each
life stage (egg–1st stage, 1st–2nd stage, 2nd–3rd stage, 3rd–3rd migratory, 3rd migratory–
pupation, pupation–adult) was calculated using Kamal’s [4] data which were converted to
accumulated degree hours (ADH) and divided equally into five sampling times (specific
times are listed in Table 1 for Lucillia sericata and Table 2 for Phormia regina). Each sample
was replicated 4 times, for a total of 20 samples per life stage (4 replications times 5 sampling
periods). In total, there were 120 samples per treatment (4 replications times 5 sampling
periods per stage transition times 6 life stage transitions). During each sample time, a
container was pulled from each of the four incubators and the stage of each maggot was
documented morphologically using the posterior spiracular slits.

Table 1. Sample times for Lucilia sericata were calculated by converting the minimum and maximum
data reported in Kamal [4] into accumulated degree hours (ADH). The ADHs were calculated for
each life stage and sampling temperature, converted back into hours and divided into 5 equal
sample times.

Temperature ◦C

Life Stage 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5

Egg–1st 35 35 35 17 12 9 7 6 5 4 4
1st–2nd 56 56 56 28 19 14 11 9 8 7 6
2nd–3f 79 79 79 39 26 20 16 13 11 10 9
3f–3m 143 143 143 71 48 36 29 24 20 18 16

3m–Pupal 335 335 335 167 112 84 67 56 48 42 37
Pupal–Adult 527 527 527 263 176 132 105 88 75 66 59

Table 2. Sample times for Phormia regina were calculated by converting the minimum and maximum
data reported in Kamal [4] into accumulated degree hours (ADH). The ADHs were calculated for
each life stage and sampling temperature, converted back into hours and divided into 5 equal
sample times.

Temperature (◦C)

Life Stage 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5

Egg–1st 16 16 16 8 5 4 3 3 2 2 2
1st–2nd 44 44 44 22 15 11 9 7 6 6 5
2nd–3f 63 63 63 31 21 16 13 10 9 8 7
3f–3m 111 111 111 55 37 28 22 18 16 14 12

3m–Pupal 281 281 281 141 94 70 56 47 40 35 31
Pupal–Adult 441 441 441 221 147 110 88 74 63 55 49
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During egg hatch, a larva was recorded as 1st stage if they had broken the egg chorion
and were actively emerging. Pharate larvae (larvae that have undergone apolysis but
not ecdysis) were recorded as the earlier stage (e.g., 3rd stage spiracular slits can be seen
beneath the current spiracular slits would be recorded as 2nd stage), since they had not yet
molted. Pupariation started when the larva had a shortened body length and no longer
projected its mouth hooks when put in the larval fixative KAAD (kerosene-acetic acid–
dioxane). There were times when a larva appeared to be entering the puparium stage
but would extend its body length and begin crawling if disturbed or placed in KAAD.
These larvae were recorded as 3rd migratory. All life stages were preserved in 70% ethyl
alcohol. Third and third–migratory stages were fixed in KAAD for 48 h and transferred to
70% ethyl alcohol.

2.4. Analysis

As previously discussed, the goal of this experiment was to determine the distributions
of stage transitions by temperature for each of 6 transitions. With 11 temperatures and
6 transitions we needed to model 66 relationships for each species. We used 2 regression
procedures. First, to determine the appropriate transition distributions, we used TableCurve
2d, version 5.01 (SYSTAT Software Inc., San Jose, CA, USA, http://www.sigmaplot.com/
products/tablecurve2d/tablecurve2d.php), accessed on 1 July 2022. and Prism, version
6.02 (GraphPad Software, Inc., La Jolla, CA, USA, http://www.graphpad.com/scientific-
software/prism/). Here, we fit one of 4 functions (specifically, a regressed proportion
(percentage) in stage versus time, at each temperature tested). Variables were y = proportion
in stage, x = time (degree days), and a, b, c, and d = regression coefficients. The equations
used were the following:

1. A Gaussian equation (a standard normal curve):

y = a exp

[
−1

2

(
x− b

c

)2
]

.

2. A modified Gaussian equation (a form of Gaussian curve with a plateau at 100%):

y = a exp

[
−1

2

( |x− b|
c

)d
]

.

3. A cumulative Gaussian equation (a form of the Gaussian curve used for adults to
model a sigmoidal increase to a plateau):

y =
a
2

[
1 + er f

(
x− b√

2c

)]
.

4. A reversed cumulative Gaussian equation (a form of the cumulative Gaussian equa-
tion used for eggs, to model a sigmoidal decrease from a plateau):

y =
a
2

[
1− er f

(
x− b√

2c

)]
.

Cumulative forms of the equations were needed to model the transitions from egg
or to adult. For the larval and pupal stages, the distinction between fitting a Gaussian
or modified Gaussian equation usually depended on length of time in stage. Because
longer lasting stages often had a plateau when all individuals were in the same stage
between transitions, the modified Gaussian relationship was more appropriate. Fitting
these relationships provided evidence for the mathematical distribution of individuals
during stage transitions.

A different regression procedure was needed to determine the duration of individual
stages (50% of L1 to L2, for example). Various approaches could be used, for example,
determining the time from peak of one stage to peak of the next. However, we used the
time between 50% transition into a stage to 50% transition out of a stage. We made this
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choice because we can determine a standard error in the 50% transition point, which is not
always possible with determining peaks. Determination of the 50% transition point itself is
straightforward using a probit model, with the probit choices of being in the first stage or
the next. Through probit modelling, it is possible to determine any desired % transition
and the associated variation. Probit models were constructed with Prism 6.02.

For all regression analyses, the data were examined closely to determine their propriety
for inclusion in analysis. In a few instances, individuals were sampled with extraordinarily
extended durations. These were treated as outliers and excluded from analysis (indicated
in Tables S1 and S4).

3. Results
3.1. Lucilia sericata

Data for Lucilia sericata can be found in Table S1 and all calculations are contained in
Tables S2 and S3. Data from 7.5 ◦C were not analyzed because there was very little egg
development and no larval eclosion. In all 66 stage transitions examined, transition frequen-
cies were normally distributed (Figure 1 shows the normal distribution of the transitions
periods). Gaussian curves were used on life stages that had little or no plateauing, whereas
modified Gaussian curves were a better fit for plateaued data (i.e., pupation). There were
large spreads in transition times, particularly during the later life stages (third, 3m, and
pupation) for all temperatures reported (Figure 1), covering a period of hours (egg, first,
second stages) to days (third, 3m, pupation).

Probit analysis indicated 50% transition times (Figure 2). There was large variation at
10.0 and 12.5 ◦C, the majority due to high mortality rates (Figure 2). The effect of mortality
can also be seen at 30.0 and 32.5 ◦C (Figure 2), with few individuals reaching 100% of the
early life stages. However, there was still enough resolution to determine the means for
those temperatures (Table 3).

Table 3. Mean time (hours) for Lucilia sericata to reach 50% of the population for each life stage
and temperature.

Temperature ◦C

Life Stage 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5

Egg–1st N/A 186 41 52 47 28 21 17 18 12 14
1st–2nd N/A 407 136 131 79 59 46 36 31 24 24
2nd–3f N/A 463 231 179 137 92 78 63 49 42 36
3f–3m N/A 683 431 314 237 193 141 111 124 85 95

3m–Pupal N/A 2179 1935 1206 326 217 202 168 158 139 180
Pupal–Adult N/A 4011 2896 1710 760 554 424 371 344 297 353

3.2. Phormia regina

Data for Phormia regina can be found Table S4 and calculations are contained in
Tables S5 and S6. Data from 7.5 ◦C were not used because there was no egg development.
Experiments at 10 ◦C were stopped at 400 h (16.7 days) due to complete egg and first stage
mortality. The remaining stage transitions were all normally distributed (Figure 3 shows
the normal distribution of the transitions periods). The later life stages, particularly L3m
and pupation, had the largest variability, with large error bars on most of the samples.
Starting at 12.5 ◦C, the pupation stage was broad, covering hundreds of hours, which was
also true at 32.5 ◦C, where the entire life cycle was complete in 250 h.

