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and mating strategies on genetic gain and rate
of inbreeding in black soldier fly breeding
programs

Margot Slagboom" ®, Hanne Marie Nielsen!, Morten Kargo'?, Mark Henryon? and
Laura Skrubbeltrang Hansen'#

Abstract

Background The aim of this study was to compare genetic gain and rate of inbreeding for different mass selection
breeding programs with the aim of increasing larval body weight (LBW) in black soldier flies. The breeding programs
differed in: (1) sampling of individuals for phenotyping (either random over the whole population or a fixed number
per full sib family), (2) selection of adult flies for breeding (based on an adult individual’s phenotype for LBW or ran-
dom from larvae preselected based on LBW), and (3) mating strategy (mating in a group with unequal male contribu-
tions or controlled between two females and one male). In addition, the numbers of phenotyped and preselected
larvae were varied. The sex of an individual was unknown during preselection and females had higher LBW, resulting
in more females being preselected.

Results Selecting adult flies based on their phenotype for LBW increased genetic gain by 0.06 genetic standard
deviation units compared to randomly selecting from the preselected larvae. Fixing the number of phenotyped larvae
per family increased the rate of inbreeding by 0.15 to 0.20% per generation. Controlled mating compared to group
mating decreased the rate of inbreeding by 0.02 to 0.03% per generation. Phenotyping more than 4000 larvae
resulted in a lack of preselected males due to the sexual dimorphism. Preselecting both too few and too many larvae
could negatively impact genetic gain, depending on the breeding program.

Conclusions A mass selection breeding programs in which the adult fly is selected based on their larval pheno-
type, breeding animals mate in a group and sampling larvae for phenotyping at random over the whole population
is recommended for black soldier flies, considering the positive effect on rates of genetic gain and inbreeding. The
number of phenotyped and preselected larvae should be calculated based on the expected female weight deviation
to ensure sufficient male and female candidates are selected.

*Correspondence:

Margot Slagboom

margotslagboom@gmail.com

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12711-024-00938-y&domain=pdf
http://orcid.org/0000-0002-0296-356X

Slagboom et al. Genetics Selection Evolution (2024) 56:71

Background

Black soldier fly (BSF) or Hermetia illucens is a wasp-like
fly belonging to the Stratiomyidae family. Interest in BSF
production for feed has increased greatly in recent years
[1]. Many insect species have similar protein and essen-
tial amino acid contents as soy or fish meal but their pro-
duction has a smaller environmental impact [2] and they
have excellent feed conversion ratios [3]. In addition, BSF
as feed reduces competition with human food and can be
produced on waste streams of other food production sys-
tems [4]. Together, these aspects make BSF production a
competitive and more sustainable form of feed produc-
tion than the use of traditional feed sources.

The life cycle of BSF consists of different stages (Fig. 1
[5]). Females lay many eggs that hatch into larvae after 2
to 3 days. The number of eggs laid per female is reported
to vary between 205 and 1505 [1]. Larvae feed on an
organic substrate until they pupate. Around the prepu-
pal life stage, BSF are the heaviest and contain about 40%
protein and 24 to 28% fat [6]. Development time from egg
to prepupa can vary between 17 and 19 days in industrial
settings but are more extreme in other conditions (17.7
to 32.8 days [1]), depending on, e.g., temperature [7],
diet [8], or strain [9]. When flies eclose from the pupae
(emerge as adults), sex identification is enabled by visual
observation. Reproduction happens at the adult stage and
males mate with one or more females (Personal commu-
nication, K. Jensen, Aarhus University). In commercial

Black Soldier Fly Lifecycle

Pupae

The pupal stage lasts for 11-13
doys. The insect goes through the
melamorphosis — an abrupt
change to adult stage.
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Prepupae
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days. The prepupa turns brown
and looks for a dry place to

pupate

Fig. 1 Life cycle of the black soldier fly in industrial production settings [5]

