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Abstract: Management of genetic diversity in Hermetia illucens L. (Diptera: Stratiomyidae) commercial colonies is a key
problem. Inbreeding depression can affect the maintenance and sustainability of insect farming, in particular small-scale
mass-rearing, by reducing population fitness or causing colony collapse. In animals, kin recognition could play a role avoid-
ing inbreeding and mating with sibling.

To determine inbreeding impact in a H. illucens laboratory strain, the courtship and mating behaviour occurring
between unrelated or full-sibling mates were compared in controlled crosses. Furthermore, selected lifetime parameters,
including egg laying and fertility, developmental time, total fecundity, and sex ratio, were compared. Inbreeding depres-
sion can be observed by second generation of full-sibling mating, with a severe reduction of produced progeny (emerged
adults per female, No-Sib: 234.9 + 38.0 vs. Sib2: 64.3 + 16.7). No differences attributable to kin recognition were noted
in the pre-copula and post-copula behavioural sequences. However, copulation was prolonged in inbred mates (No-Sib:
35.5 + 2.8 min vs. Sib2: 52.2 + 6.4 min), probably due to the physiological characteristics of the mates. Nevertheless, a
valuable restoring impact of backcross on several life-time parameters was also observed, mitigating the impact of inbreed-
ing depression.

This research provides valuable information about inbreeding and mate selection to avoid population depression in H.
illucens. Further studies are needed to investigate the occurrence of other selection mechanisms in this species, as well as

the possible impact of outbreeding on population fitness.
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1 Introduction

Entomofarming has increased in the last years, due to the
growing interest about alternative food and feed (Lange
& Nakamura 2021). Ensuring food security and environ-
mental sustainability, as well as reducing land and inputs
requirements, are key issues of traditional livestock that
can be addressed by insect farming (2020). The black sol-
dier fly, Hermetia illucens L. (Diptera: Stratiomyidae) is a
perfect candidate since it has already been domesticated for
other purposes, mainly feed production and waste manage-
ment (Alagappan et al. 2022; Lange & Nakamura 2021).
Furthermore, in recent years, this insect has been mass-
reared to produce metabolites and polymers, including pro-
teins, lipids, and chitin, that can be used as food ingredients
or for other industrial applications such as pharmaceutics
(Franco et al. 2021; Triunfo et al. 2022).
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Several studies have investigated the sustainability
of small-scale H. illucens mass-rearing for local supply
(Gougbedji et al. 2021; Santos et al. 2022). Nevertheless,
in small-scale conditions, inbreeding could be a key factor
limiting production. Indeed, small populations are character-
ized by a limited number of breeders, that, generation after
generation, can cause a genetic drift. Traits valuable under
natural conditions can be lost, while random characteristics,
including deleterious alleles, can be fixed altering the popu-
lation fitness, causing inbreeding depression (Kaya et al.
2021). Furthermore, strict selection in small-scale condi-
tions can trigger other challenges, such as the loss of resil-
ience to changing environmental factors (Back et al. 2014).
Inbreeding depression can be countered by genetic purging, a
natural process reducing the frequency of deleterious alleles
and restoring fitness. Whereas in the wild this process can
be effective in the short term, in mass-rearing the outcome
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of gene purging can determine an additional loss of genetic
diversity (Hedrick & Garcia-Dorado 2016).

Since inbreeding can result in reduced offspring fitness,
the hypothesis that kinship can influence mate selection has
been tested, although with different results, in several animal
species (Pike et al. 2021). The chance of mating between
siblings can be reduced using several mechanisms, such as
sex-biased dispersion and multiple copulations with differ-
ent partners (Li & Kokko 2019), and behavioural adaptation
including kin recognition and avoidance either by males or
females during courtship and mating (Penn & Frommen
2010). Female selection has been quite extensively inves-
tigated and confirmed in social and gregarious insects
(Whitehorn et al. 2009), while little evidence is available
about other insect groups (Fischer et al. 2015; Loyau et al.
2012; Metzger et al. 2010). Kin recognition in mate choice
is an adaptative behaviour that can play a role when: i) the
interactions between strictly related mates are frequent, and
i) inbreeding depression led to severe consequences (Pike
et al. 2021). Indeed, if the chance of kin mating or the fitness
decline are low or negligible, adaptative selection for mates
is not likely to occur.