The method of calculating sampling times was not as accurate in this species as compared
to L. sericata for the L3m stage (Figure 4). Of all the L3m samples taken, few were at the
required time within the stage, with 6 of the 10 temperatures never sampling at 100%. The
most pronounced data reduction can be observed at 15.0 ◦C. Figure 4 illustrates this issue
more clearly by the almost vertical slope and <100% in stage observed at the L3m locations.
However, there were enough data to determine the means for all temperatures (Table 4).
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Figure 1. (A–F) Gaussian and modified Gaussian curves (those curves with plateau) fit to all life stages
(egg to adult) of Lucilia sericata for temperatures 10.0 to 32.5 ◦C. (A–J), respectively. Models were not
constrained, so occasionally the best fit curve can exceed 100%. Different line colors and black dot
and triangles are used to distinguish adjacent curves. (G–J). Gaussian and modified Gaussian curves
(those curves with plateau) fit to all life stages (egg to adult) of Lucilia sericata for temperatures 10.0
to 32.5 ◦C. (A–J), respectively. Models were not constrained, so occasionally the best fit curve can
exceed 100%. Different line colors and black dot and triangles are used to distinguish adjacent curves.

Table 4. Mean time for Phormia regina to reach 50% of the population for each life stage and tempera-
ture (hours).

Temperature (◦C)

Life Stage 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5

Egg–1st N/A 173 70 61 40 24 16 15 14 10 10
1st–2nd N/A N/A 354 154 127 75 50 43 34 27 25
2nd–3f N/A N/A 564 231 218 123 92 71 57 47 42
3f–3m N/A N/A 612 521 277 202 134 123 95 76 78

3m–Pupal N/A N/A 843 469 319 245 178 155 122 107 106
Pupal–Adult N/A N/A 1450 966 622 447 356 283 239 218 206
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Gaussian curves (those curves with plateau) fit to all life stages (egg to adult) of Phormia regina for 
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Figure 4. (A–E). Probit analysis curves used to determine 50% of the transition population for Phormia
regina at 10.0–32.5 ◦C (A–J, respectively). Confidence intervals are represented by dotted lines.

4. Discussion
4.1. Lucilia sericata

Just as cooler temperatures yield longer development times [1,4,8,9], cooler tempera-
tures also produce longer transitions times, as well as larger confidence intervals. Since
blow flies are poikilothermic, extreme temperatures interfere with biological processes
including metabolism, movement, and the regulation of growth hormones. This leads to
developmental variation at these temperatures, which was observed at 10.0 and 12.5 ◦C
and 30.0 and 32.5 ◦C. Additionally, there also appears to be an inherent variability in
development, as shown by the wide transition times. The insects used in these experiments
had been inbred through 100+ generations, making it improbable the transition times were
due to underlying genetic variability. Long transition times could be associated with sub-
optimal rearing conditions; however, other evidence (e.g., total development time, larval
size, and survivorship) is not consistent with this explanation. Consequently, the observed
variation in stage transition by individual maggots, which gives rise to long transition
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times, seems to be an intrinsic trait in L. sericata. Possibly, this underlying variability is a
means for individuals to survive in an ephemeral environment. Carcasses are rarely in the
environment for very long and can be found in a wide expanse of temperatures, humidity,
and locations. The ability to complete a life cycle over a broad range of conditions could
reduce intraspecific competition, making the survival of the species more likely.

When we examine the data that can be most strongly compared (since we are not
using the exact temperatures), our results are similar to those in the modes reported in
Kamal [7] (Table 5), with a temperature difference of 26.7 ◦C (Kamal [7]) versus 27.5 ◦C.
We can compare more directly as percent of larvae within a stage, which eliminates trying
to compare mode to mean measurements (Table 6). Most variability is observed in the
later life stages (third migratory and pupation), which is where most transition variability
is found. There is also a strong comparison between our data and the limited data from
Ash and Greenberg [9], with 27.0 ◦C (A & G) versus 27.5 ◦C (here). When we compare
our calculated means, six of nine are within 2 SD and the remaining three are within 3 SD
(Table 6), with the differences shown in Table 7.

Table 5. Comparison between Kamal [7] and Roe and Higley of Lucilia sericata as percent in stage.

Temp Egg L1 L2 L3f L3m P

R and H 27.5 5.2% 3.7% 5.4% 22.0% 9.7% 54.1%

Kamal 26.7 5.2% 5.7% 3.4% 11.5% 25.9% 48.3%

Difference 0.0% −2.1% 1.9% 10.5% −16.2% 5.8%

Table 6. Comparison between Ash and Greenberg [9] and Roe and Higley of Lucilia sericata mean
transition times.

Transition
Stages

Mean of Transition Time in Hours

A & G
1975 R & H A & G

1975 R & H A & G
1975 R & H

19.0 C 20.0 C 27.0 C 27.5 C 35.0 C 32.5 C

E-L1 29.4 28.1 14.4 17.9 10.2 13.8
L3m-P 691.2 216.8 194.4 157.6 333.6 180.0

P-A 1312.8 553.7 384.0 343.5 295.2 352.5

Table 7. Difference in transition means observed here for Lucilia sericata as proportion of Ash and
Greenberg [9] standard deviations.

Transition
Stages

Difference in Transition Means (A&G (1975)—Presented Data) as
Proportion of A&G Standard Deviations

19 and 20 C 27 and 27.5 C 35 and 32.5 C

E-L1 0.6 2.7 1.9
L3m-P 3.9 0.5 0.9

P-A 2.5 0.3 1.0

Both Kamal [7] and Ash and Greenberg [9] used continuous lighting during their
development studies, which could account for some of the variation, since it has been
shown light regimes can affect development [16]. Interestingly, Kamal’s population of
L. sericata was collected from Pullman, WA, Ash and Greenberg’s population were collected
from Chicago, IL, and ours were collected from Morgantown, WV. There was also a large
time difference in population examinations: 56 and 39 years, respectively. The fact that
these data sets produce similar results raises a question about geographic variation and
its impact on development. If geographic variation caused a considerable difference in
development times, the transitions among the three data sets should have been significantly
different, but they were not.
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4.2. Phormia regina

Phormia regina is known for its preference for cooler temperatures [12]. However, this
species did not mature past the first stage at 10.0 ◦C in this study and appeared to have just
as much difficulty maturing to adults at 12.5 ◦C and 15.0 ◦C as L. sericata. Unlike data in
Byrd and Allen [11], there was an egg hatch at 10.0 ◦C, but since there was no development
past the L1 stage, P. regina’s biological minimum temperature is between 10.0 ◦C and 12.5 ◦C.

While there are some blow fly species, specifically Calliphora vicina, that can complete
their life cycle at temperatures below 10.0 ◦C [17], P. regina does not appear to be one of
them. Surprisingly, the transition rates at 30.0 ◦C and 32.5 ◦C were not adversely affected
by temperature. This could be partially explained by mortality rates. There was not an
increase in mortality as the temperatures increased, unlike with L. sericata, where mortality
did increase at the higher temperatures (less mortality equals more data to analyze).

There is similar variation between the two species during the later life stages tran-
sitions. Both P. regina and L. sericata have large variation during the L3m and pupation
stages. Unlike L. sericata, however, P. regina’s pupal stage does not begin to plateau until
22.5 ◦C and 6 out 10 curves (Figure 4) calculated for L3m did not reach 100%. This could be
an artifact of the sampling protocol, where the method of calculating sampling times was
not as accurate in this species. Therefore, although the sampling times were divided into
five equal times, those times did not align with the transitions during the later life stages.
Regardless, as with L. sericata, the observed variation in stage transition by individual mag-
gots seems to be intrinsic in P. regina. Because all necrophagous species rely on ephemeral
resources, it could be expected that those with more intrinsic variation are most likely to
survive over a broad range of environmental factors and the trait is shared between blow
fly subfamilies.

Because of the vast differences in methodologies and temperatures studied, it is diffi-
cult to directly compare data sets. Our results do compare favorably with those of Kamal [7]
when we compare percent of larvae within a stage (Table 8) at similar temperatures (26.7 ◦C
(Kamal [7]) and 27.5 ◦C). Converting transition times to percentages eliminates the need to
attempt to compare mode to mean measurements (Table 9). Most variability is observed in
the L3m stage in both data sets, which coincides with where we detected the majority of
transition variation. Our data also favorably compare to those of Byrd and Allen [11] at the
higher temperatures (25.0 and 30.0 ◦C), with our transition times for all life stages fitting
within their given ranges. Our transition times are considerably greater than their reported
ranges at the cooler temperatures (15.0 and 20.0 ◦C).

Table 8. Comparison between Kamal [4] and Roe and Higley of Phormia regina development means
and modes.