The female fly lays 700900
eggs at the time. They hatch after
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BSF production, most individuals are harvested at the
larval or prepupal stage, and only a part of the population
is allowed to reproduce. The harvested larvae are ground
to a meal, which is the main product of BSF for feed.
Selective breeding can improve chosen traits in the
desired direction, as for example shown by [10] for
improving body mass in mealworms and by [11] for
improving morphometric shape in houseflies. Mass
selection is selection on own phenotypic performance,
i.e. something that is measurable on the individual itself
[12]. It is the simplest way of selective breeding, as it
does not require tracking of the pedigree of an individ-
ual. This allows for group housing of individuals, which
is an advantage in many production systems. Mass selec-
tion breeding programs are applied in some aquaculture
species for this reason [13]. The short generation inter-
val of BSF enables genetic gain to be accumulated very
quickly. Results of the commercial breeding program
described in [14] show an impressive improvement
in larval body weight by 39% over 10 generations, but
details of the breeding program and the applied selec-
tion strategies were not presented. Breeding programs
consist of various elements, which each can affect rates
of genetic gain and inbreeding. These elements can also
increase the complexity of the breeding program and,
consequently, the amount of labor and level of financial
investment required. An example of this is the number
of individuals that is phenotyped. Phenotyping more
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individuals increases the number of selection candi-
dates in a mass selection scheme and thus the ability to
select high-performing animals. However, obtaining
phenotypic records on many individuals requires inten-
sive manual labor within a limited time period. For the
trait larval body weight (LBW), all individuals must be
weighted at the same age since hatching, thus at the same
day for a synchronized population. Automated phenotyp-
ing techniques such as the method described by [15] can
greatly decrease labor required but can entail significant
expenses. Another example of disparities in complexity is
the selection of adult BSF for breeding, which is ideally
based on phenotypic information of the trait under selec-
tion in a mass selection breeding program. This means
selecting adult flies on their larval phenotype when the
breeding goal trait is LBW, which is only possible when
flies are housed individually after weighing, instead of
housing them in a group. When housed in a group, it
is impossible to mark and track individuals due to the
metamorphic life cycle, in which larvae shed their exo-
skeleton and eventually pupate. Although it is possible
to select BSF already at the larval stages for LBW, due to
the sexual dimorphism of body weight in this life stage,
more females will be selected, resulting in a lack of male
selection candidates. Controlled mating is more complex
than mating all animals in a group together but enables
control of inbreeding by limiting the contribution from
each animal to the next generation. Before implement-
ing them in a BSF breeding program, it is important to
quantify the effect of strategies related to, e.g., phenotyp-
ing, selection of adult flies for breeding, and mating on
rates of genetic gain and inbreeding. Stochastic simu-
lation can be used to predict rates of genetic gain and
inbreeding realized by different selection strategies and

Table 1 The simulated breeding schemes
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provide guidelines when establishing a selective breed-
ing program in a large-scale commercial BSF population.
In this paper, we hypothesized that breeding programs in
which adult flies are selected based on their phenotype
for LBW result in greater genetic gain than breeding pro-
grams in which flies are randomly selected from a group
of larvae preselected for LBW. We also hypothesized that
breeding programs in which a fixed number of larvae are
phenotyped per family and matings are controlled have
lower rates of inbreeding. We tested these hypotheses by
comparing genetic gain for LBW and rate of inbreeding
for mass selection breeding programs that differ in phe-
notyping, selection of adult flies for breeding, and mating
strategies.

Methods

We simulated several breeding programs that differed in
three key elements within the breeding scheme: (1) phe-
notyping either a random sample of larvae across the
entire population (Pop- scenarios) or a fixed number of
individuals per family (Fam- scenarios); (2) being able to
select adult flies for breeding based on their phenotypic
record for LBW (-Phen- scenarios) or select them at ran-
dom (-Rand- scenarios); and (3) mating all breeding ani-
mals in a group (-Group scenarios) or controlled mating
with a 1:2 male to female ratio (-Cntrl scenarios; Table 1
and Fig. 2). These three key elements together formed the
breeding program design. In addition to these elements,
the numbers of phenotyped and preselected larvae were
varied. All breeding programs were based on mass selec-
tion, i.e. own phenotypic performance, for LBW. LBW
was assumed to have additive genetic variance 1.0, her-
itability 0.32, and common environmental variance 0.43
[16]. The common environmental effect was only present

Breeding scheme Phenotyping strategy (Step 1?) Selection of flies (Step 3°) Mating
strategy
(Step 49
Pop-Rand-Group Population Random Group
Pop-Rand-Cntrl Population Random Controlled
Pop-Phen-Group Population Phenotype for LBW¢ Group
Pop-Phen-Cntrl Population Phenotype for LBW Controlled
Fam-Rand-Group Fixed number per family Random Group
Fam-Rand-Cntrl Fixed number per family Random Controlled
Fam-Phen-Group Fixed number per family Phenotype for LBW Group
Fam-Phen-Cntrl Fixed number per family Phenotype for LBW Controlled