These conditions can be easily found in H. illucens
mass-rearing and inbreeding depression has been proven
in this species (Hull et al. 2024; Rhode et al. 2020); thus,
mate selection could play a role to avoid excessive inbreed-
ing and its consequences. The black soldier fly is a lekking
species and males are supposed to be able to choose among
the approaching mates. However, Giunti et al. (2018) dem-
onstrated that males of this species are unable to recognize
conspecific males from females, approaching both sexes
and performing genital contact also toward same-sex indi-
viduals. In contrast, stratiomyid females have been generally
considered unable to select their partners (Barbosa 2009).
Nevertheless, H. illucens females proved to prefer mates per-
forming characteristic courtship parameters, linked to male
wing fanning’s quality (Giunti et al. 2018). In this scenario,
females could be able to select mates based also on their
relatedness.

In this study, the occurrence of kin avoidance in a H.
illucens laboratory population was evaluated by comparing
the behavioural responses of females to full-sibling and non-
related males during mate selection, as well as the courtship
and mating sequences in controlled crosses. Furthermore, to
confirm the existence of actual inbreeding depression and its
consequences in the test colony, several life history traits of
the produced progenies were also recorded and discussed.

2 Materials and methods

2.1 Colony and mass-rearing

Hermetia illucens was reared at the laboratories of the
Department of Agriculture of the University of Reggio
Calabria, Italy since 2016, from an original colony

(1 kg of larvae, around 5000 prepupae) provided by
Agripetgarden S.r.l. (Padova, Italy) [detail in Giunti et al.
(2018)]. Since establishment, no population augmentation
with wild flies occurred, while one augmentation event using
larvae (1 kg) from Agripetgarden S.r.I. was provided in April
2020. Each generation (i.c., about 50 from the foundation)
was separately reared, with no overlapping among cohorts.
Population size was maintained between 1000-6000 speci-
mens per generation. Adult flies were maintained inside
rearing cages (BugDorm-6S610®, MegaView Science Co.,
Ltd., Taichung, Taiwan) and they were provided with ovipo-
sition devices (i.e., cardboards, 10 x 5 x 1 cm, replaced every
2 days) and water ad libitum. Egg masses were periodically
collected and hatched larvae were reared on a standardized
commercial diet (i.e., maize kernels and flour, soybean flour
and oil, and sugar cane molasses, with a minimum protein
and fat content of 16% and 3.5% respectively, by Pezzullo
Mangimi®, Sun Company, Casalpusterlengo, Italy) until
pupation.

2.2 Experimental design

221 Test insects and controlled crosses
To obtain the virgin black soldier flies used for the experi-
mentations, 2 days old females were collected immediately
after mating and then kept individually in separate plastic
containers (50 mL) with ventilated caps and provided with
water ad libitum. Older mated females were discarded to
ensure that tested females mated only once with a single male
partner, since multiple mating can occur later in females’ life
(Hoffmann et al. 2021). The selected females were checked
daily to account for oviposition and survival. Single egg
clutches were collected and placed inside a container with
standard diet media ad libitum to allow hatching and larval
development. Thus, the developed pupae were stored indi-
vidually inside plastic containers (15 mL) until adult eclo-
sion. Emerged flies were sexed by visual inspection of their
genitalia (Julita et al. 2020). Using this procedure, H. illu-
cens virgin adults were produced and their degree of related-
ness was clearly determined, since flies originated from the
same females were full siblings. The whole process was car-
ried out inside climatic chambers illuminated by fluorescent
tubes (T =26 + 1°C; RH = 65 £ 5%; Photoperiod = 12:12,
light:dark; light intensity: approx. 8000 Lux, ca. 110 pmol
m2s1). Virgin flies (2-3 days old) were then sexed and used
for the following controlled crosses to attain 4 different mat-
ing types (Supplementary Fig. S1):
1. Not-sibling mates (No-Sib): unrclated male and
female;
2. Sibling mates (Sib): full sibling male and female;
3. Second generation sibling mates (Sib2): full sibling
male and female, both originated from sibling mate;
4.  Not-sibling backcross mates (Backcross): unrelated
male and female, male from parental line and female
form sibling mate.