E-L1 E-L2 E-L3f E-L3m E-P E-A

R and H mean 13.8 33.9 56.6 95.3 122.1 239.2
Kamal mode 16 34 45 81 165 309

Difference −2.2 −0.1 11.6 14.3 −42.9 −69.8

Table 9. Comparison between Kamal [4] and Roe and Higley of Phormia regina as percent in stage.

Temp Egg L1 L2 L3f L3m P

R and H 27.5 6.1% 8.9% 10.1% 17.2% 11.9% 52.0%

Kamal 26.7 5.2% 5.8% 3.6% 11.7% 27.2% 46.6%

Difference 0.9% −3.1% 6.5% 5.5% −15.3% 5.4%

Differences between these data and those of Byrd and Allen [11] could be a result of
methodology. Byrd and Allen used 400 eggs per subsample (with a total of three samples). It
has been proposed that maggots in large masses feed more efficiently due to external digestive
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enzymes [3]. In this case, faster feeding and subsequent digestion could push development
forward and could explain the faster development times reported by Byrd and Allen [11].

As with L. sericata, the question of whether geographical variation significantly impacts
development rates is raised. Kamal’s [7] population of P. regina was obtained from Pullman,
WA; Byrd and Allen’s [11] population was obtained from Florida, and ours was collected
from Lincoln, NE. Although there are differences between the data sets, it is unlikely that
the variation was caused by the geographic differences in the fly populations due to them
being similar despite methodological differences between the experiments and the high
intrinsic variation seen within our highly inbred population.

While this study was very similar to the one conducted with L. sericata, the result is the
same: accurate transition data leads to more accurate developmental data, which leads to
more accurate development models. Models can accommodate the linear and curvilinear
areas of development and can be used over a series of temperatures. As discussed with
L. sericata, collecting development data for as many forensic species as possible is imperative.
Comparisons between multiple, comprehensive data sets allows similarities, differences,
and patterns to be recognized, increasing our knowledge of basic development biology and
the variables that affect it.

4.3. Forensic Implications of Findings

Because transitions were normally distributed, the assumption that stage transitions are
rapid with a long fall off is disproved. Consequently, the current practice/recommendation
of collecting the largest maggots from a mass (e.g., [18]) is incorrect. By using a small sample
of the largest maggots, an underrepresentation of the actual cohort age is initiated, both
through sampling error and failure to properly represent transition distribution. While
maggot size has often been used as an age determinate, there is a vast difference in maggots
reared in a laboratory (where food and/or competition are not limiting factors) versus a
carcass (where food and competition are limiting factors). Since nutrition has a direct impact
on larval size, it is difficult to control for size among “unknown” age samples, such as those
commonly found in death/myiasis investigations. Even with controlled populations, during
the earlier life stages, stage is “more effective than size for estimating the [larval] age” [6].

Because the calculation of degree day requirements by stage depends on the determi-
nation of when one stage transitions into another, our results highlight a potential source
of error in determining degree-day requirements by stage. Additionally, the large range
of transition values for the L3-L3m, L3m-P, and P-A stage transitions suggest that degree-
day determinations for these stages (i.e., L3, L3m, and P) are particularly given to high
variability. One approach for addressing this variation would be to explicitly consider the
proportion of individuals in multiple stages and using these to determine where the popu-
lation is on a stage transition curve. Obviously, for such an approach to be viable, detailed
transition curves must be available and samples of maggot must accurately represent the
underlying population.

A final implication we have previously mentioned is the controversial question of
ways to measure geographic variation between populations of a given species. Given the
high degree of variation we see in transition times in this study (with species in different
subfamilies), unless the variation in transition time is explicitly considered, it is easy to
misconstrue variation associated with transitions with geographic variation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects14040315/s1, Table S1: Development data for Lucilia
sericata (from Excel); Table S2: Datasets and statistical analysis summary of Lucilia sericata nonlinear
regressions for percent in stage by temperature; Table S3: Datasets and statistical analysis summary of
Lucilia sericata nonlinear regressions for 50% stage transition by temperature; Table S4: Development
data for Phormia regina; Table S5: Datasets and statistical analysis summary of Phormia regina
nonlinear regressions for percent in stage by temperature; Table S6: Datasets and statistical analysis
summary of Phormia regina nonlinear regressions for 50% stage transition by temperature.
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Simple Summary: Drosophila suzukii, internationally known as the spotted-wing drosophila (SWD),
is an invasive insect pest that mainly causes economic damage to fresh and healthy, as well as soft
and stone, fruit crops. The SWD has quickly spread throughout all the Argentinean fruit-growing
regions. Natural enemies, such as parasitoids, can be an important environmental friendly tool within
an SWD management strategy. However, understanding the biological mechanisms that enable the
coexistence of different parasitoid species in a particular environment is essential to improve their use
as biocontrol agents. Therefore, this study assessed the coexistence of two resident pupal parasitoids,
Trichopria anastrephae (Ta) and Pachycrepoideus vindemiae (Pv), on SWD-infested guava and peach in
non-crop areas of northwestern Argentina, based on spatial (microhabitat) and/or resource (host
flies) differentiation. Results revealed that both biological mechanisms might mediate the coexistence
of these two pupal parasitoid species. Ta showed a preference for resident saprophytic drosophilid
puparia located mainly inside fruit flesh, whereas Pv searched for the host in less competitive habitats,
such as in the soil or outside fruit flesh, where SWD puparia prevailed. Such a differential exploitation
of host microhabitats influenced parasitoid efficiency in suppressing SWD populations. The combined
use of both parasitoid species may be advisable for local SWD management.

Abstract: Understanding the mechanisms associated with the coexistence of competing parasitoid
species is critical in approaching any biological control strategy against the globally invasive pest
spotted-wing drosophila (=SWD), Drosophila suzukii (Matsumura). This study assessed the coexistence
of two resident pupal parasitoids, Trichopria anastrephae Lima and Pachycrepoideus vindemiae Rondani,
in SWD-infested fruit, in disturbed wild vegetation areas of Tucumán, northwestern Argentina, based
on niche segregation. Drosophilid puparia were collected between December/2016 and April/2017
from three different pupation microhabitats in fallen feral peach and guava. These microhabitats
were “inside flesh (mesocarp)”, “outside flesh”, but associated with the fruit, and “soil”, i.e., puparia
buried close to fruit. Saprophytic drosophilid puparia (=SD) belonging to the Drosophila melanogaster
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group and SWD were found in all tested microhabitats. SD predominated in both inside and outside
flesh, whereas SWD in soil. Both parasitoids attacked SWD puparia. However, T. anastrephae emerged
mainly from SD puparia primarily in the inside flesh, whereas P. vindemiae mostly foraged SWD
puparia in less competitive microhabitats, such as in the soil or outside the flesh. Divergence in host
choice and spatial patterns of same-resource preferences between both parasitoids may mediate their
coexistence in non-crop environments. Given this scenario, both parasitoids have potential as SWD
biocontrol agents.

Keywords: spotted-wing drosophila; drosophilid abundance; pupal parasitoid coexistence; ecological
profiles; feral fruit host; non-crop environment

1. Introduction

In nature, resident and introduced parasitoid species may be able to coexist in the
same host species by niche partitioning, i.e., the process by which competing species move
into different patterns of resource use or different niches [1], or through different ecological
profiles and life histories [2–4]. Among various mechanisms enabling the coexistence of
competing parasitoids, the temporal and spatial partitioning of resources may be high-
lighted [5]. As a result, the co-occurrence of competing parasitoid species may depend on
the occupation of competitor-free spaces [6]). Thus, niche differences may imply divergence
and a competitive avoidance history [7]. Consequently, any information related to the
mechanisms associated with the coexistence of competing parasitoid species is essential in
addressing any biological control strategy against invasive insect pests [8,9].

The globally invasive pest spotted-wing drosophila (=SWD), Drosophila suzukii (Mat-
sumura) (Diptera: Drosophilidae), a native of South East Asia [10] and currently occurring
on all continents [11], has quickly spread throughout all the fruit-growing regions of Ar-
gentina since it was first recorded in 2014 [12]. The SWD is an economically important
pest of small, soft, and stone fruits worldwide, because females lay eggs in fresh, healthy,
ripening fruit [13]. Curiously, SWD is one of the few Drosophila species that has evolved
into a serrated ovipositor, which allows females to drill into the skin of healthy fruits to
oviposit inside the fleshy mesocarp [14].