2 Sampling of larvae for phenotyping randomly over the whole population or a fixed number per family (see Fig. 2)

b Selection of adult flies random or based on phenotype for larval body weight (see Fig. 2)

€ Mating in a group or controlled (see Fig. 2)
4 LBW =larval body weight
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Fig. 2 Schematic representation of the breeding schemes with the different selection steps and 3000 phenotyped and 400 preselected larvae.

LBW Larval body weight. Ratio sex ratio

in the Fam- scenarios due to the housing of eggs and lar-
vae in full sib groups in these scenarios. Genetic gain was
measured in genetic standard deviation units. Each sce-
nario was simulated for 10 time steps which equaled 10
generations. The stochastic simulation program ADAM
[17] was used to simulate 100 replicates per scenario.

Breeding schemes

In all breeding schemes, a base population of 1500 unre-
lated males and 1500 unrelated females was simulated.
All base animals were phenotyped, the 400 heaviest lar-
vae were preselected, and 200 females and 100 males
were selected for breeding according to each breeding
scheme design (Fig. 2). In subsequent generations, the
breeding scheme shown in Fig. 2 was followed. In selec-
tion step 1 (Fig. 2), larvae were sampled for phenotyping,
either randomly across the population (Pop- scenarios)
or a fixed number was phenotyped for LBW per full sib
family (Fam- scenarios) and the 400 heaviest larvae were
preselected (step 2). In the preselection step, the sex of
an individual was not known. Because female BSF are
on average heavier than males as larvae [7, 9], females
were simulated to be heavier on average by an amount
such that the preselection ratio of 3 males:7 females was
achieved in the breeding schemes with 3000 phenotyped

and 400 preselected larvae, based on experience in prac-
tice (Personal communication L.S. Hansen, Aarhus
University). This preselection ratio was achieved by simu-
lating the average female weight to be 0.9 genetic stand-
ard deviation units higher than the population mean,
which implies that the preselected ratio differed between
breeding schemes with different numbers of phenotyped
and preselected larvae. Preselected larvae were either
housed in a group or individually, until adult eclosure. At
the adult stage, individuals were sexed. When housed in a
group, it was not possible to identify which flies were the
heaviest as larvae. Thus, the 200 females and 100 males
necessary for breeding were randomly selected from the
400 previously preselected individuals (-Rand- scenar-
ios). When housed individually, it was possible to select
adult flies on their phenotype for LBW and they were
also sexed at this point (-Phen- scenarios). As a result, the
200 females and 100 males necessary for breeding could
be selected based on their phenotype for LBW (step
3). In step 4, mating occurred either in a group with all
selected males and females together (-Group scenarios)
or controlled, with two random females per male (-Cntrl
scenarios). When mating occurred in a group, a ran-
domly selected fraction of the males mated 3 times (33%),
another fraction mated 2 times (34%), and the last mated
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1 time (33%). Every generation, approximately 40,000
eggs were produced, based on 200 offspring per female
(lower limit of the range reported by [1]).

Phenotyped and preselected larvae
Several additional factors were varied for each of the 8
breeding schemes presented in Table 1:

— The number of individuals that were phenotyped for
LBW was 400, 1000, or up to 10,000 in steps of 1000
(Fig. 2, step 1). The number of preselected individu-
als was 400 regardless of the number of phenotyped
individuals.

— The number of individuals that were preselected
based on LBW was 300, 350, 400, 500, or 600 (Fig. 2,
step 2). This was the number of individuals that was
kept alive before the selection of breeding animals,
which was always 200 females and 100 males. The
number of phenotyped individuals was 3000 regard-
less of the number of preselected individuals.