For every controlled cross, test virgin flies originated from
6 different cohorts were used. Furthermore, tested females in
cross 1 (No-Sib) and 2 (Sib) derived from the same cohorts,
as well as the ones used in cross 3 (Sib2) and 4 (Backcross),
to account for cohort effect. This phenomenon led to cohorts
within a population differing from each other in some char-
acteristics, such as fecundity, and may increase variability,
although it can be uninfluential when the resources are not
limited (Lindstrom & Kokko 2002). For every mating type,
40 virgin females and 400 virgin males were observed (i.c.,
40 replicates); all flies were replaced with new ones after
every replicate.

2.2.2 Courtship, mating and mate recognition
Observations were accomplished during approximately
3 months (from May to July 2022), during the optimal mat-
ing season for this species (Park et al. 2010). Trials were
performed at constant temperature (26 £ 1°C) and rela-
tive humidity (65 + 5%). Courtship and mating behaviour
were observed as described by Giunti et al. (2018), using a
cubic observation chamber (Im?) with led illumination on
the top. Insects were gently released in a testing cage (clear
Perspex, cubic 60cm), placed inside the observation cham-
ber. Observations were performed between 10:00-14:00 h
and were carried out over several days to account for daily
variability.

Courtship and mating behaviour for the 4 different con-
trolled crosses were observed by releasing ten virgin males
and one virgin female (2-3 days old) in the testing cage.
Previous studies reported that H. illucens males performed
lekking behaviour, consisting of male aggregations to
attract females, in which males fight to defend their territory
(Tomberlin & Sheppard 2001). For this reason, a single male
is generally unable to attain successful courtship. Virgin
males were acclimated inside the testing cage for 10 min-
utes before the release of a virgin female. Behavioural tri-
als began ten minutes after the female release, and insect
behaviour was directly observed for 60 minutes (or until the
end of post-copulatory behaviours). Characteristic courtship
(preliminary genital contact, wing fanning), copula (success,
duration) and post-copulatory (grooming) behaviours, previ-
ously described by Giunti et al. (2018), were compared to
determine behavioural differences attributable to the degree
of relatedness between the mates.

2.2.3 Reproductive performances

Mated H. illucens females were retrieved immediately after
post-copulatory activity from the testing cage used for the
behavioural observation. Mated females from the controlled
crosses were individually collected and released inside cylin-
drical plastic containers (50 mL) with ventilated caps and
water ad libitum under controlled conditions (T =26 + 1 °C;
RH =65 + 5%; Photoperiod = 12:12, light:dark). The females
were checked daily for oviposition and survival, until their
death. Oviposition occurrence, number of egg clutches, time
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intercurrent from mating to oviposition and longevity of
mated females were recorded.

Each egg clutch was collected, and egg fertility was
accounted by recording hatching. Hatched larvae were reared
on the standard larval diet used for mass-rearing and food
was provided ad libitum until pupation. When around 75%
of the larvae concluded their development (i.e., their colour
became darker indicating prepupal and pupal stages), pupae
and larvae were manually removed from the substrates,
counted, and weighted. Developmental time (i.e., time from
egg to pupa) was also calculated.

Lastly, every pupa was placed inside a plastic container
(15 mL) and checked daily for adult eclosion, to assess the
total fecundity (i.e., number of emerged adults, percentage of
eclosion) and the sex ratio of the produced progeny.

2.3 Data analyses
Statistical analyses were carried out using JMP 11 software
(SAS Institute). Categorical data, such as mating outcomes,
oviposition occurrence, and egg hatching, were compared
using Chi-square test with Yate’s correction. Nominal logis-
tic regressions (LR) were used to assess the possible rela-
tionships between binary responses (e.g., copula success)
and continuous variables (e.g., wing-fanning duration).
Differences among continuous data were analysed using
specific Generalized Linear Mixed Models (GLMMs),
described by the general following formula: y=Xp+Zu+¢
where y is the vector of the observations (e.g., copula dura-
tion), X is the fixed effect matrix,  is the vector of fixed
effects (i.e., cross-type), Z is the random effect matrix, u is
the vector of random effects (i.e., individual, cohort) and € is
the vector of the residual effects. Tukey HSD post-hoc test
was performed on every continuous parameter analysed for
both fixed and random effects.