Fly larvae feed deep into the fruit’s fleshy mesocarp, resulting in fruit rot. Mature
larvae emerge from the fruit to pupate mainly in the soil, although larvae usually also
pupate inside fallen fruit or beneath the fruit without burying themselves, remaining
attached to the fruit skin [15]. Although SWD is mainly a pest of berry and cherry crops,
this dipteran is highly polyphagous, as it has a broad host fruit range, mainly throughout
Asia, Europe, and America [10]. In addition to crop host species, mainly Rosaceae, the
SWD larva can develop in both native and exotic fruit of ornamental and wild non-crop
hosts [15].

The SWD is found in 64 host plants in 25 families in Latin America. Although most
hosts are exotic in this region, about 39% are native plants that can become alternative hosts
and reservoirs of the pest in the intercrop period [11]. In Argentina, 15 fruit species have
been recorded as hosts of SWD, including both feral guava (Psidium guajava L.) (Myrtaceae)
and feral peach [Prunus persica (L.) Stokes] (Rosaceae) [11,16]. These SWD host plants
are among the most common and widespread exotic feral fruit species growing in wild
vegetation patches, adjacent to commercial fruit crops in northwestern Argentina. Natural
infestation levels by SWD in feral guava and feral peach range between 5 and 10% per kg of
sampled fruit [12,16]. Guava is not commercially grown in Argentina. It can only be found
as an ornamental plant in gardens or as a backyard fruit tree or scattered in wilderness
areas with high levels of human disturbance. Peach is cultivated in northwestern Argentina
at a very low scale, with no influence on the local or national supply. Peaches are mainly
grown in the central–western and south–northeastern regions of Argentina. However,
cultivated peaches were not reported to be infested by the SWD, although there are some
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records of SWD adults caught in liquid traps placed inside the commercial peach orchard
(SWD). In spite of the SWD infesting cultivated peaches in some Asian, European and
North American countries, in fruits mainly with previous wounds, it is not a natural host
of this pest [15].

As SWD spreads almost worldwide, many countries have immediately adopted pre-
ventive and intervention measures to minimize economic losses. Thus, SWD mitigation
strategies, including exclusion netting, mass trapping supported on attractant-based traps,
crop sanitation, and chemical and biological controls, were implemented [13], while the
sterile insect technique is currently being evaluated [17]. Concerning biological control,
natural enemies may be particularly important as an eco-friendly tool in a network of
SWD management strategies, maximizing ecosystem services’ benefits. In this regard,
information on wild host fruit status, on which SWD populations may increase, is critical
to support management strategies, particularly in wilderness environments surrounding
commercial fruit crops [18–20]. Therefore, it is imperative to understand better the trophic
interactions between SWD and the components of newly invaded landscapes regarding
the available hosts, other frugivorous dipterans, and natural enemies [15]. Among SWD’s
biological controllers, parasitoid hymenopterans are the best studied and most likely to
be successful [21–23]. An assemblage of resident koinobiont larval and idiobiont pupal
parasitoids has been associated with SWD in crop and non-crop areas of northwestern
Argentina [16]. Among all these species, two pupal parasitoids, Trichopria anastrephae Lima
(Hymenoptera: Diapriidae) and Pachycrepoideus vindemiae Rondani (Hymenoptera: Ptromal-
idae) are commonly abundant, and are often found foraging in search of host puparia on the
same fallen fruit [16]. The diapriid T. anastrephae, native to South America [24], is a pupal
endoparasitoid whose female lays the egg into the hemocoel of the host fly pupa [25]. In
contrast, the cosmopolitan P. vindemiae not only attacks a wide range of dipteran species but
is also a pupal ectoparasitoid, because the female lays the egg inside the space between the
puparium shell and host pupal body [26]. Both parasitoids were recorded from tephritid
puparia, particularly from Anastrepha spp. and C. capitata, in Argentina and Brazil [27].
Furthermore, P. vindemiae was associated with D. suzukii in berry and cherry crops of differ-
ent Argentinian regions [28]. Although both are idiobiont pupal parasitoids, T. anastrephae
is an endo-parasitoid, and P. vindemiae is an ecto-parasitoid, so they belong to different
guilds [29]. A parasitoid guild can be acceptably defined as two or more sympatric species
that equally exploit a particular developmental stage of the host [30].

Both P. vindemiae [31,32] and T. anastrephae [33,34] can be successfully lab-reared on
SWD puparia and have shown high potentials as D. suzukii biocontrol agents [21,22].
However, competitive tests, undertaken under lab conditions, between P. vindemiae and
T. anastrephae [25], and also with the cosmopolitan Trichopria drosophilae Perkins [31], showed
that both diaprid species out-competed the pteromalid. The studies above revealed the
superiority of the two Trichopria species over P. vindemiae in intrinsic competitiveness and
foraging efficiency. In addition, SWD’s resident parasitoid surveys in Brazil recorded a
predominance of T. anastrephae on P. vindemiae [35]. In contrast, two interesting shreds of
evidence have been revealed in a recent survey carried out at a non-crop habitat overgrown
by feral peach trees in Tucumán, northwestern Argentina [16]: (1) P. vindemiae mostly para-
sitized SWD puparia, and (2) Trichopria sp., identified later as T. anastrephae, predominantly
parasitized puparia from drosophilids of the Drosophila melanogaster group. In light of the
preceding information, a question arises: how do these competing pupal parasitoids coexist,
attacking both SWD and saprophytic Drosophila spp. Puparia, in the same fruit at the same
time? Therefore, it was hypothesized that the coexistence of both pupal parasitoids on
drosophilid-infested fruits in wild vegetation areas of Tucumán results from niche segrega-
tion, including spatial partitioning or resource partitioning, or both. In the first scenario,
it is assumed that P. vindemiae occupies the T. anastrephae-free space provided by SWD
puparia from microhabitats poorly exploited by the diaprid species. For the second option,
it is postulated that in a shared niche situation, P. vindemiae is more specialized to inhabit
the newly introduced host species, taking into account its cosmopolitan status and because
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it is far more generalist than T. anastrephae. A third situation involves a combination of both
parasitoid species. Based on these assumptions, it is predicted that: (1) the distribution of
drosophilid puparia in several microhabitats associated with the fruit will reveal differences
in the space-use pattern between the SWD and resident drosophilid species; (2) P. vindemiae
females will focus their search for, and attack, SWD puparia located outside the internal
part of the fallen fruit; (3) parasitism on SWD puparia by P. vindemiae will increase when
the density of resident drosophilid puparia highly exceeds that of SWD; (4) should such a
spatial or a resource partitioning occur, P. vindemiae females will reduce their competitive
interactions with T. anastrephae and thus avoid endangering their offspring. To test these
predictions, a survey of drosophilid puparia scattered in different microhabitats associated
with the fruit, e.g., inside the mesocarp, outside it but attached to the fruit, and buried
beneath the fruit of non-crop hosts, such as feral guava and peach, in two disturbed wild
vegetation sites of Tucumán was performed. Microhabitat differentiation was addressed for
host puparia sampling based on the strong influence of the microhabitat type, e.g., soil or
canopy, on the parasitoid assemblage, associated with saprophytic drosophilids consuming
decaying organic matter, rather than habitat type [36].

The findings of this study will be useful for planning SWD biological control strate-
gies within an area-wide integrated pest management approach [21] in Argentinian fruit-
growing regions and elsewhere around the Americas.

2. Materials and Methods
2.1. Study Area

The study was carried out in an area characterized by a mosaic of environments, such
as suburban sectors occupied by housing within a secondary rainforest matrix, with a
predominance of exotic plants, citrus crops, and mountain slopes, slightly disturbed with
a high presence of indigenous plant species. This area, located in Horco Molle, Yerba
Buena district, Tucumán province, northwestern Argentina, belongs originally to the first
vegetation level of the Yungas rainforest eco-region, called “Premontane Forest” [37]. The
Yungas is a narrow strip of South American subtropical montane rainforest located along
the eastern slopes of the Andes mountain range, starting from Peru and extending into
northwestern Argentina [38]. The study area belongs to the southernmost extension of
the Yungas. Two sampling sites were chosen within the study area (Figure 1). Site #1,
located at 26◦48′ S latitude and 65◦19′ W longitude, and 520 m altitude, was a 2 ha patch of
secondary structure rainforest with feral guava trees predominating. This site borders a
road to the east, with a suburban sector within a secondary forest dominated by Ligustrum
lucidum W. T. Aiton (“Evergreen tree”) to the west, south, and north. Site #2 was located
at 26◦43′ S latitude and 65◦22′ W longitude, and 660 m altitude, within the Sierra de San
Javier park, a protected wildlife area belonging to Universidad Nacional de Tucumán
(UNT). The site is surrounded by buildings belonging to UNT, mixed with disturbed wild
vegetation patches. Both sampling sites were 4.7 km apart and located at the foothills of the
San Javier Mountain (Figure 1), where the climate is subtropical, with a dry season from
May to October and a humid–warm season from November to March, with 21.5 ◦C and
900 mm of average annual temperature and rainfall, respectively [37].