Statistical analyses

Rates of genetic gain were calculated by linear regression
of additive genetic levels on time. Rates of inbreeding
were calculated by linear regression of log-transformed
levels of inbreeding on time. Only time steps 5 to 10 were
utilized for these analyses. To identify the optimal breed-
ing strategy, the breeding programs were ranked, first
based on genetic gain in LBW and second based on low
rates of inbreeding per generation. Differences in rates
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of genetic gain and inbreeding between breeding pro-
grams were tested using one-way ANOVA, followed by
a post-hoc test for pairwise comparisons. Breeding pro-
grams which did not significantly differ in genetic gain
were grouped together. The breeding program with the
lowest inbreeding within the group of breeding programs
with the highest genetic gain was considered the best. All
breeding schemes were compared the program with 3000
larvae phenotyped for LBW and 400 larvae preselected.
In addition, within each breeding scheme, comparisons
were made for different numbers of phenotyped and pre-
selected larvae. All statistical analyses were performed
using the R statistical software v.4.3.1 [18].

Results

Breeding schemes

Selecting adult flies based on their phenotype for LBW
(-Phen- scenarios) significantly (p<0.05) increased
genetic gain compared to scenarios with random selec-
tion of adult flies (-Rand- scenarios; Table 2). For exam-
ple, genetic gain in LBW for scenario Pop-Phen-Group
was 7% higher compared to genetic gain for scenario
Pop-Rand-Group. Mating all breeding animals in a group
(-Group scenarios) realized a higher rate of inbreed-
ing compared to controlled mating (-Cntrl scenarios),
although this difference was not significant for the Pop-
scenarios (random sampling of larvae for phenotyping
across the population). Fixing the number of phenotyped
larvae per family (Fam- scenarios) significantly increased
rates of inbreeding compared to the Pop- scenarios.

Table 2 Effect of breeding scheme design? on rates of inbreeding and genetic gain, in absolute values® and relative to breeding

scheme Pop-Rand-Group

Genetic gain LBW® Inbreeding

Breeding scheme Absolute Relative (%) Signiﬁcanced Absolute (%) Relative (%) Significance
Pop-Rand-Group 0.77 100 a 0.36 100 ab
Pop-Rand-Cntrl 0.77 100 a 0.34 95 a
Pop-Phen-Group 0.83 107 bc 0.39 110 d
Pop-Phen-Cntrl 0.83 108 C 037 104 bc
Fam-Rand-Group 0.77 100 a 0.51 143 e
Fam-Rand-Cntrl 0.78 100 a 049 136 d
Fam-Phen-Group 0.82 106 b 0.60 166 g
Fam-Phen-Cntrl 0.83 108 C 0.57 159 f

2 For each breeding scheme, phenotyping was either random across the population (Pop-) or performed for a fixed number of individuals per family (Fam-), selection
of adults was either random from preselected candidates (-Rand-) or based on phenotypic record for LBW (-Phen-) and mating of breeding animals either happened
in a group (-Group) or at a 1:2 male:female ratio (-Cntrl). All breeding schemes included 3000 larvae phenotyped for LBW and 400 individuals preselected based on

LBW

® Inbreeding is expressed as rate of inbreeding per generation in %, genetic gain is expressed in rate of change in genetic standard deviation units per generation.

Rate of inbreeding and genetic gain were calculated using generations 5-10
€ LBW =Larval body weight

9 Different letters within a column indicate significant differences between breeding schemes
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Number of phenotyped larvae

Phenotyping more larvae when the number of prese-
lected larvae was fixed at 400 increased rates of genetic
gain and inbreeding, as can be seen for the breeding

1.0 0.010

05 0.005

Genetic gain LBW
Buipaaiqui jo ajey

0.0 0.000

0 2500 5000 7500 10000
Number of phenotyped larvae
Fig. 3 Effect of number of phenotyped larvae on the rate of genetic
gain (in genetic standard deviation units per generation, in blue)
and inbreeding per generation (in red), in breeding scheme
Pop-Rand-Group. The number of preselected larvae was 400.
LBW Larval body weight
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scheme Pop-Rand-Group (Fig. 3). When phenotyp-
ing only 400 larvae, genetic gain was very low for all
breeding schemes and was 0 for the -Rand- breeding
schemes [see Additional file 1 Table S1]. The effect of
phenotyping more larvae on genetic gain was largest
at low numbers of phenotyped larvae. For all breeding
schemes, the highest genetic gain was achieved when
phenotyping 10,000 larvae; 22 to 37% higher relative
to phenotyping 3000 larvae. Genetic gain when phe-
notyping 10,000 larvae was not significantly different
from genetic gain when phenotyping 9000 larvae, for
all breeding schemes. When increasing the number of
phenotyped larvae, the rate of inbreeding increased
more in the Fam- scenarios than for the Pop- scenarios
[see Additional file 2 Table S2].