3 Results

3.1 Courtship, mating and mate recognition
The behavioural sequence observed for all the tested mat-
ing types was consistent with those reported by Giunti et al.
(2018). After an initial latency phase, responsive females
started the flying activity which stimulated males’ court-
ship responses and inflight approaches. Courting males
performed peculiar wing-fanning behaviour and attempted
genital contact. In this phase, females can dismount males
refusing copulation or can accept male mounting, assuming
the acceptance position and proceeding with copula. At the
end of the copula, both males and females performed typical
grooming behaviours before leaving the mating site.
Considering responses to courtship, females were divided
into “unresponsive” (i.e., females displaying no flight activ-
ity), “unsuccess” (i.e., responsive females rejecting male
courtships) and “success” (i.c., responsive females accepting
mating). Females’ responses varied according to the different
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cross-type (%3 = 12.99, P = 0.005) (Fig. 1), with the lowest
success rate in Sib2 cross (37.5%), while the highest was
recorded in No-Sib mates (57.5%).

Wing fanning did not change depending on mate type
(F3,122=0.08, P=0.97), underling that males did not change
their courtship according to mate kinship. Similarly, no dif-
ferences were recorded in post-copulatory behaviours both
in females (F3 77 = 0.02, P = 0.99) and males (F3 77 = 0.05,
P =0.97). However, successful courtship approaches were
characterized by shorter wing fanning in all the crosses
([LR]x*1,122 = 5091, P < 0.0001). Furthermore, copula
duration was significantly influenced by the kinship of mates
(F3,77=4.27, P=0.013), with longer copula in Sib2 crosses
compared to the other treatments (Table 1). Random vari-
ance explained by “cohort” random effect was low for all
the tested parameters (< 8.1%) and no differences were high-
lighted among cohorts by Tukey HSD post-hoc test.

3.2 Reproductive performances
Mated females were divided according to oviposition
occurrence in “absent”, when it did not occur and “pres-
ent”, when females laid eggs. Furthermore, the number of
oviposition events was also recorded, separating i) “single
oviposition”, i.e., females laid eggs during a single oviposi-
tion event in their lifetime, and ii) “multiple oviposition”,
females laid eggs in two distinct events (i.e., two different
days). Oviposition occurrence varied depending on the mat-
ing type (%33 =7.86, P=0.049) (Fig. 2), with the highest pro-
portion of non-ovipositing females in Sib2 crosses (26.7%).
In contrast, no differences were accountable for multiple
or single oviposition events among the various cross-types
(x*3=16.16, P=0.104).

Egg laying was not influenced by copula duration
([LR]x*177 = 0.21, P = 0.65). in contrast, longer lifes-
pan was positively associated to oviposition occurrence

NO-SIB
siB
siB2
BACKCROSS
0 10 20 30 40
(No.)

Fig. 1. Responses of females to males’ courtship in differ-
ent controlled crosses in H. illucens: number unresponsive
females = black bars; number unsuccessful courtship = grey bars;
number successful courtship = white bars. Different letters indi-
cate statistical differences among cross-types (Chi square test,
P < 0.05). No-Sib = Not-sibling mates; Sib = Full-sibling mates;
Sib2 = Second generation full-sibling mates; Backcross = Not-
sibling backcross mates. No. = number of flies.

([LR]x*177 = 4.81, P = 0.028), although no differences
were recorded in the female longevity among treatments
(F3,77 = 0.23, P = 0.87). However, mate kinship influenced
the time elapsed between the copula and the first egg laying
(F3,60=3.59, P=0.018), with the longest time in Sib2 females
(Table 2). Furthermore, hatching was influenced by mating
type (23 = 9.8, P =0.02). Fertility ratio in Sib2 females was
significantly lower compared to those from other controlled
crosses (Fig. 3). Developmental time was also significantly
different among the cross-types (F3 53 = 6.39, P = 0.002),
again highlighting the longest extent in Sib2 progeny. The
average weight of the single pupa was not significantly dif-
ferent among the various controlled crosses (F3sg = 1.66,
P = 0.204), while statistical differences could be acknowl-
edged when considering the total number of pupae produced
by every mated female (F3sg = 3.45, P = 0.030) and their
whole weight (F3 53 = 3.40, P = 0.033) (Table 3).