2.2. Drosophilid Puparia Sampling

Drosophilid puparia were collected from three different pupation microhabitats
(Figure 2): (a) on the fallen fruit, but inside it, i.e., puparia located in the mesocarp (=flesh),
(b) on the fallen fruit, but outside it, i.e., puparia attached to the fruit rind, into shallow
external fruit fissures, and largely or partially protruding from the fruit skin, and (c) in the
soil, i.e., puparia buried either underneath the fruit or close to it. These three pupation
microhabitats will hence forth be named “inside fruit flesh”, “outside fruit flesh”, and
“soil”, respectively.
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The puparia-collecting procedure involved randomly selecting 20 fallen fruits per
sampling date during feral peach and guava fruiting seasons. In this regard, six surveys of
drosophilid puparia of peach and six of guava were carried out between December 2016
and January 2017 (early summer) and March 2017 and April 2017 (late summer and early
autumn), respectively. Each selected fruit (peach or guava) was removed and examined
using a hand-held magnifier with an X20 glass lens at the study site. All drosophilid
puparia found inside pulp fruit or attached to the fruit rind were extracted with either a
blunt-tip tweezer or a soft-bristled paintbrush. Then, puparia were placed separately into
8 × 5 cm (diameter × height) plastic cups according to the pupation habitat where they
were found. Each cup had a thin layer of sterilized, moistened vermiculite Intersum®

(Aislater S.R.L., Cordoba, Argentina) on the bottom to avoid desiccation during transport to
the lab. Cups were covered with plastic lids with pinholes. In addition, the soil underneath
each fruit and the soil sector around the fruit in a 3 cm radius were dug with a hand shovel
up to ~2 cm deep to find buried puparia. The extracted soil of each sampled fruit was placed
individually in a plastic bag, and its top was closed with a rubber band. Both cups and bags
were placed in plastic crates (32 × 24 × 12 cm) and taken to the Pest Biological Control
Department (DCBP, Spanish acronym) from the Planta Piloto de Procesos Industriales
Microbiológicos y Biotecnología (PROIMI,) in San Miguel de Tucumán, the capital city
of the Tucumán province. PROIMI is ~6 and ~10 km away from study sites #1 and #2,
respectively.

2.3. Drosophilid Puparia Processing and Identification

Each soil sample was sieved through a 1 mm metal-mesh sieve at the DCBP-PROIMI‘s
laboratory. Puparia retained in the sieve were removed and then identified, as were puparia
from the fallen fruit. Drosophila suzukii puparia were differentiated from those of other
drosophilids by the external shape of the characteristic anterior spiracles, composed of
two tubes with plumose-shaped tips on the top [23,39]. Identified D. suzukii puparia were
separated from the remaining drosophilid puparia and placed into 5 × 6-cm (diameter ×
height) disposable clear plastic cups. These cups had sterilized 2 mm-thick vermiculite in
the bottom and a plastic lid with pinholes to facilitate internal oxygenation. The vermiculite
inside the cups was sprinkled every three days with purified water. Puparia were differenti-
ated according to the habitat from which they were recovered and placed in individualized
cups. The same procedure was carried out with other Drosophila Fallén puparia, identified
as belonging to the Drosophila melanogaster species group [40], but not differentiated at the
species level. These saprophytic drosophilids will henceforth be referred to as Drosophila
spp. in the text. All cups were conditioned in a room at 26 ± 1 ◦C, 80 ± 5% RH, and 10:14 h
L:D until adult flies and parasitoids emerged.

2.4. Adult Parasitoid and Fly Identification

Drosophilid flies were identified by M.J.B.B., and parasitoid specimens by S.M.O. and
Fabiana Gallardo (Facultad de Ciencias Naturales y Museo, Universidad Nacional de La
Plata, La Plata, Argentina). Gibson’s [41] and Risbec’s [42] keys were used to identify the
pteromalid and the diaprid, respectively. Voucher fly and parasitoid adult specimens were
stored at the entomological collection of the Fundación Miguel Lillo, in San Miguel de
Tucumán. Parasitoid specimens were also deposited into the entomological collection of
the Museo de Ciencias Naturales de la Plata, Buenos Aires, Argentina.

2.5. Data Analysis

The response variables analyzed were the drosophilid and parasitoid relative abun-
dance per microhabitat, as well as the parasitism. The drosophilid relative abundance
was calculated as the total number of D. suzukii or Drosophila spp. puparia recovered per
microhabitat over the total number of Drosophila puparia. Parasitoid relative abundance
was calculated as the total number of P. vindemiae, or T. anastrephae adults that emerged
from D. suzukii or Drosophila spp. puparia per microhabitat over the total number of para-
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sitoid individuals recovered from each drosophilid species. The parasitism percentage was
estimated as the number of emerged parasitoids over the number of D. suzukii or Drosophila
spp. puparia recovered from each microhabitat per 100.

The statistical analysis was performed using the software R [43]. For the analysis of
drosophilids’ habitat usage, and parasitoid attack, the factorial model for nonparametric
analysis of variance, Aligned Rang Transformation ANOVA in the packages ‘ARTool’ [44],
was performed. First, the algorithm aligned the fixed effects and classified them using the
model function, then generated linear models from the transformed data and analyzed the
variance using the “anova.art” function. A post hoc pairwise comparison (Fisher’s least sig-
nificant difference = LSD) was conducted to show differences between factor levels using a
Bonferroni–Holm adjustment method using the ‘art.con’ function [45]. Kruskal–Wallis tests
from the “Agricolae” package [46] were performed to determine microhabitat preferences
for pupation between saprophytic drosophilids and D. suzukii. The library ‘rcompanion’
function was used to obtain letters that display the significant difference in figures. Violin
box plots are used to show the resulting data from the study. Aside from displaying the
summary statistics, using violin box plots of the package “ggplot2” [47] to plot numerical
data, the entire data distribution (raw data) is shown (Supplementary Files S1–S4).

3. Results
3.1. Drosophilid Fly Abundance and Relationship with Microhabitats Tested

The abundance of saprophytic drosophilid puparia belonging to the Drosophila melano
gaster group was two- and four-fold higher than that of D. suzukii puparia found on peach
and guava, respectively (Figure 3A,B).
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Both saprophytic drosophilids and D. suzukii were found in all three microhabitats
tested, but with remarkable abundance differences. In both host fruit species, Drosophila
spp. puparia were significantly predominant in the “inside fruit flesh” habitat, while
the lowest number of saprophytic drosophilid puparia was found in the soil (Peach,
X2 = 295.66, df = 2, p < 0.0001; Guava, X2 = 295.61, df = 2, p < 0.0001) (Figure 4A,B).
In peach, SWD puparia were slightly more abundant in both “inside fruit flesh” and “out-
side fruit flesh” microhabitats than in “soil” (X2 = 40.51, df = 2, p < 0.0001), while in guava,
there were no significant differences between the three microhabitats (X2 = 5.11, df = 2,
p = 0.0770) (Figure 4A,B). A comparative analysis of the abundance of saprophytic Drosophila
spp. and SWD puparia by microhabitat and fruit species showed significant differences
between all tested conditions (Table 1). Numbers of Drosophila spp. puparia were 4-, 2-, 6-,
and 3.5-fold considerably higher than those recorded for SWD from both “inside fruit flesh”
and “outside fruit flesh” microhabitats, in both peach and guava, respectively (Figure 4A,B).
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Table 1. Summary of the Kruskal–Wallis test on puparia abundance comparison between saprophytic
Drosophila spp. and D. suzukii recorded by microhabitat and host fruit species.