The effect of increasing the number of phenotyped
larvae in breeding schemes Pop-Rand-Group and Pop-
Phen-Cntrl is shown in Table 3. For breeding scheme
Pop-Rand-Group, phenotyping 1000 larvae more
increased genetic gain to similar rates as for breeding
scheme Pop-Phen-Cntrl with phenotyping 1000 larvae
less. For example, phenotyping 4000 larvae for the Pop-
Rand-Group scheme resulted in a genetic gain of 0.83
genetic standard deviation units, while phenotyping
3000 larvae for the Pop-Phen-Cntrl scheme resulted in
the same genetic gain and a similar rate of inbreeding
per generation.

Table 3 Effect of number of phenotyped? larvae on rates of genetic gain and inbreeding for breeding schemes Pop-Rand-Group and

Pop-Phen-Cntrl

No. phenotyped  Pop-Rand-Group

Pop-Phen-Cntrl

Genetic gain® Inbreeding® Genetic gain Inbreeding

Absolute Signiﬁcanced Absolute (%) Significance  Absolute Significance  Absolute (%) Significance
400 0.00 a 0.21 a 0.21 a 0.21 a
1000 047 b 0.26 b 0.56 b 0.26 b
2000 067 C 032 C 073 C 034 C
3000 0.77 d 036 d 0.83 d 037 cd
4000 083 e 0.38 d 0.89 e 040 d
5000 0.88 f 042 e 0.93 f 043
6000 092 fg 045 f 0.97 fg 0.49 f
7000 0.94 gh 047 f 0.99 gh 0.50 fg
8000 0.98 hi 0.51 g 1.01 hi 0.50 fg
9000 0.99 i 053 gh 1.04 ij 053
10,000 1.01 i 0.54 h 1.06 j 0.58 h

@The number of preselected larvae was 400

b Genetic gain in larval body weight is expressed in rate of change in genetic standard deviation units per generation. The first four generations were omitted for the

calculations of rate of inbreeding and genetic gain

Inbreeding is expressed as rate of inbreeding per generation in %

9 Different letters within a column indicate significant differences between no. phenotyped
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Number of preselected larvae

The effect of the number of phenotyped larvae that
were preselected and kept alive until adult eclosion dif-
fered between the -Rand- and -Phen- breeding schemes
(Figs. 4, 5). In the -Rand- breeding schemes, increas-
ing the number of preselected larvae decreased rates
of genetic gain and inbreeding [see Additional file 3
Table S3 and Additional file 4 Table S4] but had only a
slight effect on rates genetic gain and rate of inbreeding
for the -Phen- breeding schemes. For the -Phen- breed-
ing schemes, the rate of inbreeding increased slightly
when less than 400 larvae were preselected.

Sex ratio

The sex ratio of preselected males and females was set
to 3:7 in the breeding schemes with 3000 phenotyped
and 400 preselected larvae. Increasing the number of
phenotyped larvae decreased the male:female sex ratio
and increasing the number of preselected larvae slightly
increased the male:female sex ratio of preselected larvae
[see Additional file 5 Fig. S5 and Additional file 6 Fig. S6.].

Discussion

Our results highlight that breeding programs in which
the adult fly is selected based on their larval phenotype
(-Phen- scenarios) and in which phenotyped larvae are
sampled randomly from the population (Pop- scenarios)
are most suited for BSF in terms of realizing most genetic

0.75 0.0075

0.50 0.0050

\—\

0.25 0.0025

Genetic gain LBW
Buipaaiqui jo ajey

0.00 0.0000
300 400 500 600
Number of preselected larvae

Fig. 4 Effect of number of preselected larvae on the rate of genetic
gain (in genetic standard deviation units per generation, in blue)
and inbreeding per generation (in red), in breeding scheme
Pop-Rand-Group. The number of phenotyped larvae was 3000.
LBW Larval body weight
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0.75 0.0075

0.50 0.0050

Genetic gain LBW
Buipaaiqui jo ajey

0.25 0.0025

0.00 0.0000

300 400 500 600
Number of preselected larvae

Fig. 5 Effect of number of preselected larvae on the rate of genetic
gain (in genetic standard deviation units per generation, in blue)
and inbreeding per generation (in red), in breeding scheme
Fam-Phen-Cntrl. The number of phenotyped larvae was 3000.