Similar to other lifetime parameters, the eclosion ratio
(F3,58 = 5.65, P = 0.002) and the number of emerged adults
(F3,58=2.87, P=0.046) were significantly lower in Sib2 com-
pared to No-Sib (Table 3). Interestingly, also the sex ratio was
affected by the kinship of the mates, revealing that No-Sib
progeny was almost equally distributed between males and
females, whereas for all the other crosses the progeny was sig-
nificantly more male-biased (F3 53 = 4.96, P = 0.004).

None of the above discussed continuous data highlighted
significant differences among the tested cohorts according to
Tukey HSD test, with an explained variance attributable to
“cohort” random effect always lower than 16.1%.

4 Discussion
Overall, direct kin recognition and avoidance were not

evidenced in the present H. illucens population. Tested

NO-SIB

4.4 | |05 R
SIB
4.6%| | RO Gy

sIB2

26.7% [ 733% ] b
BACKCROSS

11.8% ab

6 3 0 3 6 9 12 15 18 21 24
(No.)

Fig. 2. Oviposition outcomes by mated females in different con-
trolled crosses in H. illucens: number of females not oviposit-
ing = white bars; number of females ovipositing = grey bars.
Different letters indicate statistical differences among cross-
types (Chi square test, P < 0.05). No-Sib = Not-sibling mates;
Sib = Full-sibling mates; Sib2 = Second generation full-sibling
mates; Backcross = Not-sibling backcross mates. No. = number
of flies.
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Table 1. Behavioural parameters (mean + standard error) observed in courtship and mating in different controlled crosses in H. illu-
cens. Different letters indicate significant differences among the cross-types (GLMM followed by Tukey HSD post-hoc test, P < 0.05).
No-Sib = Not-sibling mates; Sib = Full-sibling mates; Sib2 = Second generation full-sibling mates; Backcross = Not-sibling backcross
mates. WS: wing fanning. n = sample size.

Cross Unsuccessful WF (s) Successful WF (s) Copula (min) Male grooming (s) | Female grooming (s)
No-Sib 38.11£7.7(n=9) 164+ 1.7 (n=23) 35.5+2.8a 71.0+£17.3 126.8 £18.5
Sib 39.3+£6.7(n=11) 159+£2.3 (n=22) 34.0+3.1a 71.9+15.9 124.4+18.9
Sib2 349+39 (n=12) 15.7+2.6 (n=15) 52.2+6.4b 73.4+17.7 129.5+27.0
Backecross 37.0+4.7 (n=13) 164+22 (n=17) 333+32a 77.5+12.6 1344+ 12.6

Table 2. Longevity of mated females and oviposition parameters (mean + standard error) recorded for different controlled crosses
in H. illucens. Different letters indicate significant differences among the cross-types (GLMM followed by Tukey HSD post-hoc test,
P < 0.05). No-Sib = Not-sibling mates; Sib = Full-sibling mates; Sib2 = Second generation full-sibling mates; Backcross = Not-sibling
backcross mates. n = sample size.

Mated 99 Oviposition event (%) Time from mating (d)
Cross longevity (d) - N . .. e .
ongevity ( Single Multiple 15t oviposition 2nd gyiposition
No-Sib 8.1+0.5 (n=23) 81.82% (n = 18) 18.18% (n = 4) 23+02a 53+ 1.1
Sib 8.4+0.6(n=22) 90.48% (n = 19) 9.52% (n=2) 23+01a 6.0+17
Sib2 8.8+0.8 (n=15) 90.91% (n = 10) 9.09% (n=1) 35+06b 7.0£0.0
Backcross 84+0.6(n=17) 93.33% (n=14) 6.67% (n=1) 2.7£0.2 ab 7.0+0.0

Table 3. Developmental time (DT), progeny production, and sex ratio (mean + standard error) recorded in different controlled crosses
in H. illucens. Different letters indicate significant differences among the cross-types (GLMM followed by Tukey HSD post-hoc test,
P < 0.05). No-Sib = Not-sibling mates; Sib = Full-sibling mates; Sib2 = Second generation full-sibling mates; Backcross = Not-sibling

backcross mates. n = sample size.