Microhabitat Host Fruit
Statistical Analysis Outcome

df X2 p

Inside fruit flesh Peach 1 166.94 <0.0001 *
Guava 1 173.95 <0.0001 *

Outside fruit flesh Peach 1 66.78 <0.0001 *
Guava 1 108.91 <0.0001 *

Soil Peach 1 122.78 <0.0001 *
Guava 1 0.02 =0.0270 *

* Significant variables.

Similarly, the number of SWD puparia found in the soil beneath or near fruit increased
by four- and two-fold, significantly higher than that recorded for Drosophila spp. in peach
and guava tree-dominated environments, respectively (Figure 4A,B).

142



Insects 2023, 14, 222

3.2. Pupal Parasitoid Abundance and Relationship with Microhabitats Tested

The only pupal parasitoid species associated with drosophilids in both host fruits
were T. anastrephae and P. vindemiae. The former species was 1.8-fold more abundant
than the second one. The number of T. anastrephae specimens recovered from saprophytic
Drosophila spp. was three- and seven-fold higher than that recorded from SWD in peach
and guava, respectively (Figure 5A,B). The number of P. vindemiae specimens recorded from
SWD puparia was slightly higher, 1.3- and 1.4-fold, than that obtained from saprophytic
Drosophila spp. puparia in peach and guava, respectively (Figure 5A,B). When the success
of both T. anastrephae and P. vindemiae in the parasitizing puparia of both Drosophila spp.
and D. suzukii in peach and guava was tested, significant differences were recorded for
both categorical factors, such as the type of microhabitat used for host parasitization and
the parasitized drosophilid species, as well as their interaction (Table 2).
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Figure 5. Relative abundance of Pachycrepoideus vindemiae and Trichopria anastrephae adults recovered
from Drosophila suzukii and saprophytic Drosophila spp. Puparia, associated with (A) peach and
(B) guava.

Trichopria anastrephae was remarkably successful in parasitizing saprophytic Drosophila
spp. puparia located inside peach and guava flesh, followed, in decreasing order, by
puparia found “outside fruit flesh” and in the “soil” (Figure 6A,B). The above pattern was
also recorded in SWD puparia (Figure 6A,B). However, T. anastrephae was considerably more
successful in parasitizing Drosophila spp. puparia than SWD puparia in both “inside fruit
flesh” and “outside fruit flesh” microhabitats; this was not the case for puparia located in the
soil, as there was no significant difference in parasitism between drosophilids (Figure 6A,B).
Pachycrepoideus vindemiae significantly parasitized more saprophytic Drosophila spp. puparia
outside fruit flesh when compared to the other tested microhabitats on peach and guava
(Figure 6C,D). Nevertheless, the parasitism success of P. vindemiae on SWD puparia located
in both “outside fruit flesh” and “soil” was statistically similar to that recorded from
Drosophila spp. puparia outside fruit flesh when only peach was evaluated (Figure 6C).
In guava, significantly more SWD puparia were also parasitized by P. vindemiae in both
“outside fruit flesh” and “soil” microhabitats, but the success of such parasitism was
statistically lower than that recorded from Drosophila spp. puparia located outside the
flesh (Figure 6D). Pachycrepoideus vindemiae parasitized a significantly higher number of
Drosophila spp. puparia located “inside fruit flesh” than SWD puparia found in the same
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microhabitat in peach, although there were no statistical differences for guava (Figure 6C,D).

Table 2. Summary of Aligned Rank Transform ANOVA on the effect of the type of microhabitat used
for host parasitism (=THU), the parasitized drosophilid species (=PDS), and their interaction on the
adult emergence of both Trichopria anastrephae and Pachycrepoideus vindemiae, with data recorded from
saprophytic Drosophila spp. and D. suzukii puparia recovered from peach and guava.

Host Fruit
Parasitoid

Species
Source of
Variation

Statistical Analysis Outcome

df Residuals df F p

Peach T. anastrephae THU 2 714 566.19 <0.0001 *
PDS 1 714 389.58 <0.0001 *

THU × PDS 2 714 204.23 <0.0001 *
Guava T. anastrephae THU 2 714 599.24 <0.0001 *

PDS 1 714 733.73 <0.0001 *
THU × PDS 2 714 298.26 <0.0001 *

Peach P. vindemiae THU 2 714 85.728 <0.0001 *
PDS 1 714 84.386 <0.0001 *

THU × PDS 2 714 113.08 <0.0001 *
Guava P. vindemiae THU 2 714 52.673 <0.0001 *

PDS 1 714 102.91 <0.0001 *
THU × PDS 2 714 42.630 <0.0001 *

* Significant variables.
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Figure 6. Violin-box plots showing the kernel probability density that drosophilids (saprophytic
Drosophila spp. from D. melanogaster group = red, and Drosophila suzukii = blue) are parasitized in
a different microhabitat by (A) Trichopria anastrephae in peach, (B) Trichopria anastrephae in guava,
(C) Pachycrepoideus vindemiae in peach, and (D) Pachycrepoideus vindemiae in guava. Different letters
show significant differences at p = 0.05 (LSD test with the Bonferroni–Holm adjustment method). The
rectangular white bar in the center of the violin box and the black horizontal line inside the bar show
the interquartile range and the median, respectively; the black vertical lines stretched from the bar
show the lower/upper adjacent values, while black dots display the outlier data.
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4. Discussion

The success of biological control programs involving parasitoids relies, among many
factors, on the knowledge of the resident parasitoid assemblage associated with the invad-
ing pest and, crucially, on understanding the mechanisms that allow the coexistence of
competing parasitoid species. This sort of ecological insight provides a better understand-
ing of the impact exerted by each resident parasitoid species on the target pest population.
Furthermore, all such information is critical for developing and implementing biological
control strategies, including exotic or local parasitoid species. In this framework, results
of the field study carried out in the fruit-growing province of Tucumán, northwestern
Argentina, evidenced niche partitioning as a mechanism involved in facilitating the co-
existence of two resident generalist parasitoids, T. anastrephae and P. vindemiae, attacking
puparia of both the invasive fruit pest D. suzukii and local saprophytic drosophilid species
in the same non-crop fallen fruit. In particular, results revealed interesting aspects of the
fruit–drosophilid–parasitoid trophic relationship: (1) differentiated patterns of drosophilid
puparia distribution in microhabitats; (2) proportions of P. vindemiae adults recovered from
SWD puparia that are higher than or similar to those found for Drosophila spp. puparia
from the D. melanogaster group; (3) a discernible trend of P. vindemiae females to focus
their attack on the puparia of both SWD and resident saprophytic Drosophila spp. outside
the fleshy inner of the dropped fruit; (4) a strong preference of T. anastrephae females for
targeting puparia of resident saprophytic drosophilid species, particularly those located
inside the fruit.

Two issues should be emphasized concerning the first finding. Firstly, a markedly
higher abundance of resident drosophilid puparia over SWD puparia in both host fruits
surveyed was observed, but this difference was more evident in guava. Secondly, there
was increased resident drosophilid puparia in both inside and outside peach and guava
flesh, whereas SWD puparia prevailed in the soil relative to all the other drosophilids. The
above is consistent with the prediction based on space-use patterns between the invasive
drosophilid species and the local ones. These differences may be related to the fruit ripeness
stage preferred by SWD females for egg laying. Rather than overripe, fallen and damaged
fruit, these females choose ripe, fresh fruit still on the plant [15]. Therefore, the SWD female
exploits mostly fruit in the ripening stages, due to their availability for other Drosophila
species [31]. In turn, the mature larvae usually tend to migrate from the fruit hanging
on the branch, in order to pupate in the soil [48,49]. Thus, the preference for healthy
fruits enables the SWD female to exploit novel niches by avoiding competition with other
drosophilids [14]. However, SWD females may sometimes lay their eggs in fallen, wounded,
and/or fermenting fruit, in situations involving a shortage or non-availability of suitable
hosts [50,51]. The females of the Drosophila melanogaster group (e.g., D. melanogaster and
D. simulans) are saprophytic flies; they feed and oviposit on damaged, decaying, or ferment-
ing fruits [52], and their larvae usually pupate in the dropped fruit, covering a significant
part of their biological cycle in the same microenvironment, in contrast to the standard
SWD female oviposition behavior. Given these differences in fruit ripeness preference, the
female of resident drosophilids usually oviposits on the host at a later stage than the SWD
female. Thus, SWD larvae may complete their development first, and mature larvae usually
drop out of the fruit. Therefore, another critical factor to consider is the interspecific larval
competition for resources between SWD and saprophytic drosophilids on damaged or
already rotten fruit. Such competition may cause a decrease in SWD population growth [50],
which might also influence the lower density of SWD puparia inside the host fallen fruit
versus resident drosophilid puparia. However, a higher proportion of SWD puparia were
found in the fruit than buried around the fallen fruit. Although the SWD mature larva
tends to leave the fruit, it can pupate inside the ripe fruit, as [31] demonstrated using
infested cherries under lab conditions. These authors found more SWD larvae pupated in
the cherry fruit than in the soil. However, recent laboratory trials, carried out by the senior
author of the current study, revealed that 60–70% of the total SWD larvae pupated in an
artificial pupation medium close to infested peaches, while 75–80% of total D. melanogaster
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puparia remained on fruits. In those lab trials, healthy, ripe, soft peaches were offered to 20
mated SWD females for 24 h. The fruit was then kept in the experimental cage, and on the
fifth day, when the fruit showed spotted and rotting sectors, the 20 mated D. melanogaster
females were released and remained in the cage for 24 h. High numbers of drosophilid
larvae left the fruit 1–3 days after D. melanogaster females oviposited in peaches. It was then
verified by puparium identification that all those larvae were D. suzukii. Overall, under
competitive interspecific conditions, SWD females are specialized to oviposit on healthy
fruit, which is highly preferred, although these females can be flexible to use wounded and
fermented fruit as well [50].