LBW Larval body weight

gain with low rates of inbreeding. Controlled mating had
only a minor effect on the rate of inbreeding but would
significantly increase the workload related to establish-
ing mating pairs. Thus, the recommended breeding pro-
gram is Pop-Phen-Group. In addition, preselecting 400
larvae ensured enough male and female selection candi-
dates for the scenarios evaluated in this study [see Addi-
tional file 6 Fig. S6]. Phenotyping more than 4000 larvae
resulted in a proportion of males being preselected that
was too low [see Additional file 5 Fig. S5] and is there-
fore discouraged. The reason for this is that female larvae
are on average heavier than males and at this selection
step, the sex of an individual is unknown. Phenotyping
more larvae when preselection is based on LBW results
in a more intense selection, thus resulting in less males
being selected. Therefore, an additional recommenda-
tion is that the number of preselected animals needs to
be calculated based on the sexual dimorphism of LBW to
ensure enough male selection candidates.

Selecting adults on larval phenotypes

All -Phen- breeding schemes resulted in significantly
higher genetic gain compared to the -Rand- breeding
schemes. Being able to select adult flies on LBW was
the only element of the breeding schemes simulated
in this study that significantly affected genetic gain
when comparing breeding schemes with 3000 pheno-
typed and 400 preselected larvae. The ability to connect



Slagboom et al. Genetics Selection Evolution (2024) 56:71

juvenile phenotypes to adult individuals allows for an
extra selection step, instead of selecting randomly from
among the preselected individuals, thereby increasing
the genetic superiority of the breeding animals. How-
ever, the rate of inbreeding also increased when switch-
ing from a -Rand- to -Phen- breeding scheme, by 0.03
to 0.08%, because the probability of selecting siblings
or half-siblings increased in the second selection step
because relatives have similar phenotypes. The manual
labor associated with selecting adults based on LBW is
mainly related to need to house all preselected larvae in
individual containers, i.e., they need to be prepared and
labelled. In addition, individual housing may affect sur-
vival or other life history traits such as time until adult
eclosion, since adult eclosion is influenced by environ-
mental cues from other pupae. An advantage of hous-
ing larvae individually until adult eclosion is that they
are easier to sex than flies that are housed in a group,
which requires catching them. In addition, if variation
in time until adult eclosion is large, housing larvae indi-
vidually means preventing unwanted mating between
early emerging flies. Thus, in a breeding program for
BSE, being able to select breeding animals on their phe-
notype for LBW is very important for genetic gain, but
may have some practical implications that are not con-
sidered in this study. In the future, computer vision and
machine learning algorithms may enable accurate pre-
diction of the sex of larvae, thereby omitting the neces-
sity of the preselection step [19]. This would impact the
optimal design of the breeding program.

Sampling for phenotyping

Larvae were either randomly sampled from the entire
population for phenotyping for LBW (Pop- scenarios),
or a fixed number of larvae were sampled from each
full sib family (Fam- scenarios). Fixing the number of
phenotyped offspring per family requires larvae to
be housed in family groups, which introduces a com-
mon environmental effect. Rate of inbreeding was
0.1 to 0.20% higher in the Fam- scenarios than in the
Pop- scenarios. A high common environmental effect,
as is often the case in insect production, increases the
between family variance. Larvae in the same family
share the same environment, which has a large effect
on the phenotype of all members of the family when
housed together. This increases the likelihood of related
individuals to be selected, which increases the rate
of inbreeding in a mass selection breeding program.
In contrast, housing all larvae from one generation
together results in common environmental effects to
be the same for all and thus a lower chance of selecting
related individuals.
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Mating