Cross DT (d) Pupa weight Pupae per Q9 Progeny per 9§ Sex ratio
() Nb. Weight (g) % Eclosion Nb adults
No-Sib (n=21) 37.6+0.9a | 0.193+0.007 | 262.4+39.8a | 50.66+824a | 904+2.1a | 2349+38.0a | 1.03+0.02a
Sib (n = 18) 394+1.1a | 0.172+0.011 | 277.6+61.3a | 47.83 £11.85a | 85.9+3.0ab | 231.4+58.5a | 1.21£0.07b
Sib2 (n=7) 46.1 £3.2b | 0.160+0.015 | 100.0 £25.6b 16.04 £4.97b 62.3 +5.6b 64.3+16.7b 1.35+0.16b
Backcross (n=12) | 37.3+1.0a | 0.171 £0.014 | 194.9 + 46.0ab | 33.40 +8.22ab | 82.1 £3.3ab | 157.6 £34.8ab | 1.27 £ 0.09b
specimens showed courtship and mating sequences consis- NO-SIB
tent with those reported by previous research (Giunti et al. 4-5%[— a
2018). Notably, no differences were reported among the SIB
courtship sequence among the tested mating types, with 14-3%_ a
uniform pre- and post-copulatory behaviours among the SIB2
various controlled crosses. In all the tested crosses, females 35-4%‘:_ b

preferentially mated with males performing short-wing fan-
ning, highlighting that inbred adults behave similarly to
non-inbred ones and that females can actively choose mates
based on courtship quality.

Similarly to other insect species (de Boer et al. 2021;
Reece et al. 2004; Ruf et al. 2010), H. illucens females
seemed to be unable to recognize kin from unrelated mates.
Indeed, no significant differences in success rate resulted in
females approaching different mates (i.e., No-Sib vs. Sib
and Sib2 vs. Backcross). Nevertheless, based on produced
fecundity and progeny, mate selection seemed important.
This species has been considered monogamous for long time

BACKCROSS
e __ a

12

9 15
(No.)

18 21

Fig. 3. Fertility of eggs laid by mated females in different con-
trolled crosses in H. illucens: number of females ovipositing
unfertile eggs = white bar; number of females ovipositing fertile
eggs = grey bars. Different letters indicate statistical differences
among cross-types (Chi square test, P < 0.05). No-Sib = Not-
sibling mates; Sib = Full-sibling mates; Sib2 = Second genera-
tion full-sibling mates; Backcross = Not-sibling backcross mates.
No. = number of flies.
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(Giunti et al. 2018), but recent research demonstrated that
females can mate multiple times (Muraro et al. 2024). In
this scenario, polyandry can play a role to avoid inbreeding
depression (Michalczyk et al. 2011). Indeed, from an ana-
tomical point of view, H. illucens females present three sper-
mathecae (Munsch-Masset et al. 2023), which can be used
to control paternity of the progeny by H. illucens females,
suggesting that cryptic female choice (CFC) by post-mating
selection may occur (Bretman et al. 2009).

Overall, significant differences were noted in the mat-
ing performances among the controlled crosses. In Sib2, a
higher ratio of unresponsive females and a lower success rate
compared to No-Sib and Sib females were accounted. The
decline in the reproductive performance could be related to a
generally lower quality of Sib2 mates, although backcross of
inbreed females with unrelated males reduced female unre-
sponsiveness and increased the success rate. Thus, the infe-
rior performances in Sib2 crosses could be mainly linked to a
lower courtship quality by inbred males, and just marginally
to the lower propensity to mate of inbred females.