The second finding showed an apparently closer trophic relationship between
P. vindemiae and SWD than with saprophytic drosophilid species in the two natural envi-
ronments studied. This trait was even more striking when puparia recovered from fallen
peaches were analyzed. In this regard, SWD puparia were parasitized by P. vindemiae
1.4 times more than by T. anastrephae, as opposed to saprophytic drosophilid puparia, which
were 3.3-fold more parasitized by T. anastrephae. In guava, the incidence of P. vindemiae
affecting Drosophilidae populations was lower than that recorded in peach. The above was
evidenced by the lower proportion of P. vindemiae adults recovered from puparia taken
from guava, compared to T. anastrephae adults. The P. vindemiae and T. anastrephae adult
ratios recorded from SWD puparia were close to 1:1, while for resident drosophilid puparia,
there were nearly six T. anastrephae individuals per P. vindemiae adult. This remarkable
difference in the proportion of P. vindemiae adults recovered from Drosophilidae puparia
between both sampling environments may be due to two related events. Firstly, there
is a higher predominance of saprophytic drosophilids on SWD on guava than on peach.
In this framework, the proportion of resident drosophilid puparia over SWD was twice
higher in guava than in peach. Secondly, there is a low natural population of P. vindemiae
relative to that of T. anastrephae in the guava tree-dominated habitat. In this regard, data
from direct field observations at the surveying sites recorded an average of 4.2-fold more
P. vindemiae adults in the peach tree-dominated wild forest compared to the guava-sampling
site. Field observations were made every 15 m for 2 h on each sampling date in both natural
environments. Regardless of the above two events, P. vindemiae, relative to T. anastrephae, is
a resident parasitoid, mostly predominant on SWD puparia in both tested habitats. These
results support data recently published by Buonocore Biancheri et al. [16], which point to
P. vindemiae as an attractive agent of SWD natural mortality in disturbed wild environments
from the province of Tucumán. However, field studies in southern Brazil showed a higher
prevalence of T. anastrephae in SWD puparia than that of P. vindemiae [35,53]. Analogous
data were published on T. drosophilae naturally attacking SWD puparia in Europe [54]. How-
ever, those contrasts between the results of field studies conducted mainly in Tucumán and
southern Brazil may be due to a wide range of biotic and abiotic factors. These may include
the disturbance characteristics of the study environment, the variation in the population
density of the target pest and competitive frugivorous species, weather conditions during
the sampling period, and the host fruit species and its abundance.

All the above factors notably influence the composition of the parasitoid assemblage
associated with the target pest and the abundance of each resident parasitoid species [55,56].
However, laboratory establishment of the population lines of both pupal parasitoids tested
in the current field study is foreseen as a later research step. In this context, studies with
Brazilian population lines of T. anastrephae and P. vindemiae lab-reared on SWD puparia
showed a significant prevalence of the former parasitoid species over the latter in terms
of parasitism and adult emergence rates [25]. Similar findings were reported by Wang
et al. [31], who found a strong predominance of lab-reared T. drosophilae over lab-reared
P. vindemiae as a parasitoid of both D. suzukii and D. melanogaster. Similarly, Daane et al. [57]
and Wang et al. [58] pointed to T. drosophilae as a more efficient SWD parasitoid in laboratory
tests than other well-known pupal parasitoids, such as P. vindemiae. Likewise, Wolf et al. [59]
found in the combined release of T. drosophilae and P. vindemiae under semi-field experiments
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that almost all the parasitoid offspring that emerged from SWD puparia were T. drosophilae
adults, despite the two microhabitats tested: soil and foliage.

Under this framework, several authors pointed to T. drosophilae as the pupal parasitoid
species with the highest potential for SWD control [60–65]. Evidence was provided through
augmentative releases of T. drosophilae on cherries, in either crop or non-crop areas in
southern Trento, Italy, which achieved a 34% reduction in fruit infestation by D. suzukii
in unmanaged vegetation areas surrounding orchards [20]. Similarly, mass releases of
T. drosophilae in berry crops at Colima and Jalisco, Mexico, reduced SWD populations by
50 to 55% [66]. Given the contrast between the field findings of the current study and
those from both laboratory [25,31] and semi-field [59,61] studies, it is relevant to assess
Argentinian population lines of both pupal parasitoids under lab conditions. This would
enable a comparative assessment of P. vindemiae and T. anastrephae as biocontrol agents of
D. suzukii by determining host preference, regulating offered host densities, and analyzing
the interspecific competition.

The third finding showed that P. vindemiae was the predominant parasitoid species re-
covered from Drosophilidae puparia that was externally attached to the fruit skin, enclosed
in outer fruit injuries, protruding from the fruit rind, or directly buried under the fallen fruit.
On the contrary, results of the fourth finding revealed that the highest levels of T. anastrephae
adult abundance were mainly recorded from resident drosophilid puparia sampled directly
from peach and guava flesh. Such data were reflected when adult proportions of both
pupal parasitoid species recorded from the different tested habitats were comparatively
assessed. On this issue, around seven and five P. vindemiae adults per T. anastrephae adult
were recovered from SWD puparia collected from peach and guava, respectively, in the
two habitats not involving fruit flesh. In turn, about twice as many P. vindemiae adults
per T. anastrephae adult were recorded from resident drosophilid puparia collected from
“outside fruit” and “soil” microhabitats in both host fruit species. In connection with the
second finding, the above data support P. vindemiae’s prevalence over T. anastrephae on
SWD puparia. Although saprophytic drosophilid puparia found in both “outside fruit”
and “soil” microhabitats yielded relatively more P. vindemiae than T. anastrephae adults, the
highest P. vindemiae adult abundance was recorded from SWD puparia. This result was
even more evident when only SWD puparia sampled from the “soil” were considered.
About 92% of the total pupal parasitoid adults recovered from SWD puparia sampled from
the “soil” around peach fruit were P. vindemiae. In the same way, all SWD puparia collected
from soil in the guava-dominated environment yielded only P. vindemiae adults. Th soil
was the most favorable microhabitat for P. vindemiae females to parasitize Drosophilidae
puparia. The P. vindemiae female may tend to forage in this type of microhabitat rather
than inside the fruit. This assertion may also be corroborated by data on the P. vindemiae:
T. anastrephae adult ratio recorded from resident drosophilid puparia found in soil. At least
35- and 11-fold more P. vindemiae than T. anastrephae adults were recovered from those
buried puparia in guava and peach sampling sites, respectively. Pachycrepoideus vindemiae
either rarely frequented the inside of the fruit or found it difficult to parasitize host puparia
in this microhabitat, showing the lowest levels of abundance recorded in both tested fruit
species. Thus, P. vindemiae adults recovered from either SWD or resident drosophilid
puparia found inside guava and peach flesh only accounted for 6–20% of all individuals
of this species. Interestingly, previous studies in Switzerland under both semi-field [59]
and open-field [36] conditions demonstrated a preference of P. vindemiae for parasitizing
drosophilid puparia in the foliage, while T. drosophilae mostly parasitized host puparia on
the ground. The current study focused on sampling drosophila puparia on the soil and
those associated with fallen fruit, without considering damaged fruit located in the plant
canopy. However, the forthcoming surveys of drosophila parasitoids will cover wounded
or rotting fruit still located in the canopy.