Mating all breeding animals semi-randomly in a group
(-Group scenarios) compared to controlled mating
with two females per male (-Cntrl scenarios) increased
inbreeding because males could mate 1, 2, or 3 times in
the former, causing unequal contributions to the next
generation. Unequal contribution of sires highly impacts
the rate of inbreeding and effective population size, see
e.g. [20]. Unequal male contributions are to be expected
when mating is in a group, but the exact reproductive
capacity of BSF males and the distribution of how many
males mate more often than others is unknown. The sim-
ulated design with 33% percent of the males mating once,
34% mating twice, and 33% percent mating three times is
an assumption, created to simulate the effect of unequal
male contributions. The results for the Pop- scenarios
showed no significant differences in rates of inbreeding
between the -Group and -Cntrl scenarios, implicating
that the effect of these unequal male contributions on
rates of inbreeding and genetic gain were limited. Con-
trolled mating greatly increases manual labor since all
adults need to be collected when eclosed, sexed, and then
housed with one male and two females per container. In
addition, it is not known whether controlled mating with
only one male and two females is enough for reproduc-
tive success. For example, males demonstrate lekking
behavior in wild populations [21] and restricting access
to other breeding animals could decrease mating suc-
cess to a point where obtaining the required number of
families in the breeding scheme may fail. Therefore, con-
trolling mating is not recommended in a BSF breeding
program based on mass selection. However, the practical
implications must be further studied to be able to quan-
tify the full effect of this breeding program element.

Number of phenotyped larvae

Not surprisingly, the number of phenotyped larvae had
a large effect on genetic gain. Phenotyping more indi-
viduals increases selection intensity, resulting in the aver-
age weight of (pre)selected animals to be higher, leading
to greater genetic gain. The effect of phenotyping more
larvae on genetic gain was very high at smaller numbers
phenotyped, but slowly decreased at higher numbers of
phenotyped larvae, consistent with the effect of sample
size on selection intensity. Phenotyping more than 9000
larvae did not lead to significantly higher genetic gain
in any of the breeding schemes and, therefore, the extra
workload related to this is not worthwhile.

The sex ratio of preselected males and females was set
to 3:7 in the breeding schemes with 3000 phenotyped and
400 preselected larvae. Phenotyping more or fewer than
3000 larvae affected the proportion of selected males in
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the preselection step [see Additional file 5 Fig. S5]. When
400 larvae where phenotyped, all had to be preselected
and thus the sex ratio was 1:1, equal to the sex ratio in
the phenotyped group. This always ensured enough male
selection candidates but, due to the stochastic nature
of the sex ratio, fewer than 200 female selection candi-
dates could be available. This meant that not all selected
males could mate (given the assigned mating capacities
in the simulation), resulting in fewer than 100 males and
200 females being used as breeding animals. In contrast,
phenotyping more larvae resulted in a lower proportion
of males being preselected based on weight, resulting
in a lack of male candidates. For example, phenotyp-
ing 10,000 larvae resulted in only 24% males being pre-
selected [see Additional file 5 Fig. S5], which caused an
increase in the rate of inbreeding. Therefore, the number
of phenotyped and preselected larvae needs to be care-
fully calculated based on the expected difference in aver-
age weight between the sexes to ensure enough male and
female selection candidates are available.

Number of preselected larvae

The number of preselected larvae had a very different
effect on rates of genetic gain and inbreeding depending
on whether adult flies were selected at random or based
on their phenotype for LBW. When larvae were housed
individually after the preselection step and adult flies
were selected based on their phenotype for LBW, the
function of the preselection step was merely to ensure
that there were enough males and females for breeding,
since individuals can only be sexed as adult flies and,
therefore, the sex ratio was skewed when selecting lar-
vae based on their phenotype for LBW. Enough males
were expected to be selected when preselecting 400 lar-
vae (based on 3000 phenotyped larvae), considering the
skewed sex ratio that favored females and randomness
caused by the stochastic nature of the simulation. This
was also observed for breeding scheme Fam-Phen-Cntrl
(Fig. 5), i.e. preselecting fewer than 400 larvae caused
an increase in inbreeding. The reason for this was a lack
of male selection candidates [see Additional file 6 Fig.
S6]. Preselecting more than 400 larvae did not affect
inbreeding nor genetic gain. In the breeding schemes
in which adult flies could not be selected based on their
phenotype for LBW, breeding flies were chosen at ran-
dom from the group of preselected larvae. In this case,
the larger the group of preselected larvae was, the lower
was the average weight of these larvae and thus the lower
was the average weight of the randomly chosen breed-
ing flies. Therefore, in a practical breeding program it
is highly recommended for the number of preselected
larvae to be based on the number of required breeding
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flies, considering the skewed sex ratio when selecting on
weight, and not to exceed this number.