Besides, copulation was significantly longer in Sib2
controlled crosses. Variations in copula duration have been
explained by several external and internal factors; usually,
longer copula increases sperm transfer and/or prevents female
from remating by decreasing their receptivity (Simmons &
Wedell 2020). Prolonged copula can be also linked to adap-
tative cryptic male choice (CMC), expecting males to selec-
tively spend more resources (i.c., time, ejaculate, energy)
when mating with high-quality and more fecund females
(Bonduriansky 2001). This adaptative behaviour has been
reported in another stratiomyid fly, Merosargus cingulatus
Schiner (Barbosa 2011), although it is not consistent with
our results in which longer copula took place in less fecund
females. Instead, females might also control copula duration
by acting adaptative cryptic female choice (CFC) (Barbosa
2009), by preferring males performing longer copula. Yet,
based on our results, this seems not the case of H. illucens.
Therefore, copula in Sib2 took the longest time, although this
could be dangerous for both mates by increasing the risk of
predation and decreasing their foraging chances. This result
can indicate that H. illucens inbred males produce low-qual-
ity and quantity of ejaculates (Baeshen et al. 2014), which
can determine longest copula, as reported in other insect spe-
cies (Bloch Qazi 2003).

Reproductive performances were greatly impacted by
inbreeding depression in H. illucens after two generations of
strict inbreeding. Egg hatchability, as well as pupation and
eclosion showed a significant decline. In other fly popula-
tions, while egg fertility was influenced by inbreeding, no
impact was observed for pupation and eclosion (Rhode et al.
2020). Rhode et al. (2020) have reported colony collapse
after 5 generations in a small experimental H. illucens col-
ony, suggesting that the collapse should be attributable to the
fixation of deleterious alleles. However, in our population,
inbreeding affected oviposition more than hatchability and

pupation, proving that the decline of population is primarily
linked to mating occurrence and subsequently to mate qual-
ity. Moreover, Munsch-Masset et al. (2023) reported that AH.
illucens females produced oocytes synchronously and can
lay eggs just one time in their life. Ovarian synchronicity was
also observed in a H. illucens laboratory strain by Tomberlin
et al. (2002), while this trait was not retrieved in our labo-
ratory strain, which proved multiple egg-laying events in a
small fraction of our population, as also demonstrated in a
recent research (Muraro et al. 2024).

Developmental time was prolonged in inbred H. illucens,
whereas pre-imaginal stage duration could decrease after
backcross. In fly species with short adult lifespan and almost
monogamous females mating and ovipositing early in their
life, delayed pupation and eclosion could greatly affect off-
spring fitness (Edwards 2000). Besides, considering H. illu-
cens rearing for entomofarming, the yield of mature pupae,
in terms of numerosity and weight produced per female, was
affected by inbreeding, prompting colony collapse in small
mass-rearing.

Usually shortened lifespans are expected for insects after
several generations of inbreeding (Bilde et al. 2009), since
most of the energy is allocated to reproduction rather than
survival. This aspect should have been particularly important
for this species, which may not feed at the adult stage and
uses the resources accumulated during the larval stages for
adult survival and performances (Lupi et al. 2019). No effect
was associated to inbreeding on H. illucens female adult lon-
gevity, as reported for other insect species (Harano 2011).
Moreover, while the original population was composed of
equal proportions of male and female adults, inbreds were
more male-biased. This feature of our laboratory strain was
dissimilar to those of other H. illucens laboratory popula-
tions, which are female-biased (Tomberlin et al. 2002).

In conclusion, this study poses a first step to investigate
the mating behavioural ecology of this species, in terms of
mate choice and kin avoidance, and demonstrates inbreed-
ing depression in H. illucens. Moreover, flies were not able
to discriminate siblings from unrelated mates, with potential
negative consequences on colony maintenance and health.
However, the existence of cryptic mate behaviour, as well as
the impact of inbreeding on insect physiological features need
further consideration. In contrast, a valuable restoring impact
of backcross was noted, suggesting that this mechanism can
help to maintain optimal population levels and avoid colony
collapse. Overall, it is acknowledged that mass-reared insect
colonies benefit from the re-introduction of genetic diversity
from other colonies (Whiteley et al. 2015). Nevertheless,
the introduction of wild insects in a domesticated or early-
domesticated colony can trigger an additional decline in the
offspring fitness; this process, known as outbreeding depres-
sion, can be linked to the introduction of complete differ-
ent behavioural or genetic characteristics, that worse adapt
to artificial conditions (Whitlock et al. 2013). Therefore,
research about inbreeding and outbreeding dynamics is still



pivotal to understand and estimate the long-term sustainabil-
ity of H. illucens mass-rearing and to maintain and manage
genetic diversity in commercial colonies.
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Supplementary Figure S1 Controlled crosses of H. illucens
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