Based on the highly contrasting P. vindemiae parasitism data between microhabitats
tested in the current study, the interference with T. anastrephae was more likely a critical
factor influencing P. vindemiae performance. That is, given a competitive interaction with
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T. anastrephae for the resource, P. vindemiae probably faces a disadvantageous situation.
Laboratory trials previously reported by da Costa Oliveira et al. [25] showed that T. anas-
trephae from the Brazilian population lineage was competitively superior to P. vindemiae,
and achieved substantially higher levels of parasitism in SWD puparia when the two
parasitoids interacted with each other. Similar results were also reported in interspecific
competition studies between T. drosophilae and P. vindemiae under lab conditions [31] or in
semi-field trials [59], where P. vindemiae only achieved the highest parasitism when released
alone. Both T. anastrephae and P. vindemiae can discriminate hosts previously parasitized
by the other species [25], being relevant for their females to oviposit first on the typical
host. Usually, the first parasitoid species ovipositing into the host prevails in an intrinsic
competition [67]. However, T. anastrephae as T. drosophilae [31] may have a set of biological
features that allow it to out-compete P. vindemiae. These T. anastrephae traits may include the
following: (a) faster embryonic development, (b) first-instar larvae better being equipped
(larger mandibles and fast movements) for encountering competitors, and (c) higher for-
aging efficiency, which involves less time spent handling the host due to a higher mature
egg load.

It is also worth noting that T. anastrephae was the dominant parasitoid species re-
covered from host puparia found inside the fruit in the current study. Hence, it is likely
that T. anastrephae females preferentially foraged in this microhabitat. About 73% of all
T. anastrephae adults recovered from resident drosophilid puparia in feral peach and guava
were from those sampled directly inside the mesocarp. Interestingly, results also revealed
that most of the T. anastrephae adults associated with D. suzukii (over 56%) were from
puparia collected from inside guava or peach fruit. This information is consistent with da
Costa Oliveira et al. [25], who stated that T. anastrephae females of the Brazilian popula-
tion lineage successfully parasitize SWD puparia inside strawberry fruits. In addition to
Drosophilidae puparium survey data, field records through direct inspection inside the
fruit evidenced an average proportion of 16.5 T. anastrephae adults per each P. vindemiae
adult, in this microhabitat by testing 36 fruits (18 guavas and 18 peaches) during all six
collecting dates (three fruit of each species per sampling date). A comparative laboratory
study between P. vindemiae and T. drosophilae showed that the diaprid was more effective
than the pteromalid for attacking SWD, and parasitism by either parasitoid species was
higher in puparia located on cherry fruit, rather than in the soil [31]. This study also showed
a slight preference for T. drosophilae, similar to T. anastrephae, for attacking host puparia on
fruits, although Wang et al.’s [31] work was, methodology-wise, different from the current
study.

Such information would provide evidence of a resource and niche partitioning, prob-
ably aimed at reducing or avoiding interspecific competition between resident pupal
parasitoid species. Initially, the above-discussed data plus the second finding outcome
would reflect a differentiated use of available resources in the surveyed environments,
i.e., different drosophilid species as hosts. This background would mainly display P. vin-
demiae females parasitizing D. suzukii puparia and T. anastrephae females mostly attacking
saprophytic drosophilid puparia. These host preference assertions for P. vindemiae and
T. anastrephae might be supported by differences in the co-evolutionary history between
the parasitoid and its host. On this basis, T. anastrephae is a neotropical-native parasitoid
species [29,33] that has co-evolved in sympatry with saprophytic drosophilid species,
such as those of D. melanogaster group [16]. Thus, a close trophic association occurs be-
tween T. anastrephae and non-pest saprophytic drosophilids, whereas with D. suzukii, a new
trophic association has recently been established, which is naturally uncommon, due to
the incidence of preferred hosts. In contrast, P. vindemiae is a worldwide cyclorrhaphous
dipteran parasitoid that was introduced in several Latin American countries as a biocontrol
agent against tephritid pests [27]. Although its first record in Argentina dates back to
the 1940s, it is most likely an exotic parasitoid species [68]. Therefore, the high level of
polyphagy associated with the lack of a common co-evolutionary history with saprophytic
drosophilid species in northwestern Argentina supports a closer trophic association be-
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tween P. vindemiae and D. suzukii. Subsequently, data from the current study suggest an
apparent preference for P. vindemiae for parasitizing Drosophilidae puparia in microhabitats
mostly exposed to female parasitoid attacks. In line with this statement, the P. vindemiae
female would exhibit a foraging behavior targeted mainly to host puparia in the soil. Host
puparia buried beneath or adjacent to fruit likely provide a T. anastrephae-free microhabitat,
which would ease P. vindemiae females’ foraging for the host in the soil, without interference
from the closest competitor. This scenario points to probable niche segregation between
both pupal parasitoid species at a spatial scale. This means T. anastrephae females focuse
on foraging mostly inside the fruit for host puparia, whereas P. vindemiae females target
their host search effort in habitats occasionally frequented by the competitor, such as both
“outside fruit flesh” and “soil”. As pointed out by Wang et al. [31], when discussing the
T. drosophilae–P. vindemiae competitive relationship, an alternative host does appear to re-
duce interspecific competition between such species, although these parasitoids showed
no preference for D. suzukii or D. melanogaster when tested in the laboratory. However,
in natural conditions, sympatric species tend to reduce competition by using different
resources or habitats [3].

In conclusion, results reveal that both divergence in host choice and spatial pat-
terns of same-resource preference among potential competitors, such as P. vindemiae and
T. anastrephae, may mediate the coexistence of these two pupal parasitoids species in each
natural environment tested in the current study. Given the apparent preference of the
native T. anastrephae for resident saprophytic dipteran puparia, mainly located in guava or
peach fruit, P. vindemiae might be more suited to forage in less competitive microhabitats,
such as in the soil or outside of the fruit flesh, in which puparia of the exotic D. suzukii
would naturally prevail in these habitats. From a SWD management approach, this scenario
suggests that both pupal parasitoids have potential as D. suzukii biological control agents.
This is because such niche partitioning primarily involves differentiated exploitation of
host microhabitats, influencing the efficiency of both parasitoids in suppressing D. suzukii
populations. Such an approach regarding the use of both pupal parasitoid species, based
on a differentiation in host microhabitat preference (soil vs. foliage), was highlighted
by Wolf et al. [59] relying on semi-field study results in Switzerland. Likewise, Kruitwa-
gen et al. [69] and Jarret et al. [70], in studies based on experimental adaptation studies
of resident parasitoids to the invasive D. suzukii, pointed out that both T. anastrephae and
P. vindemiae might offer a greater potential to control SWD natural populations over larval
parasitoids. Consequently, combining the two resident parasitoid species in wild non-crop
environments may be an advisable alternative for local SWD management, either through
augmentative releases [20] or through a conservation biological control program [71]. It
is worth analyzing this initiative from an area-wide SWD management approach, as sug-
gested by Garcia et al. [11], Rossi-Stacconi et al. [20], Garcia [21], Wang et al. [22]. In this
context, parasitoid releases should mainly be performed in wild areas, where known, non-
crop, alternative SWD hosts are abundant and may increase the risk of SWD infestations in
surrounding fruit crops [20,22,72]. Furthermore, pupal parasitoids would be more effective
if released early in the fruiting season, when SWD numbers are still low, to avoid the
pest population increase [20,59,72]. This SWD biological control strategy is particularly
relevant for the province of Tucumán, where feral guavas and peaches share the same
geographical space with commercial berry orchards, as Tucumán hosts most of the soft fruit
crops in fruit-growing regions of northern Argentina [73]. Both feral fruit species allow
the sustainability of SWD populations during the season in which commercial berry crops
are not in production, representing a high economical risk for the local fruit industry. In
this context, the use of both the studied parasitoids is a practical and useful alternative for
berry growers in Tucumán; they may release them in areas of wild vegetation adjacent to
their crops or in orchards or backyards where there is no phytosanitary control. Finally, it
is relevant to examine whether that niche differentiation in both parasitoid species occurs
in other fruit host species, such as berries, or in other natural environments, such as berry
crops in the outlying areas surrounding crops.
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