Practical feasibility

Implementing the suggested strategies from this study
in a real-life breeding program increases the manual
workload. Quantifying the manual labor induced by the
different elements of the breeding schemes that were
simulated was beyond the scope of this study, but it is a
given that phenotyping is one of the major labor-inten-
sive costs related to running an insect breeding program.
Automated phenotyping techniques have the potential
to substantially decrease manual labor requirements
[15]. Running a more labor-intensive breeding program
and decreasing phenotyping efforts will result in lower
rates of inbreeding and comparable rates of genetic gain
to running a less labor-intensive breeding program with
increased phenotyping efforts (Table 3). Depending on
labor requirements, an insect producer can decide which
breeding program is better.

Simulation studies cannot include all practical aspects
that are encountered when running a real-life breeding
program. For example, this simulation assumed no mor-
tality and completely successful matings, which influ-
ences the number of larvae available for phenotyping and
the number of male and female breeding animals needed
to successfully run the breeding program. Another aspect
that was excluded from this study is synchronization of
reproduction in order to minimize differences in age and
ensure mating compatibility of selection candidates. In
the simulation, all eggs hatched at the same time and thus
all viable larvae were available for phenotyping at the
same time. This may not be the case. However, eggs can
be cold stored to synchronize hatching of eggs. When
there is large variation in time from hatching to prepu-
pae, the chance of selecting many larvae from one family
and none from another will most likely be higher, espe-
cially since development time is moderately heritable
[16]. This can increase relatedness in the pool of selection
candidates. Adult flies will eclose over several days and
adults that are too dissimilar in age will not be mating
compatible. In practice this means that not all selected
breeding animals will be able to mate with each other,
which could decrease the selection intensity and con-
sequently genetic gain. The number of preselected indi-
viduals must be adjusted accordingly to ensure enough
breeding animals. Alternatively, cold storage of pupae can
be applied to delay adult eclosion [22]. Finally, the genetic
gain obtained in a breeding nucleus is only transferable
to the production population if the environments are
not drastically different. Running an advanced breeding
program with family housing could introduce discrepan-
cies between the breeding and production environments,
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resulting in undesirable genotype-by-environment inter-
actions. It is crucial to reduce such differences to ensure
that the genetic progress is replicated in the production
population.

(Un)favorable effects on other traits

The reason for only including LBW in the simulation
was that we did not have access to genetic parameter
estimates for other traits that might be of interest from
a breeding perspective. Without sound estimates for
genetic correlations and heritabilities, it is impossible to
include other traits in the simulation. However, it is very
likely that other economically important traits are corre-
lated to the trait simulated to be under selection in this
study. For example, [16] found unfavorable phenotypic
correlations between LBW and development time in BSF.
Mass selection complicates selection of breeding animals
for multiple traits, especially when traits are measured in
different life stages. However, it is very important to track
other traits in a breeding program in order to study the
effect of selection on genetic gain in other traits. Direc-
tional selection for LBW might cause unfavorable genetic
changes in traits related to development or fertility. If this
is the case, it is important to adjust the selection method
to minimize the unfavorable effects. Implementing
breeding value estimation with phenotypes for multiple
traits and selecting on an index would enable breeders to
genetically change multiple traits in the desired direction.
The simulated breeding scheme Fam-Phen-Cntrl would
enable the implementation of index selection with esti-
mation of breeding values because it allows the pedigree
of selection candidates to be tracked. In this case, hous-
ing family groups in at least two different environments is
crucial in order to be able to separate the additive genetic
effect from common environmental effects.

Conclusions

A breeding program in which sampling for phenotyp-
ing is random across population, in which adult flies
can be selected based on their larval phenotypes, and
in which animals mate in a group is recommended
for BSE, considering their positive effects on rates of
genetic gain and inbreeding. Phenotyping a fixed num-
ber of offspring per family requires group housing,
which introduces common environment effects, which
greatly increase inbreeding. Housing offspring from all
families together avoids the introduction of common
environment effects at the family level. The option to
select adult flies based on larval phenotypes allows for
multistage selection, which greatly increases genetic
gain. Compared to group matings, controlled matings
did not have a profound effect on the rate of inbreed-
ing. In practical production systems, however, the
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effect of group mating on inbreeding will depend on
variation of the contributions of individual males to the
next generation, which is not known at present. Finally,
the number of phenotyped and preselected larvae
should be calculated based on the expected sex differ-
ence in average LBW to ensure enough male selection
candidates are preselected.
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