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Summary The black soldier fly, Hermetia illucens, is an emerging biotechnological agent with its larvae
being effective converters of organic waste into usable bio-products including protein and
lipids. To date, most operations use unimproved commercial populations produced by mass
rearing, without cognisance of specific breeding strategies. The genetic and phenotypic
consequences of these commercial practices remain unknown and could have a significant
impact on long-term population viability and productivity. The aim of this study was thus to
assess the genetic and phenotypic changes during the early phases of colony establishment
and domestication in the black soldier fly. An experimental colony was established from
wild founder flies and a new microsatellite marker panel was developed to assess population
genetic parameters along with the phenotypic characteristics of each generational cohort
under captive breeding. The experimental colony was characterised by a small effective
population size, subsequent loss of genetic diversity and rapid genetic and phenotypic
differentiation between the generational cohorts. Ultimately, the population collapsed by the
fifth generation, most likely owing to the adverse effect of inbreeding depression following
the fixation of deleterious alleles. Species with r-selected life history characteristics (e.g.
short life-span, high fecundity and low larval survival) are known to pose particular
challenges for genetic management. The current study suggests that sufficient genetic and
phenotypic variations exist in the wild population and that domestication and strain
development could be achieved with careful population augmentation and selection during
the early stages of colony establishment.

Keywords entomofarming, founder effects, genetic and phenotypic differentiation,
inbreeding depression, selective breeding, selective sweep, vermiculture

feeds/foods, biofuels and other industrial processes) and

Introduction
agricultural fertilisers has been studied (Sheppard et al.

The black soldier fly, Hermetia illucens, is a cosmopolitan
species that has spread across the world from its native neo-
tropical habitat (Ustiiner et al. 2003; Rohdcek & Hora
2013) and is considered neither a pest nor a vector of
disease. It has been an organism of particular interest in
recent years owing to the larvae’s prolific role as decom-
posers of organic matter (Sheppard et al. 1994). As such,
the black soldier fly’s potential as a bioremedial agent,
converting organic waste into usable animal protein (for
conventional livestock and human consumption), lipids (for
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1994; Diener et al. 2009; Banks et al. 2014; Lalande et al.
2014; Tschirner & Simon 2015). Consequently, this has led
to the establishment of various black soldier fly production
enterprises around the world, ranging from small-scale
‘subsistence’ or hobbyist operations to large industrial
factories (Diener et al. 2009; Kenis et al. 2018).

With increasing concern for environmental sustainabil-
ity, and global food and nutrition security, particularly in
light of the growing human population, the availability of
arable land for agriculture, diminishing fisheries stocks and
unprecedented climate change, a shift to alternative food
production practices is necessary (Nakagaki & Defoliart
1991; Rumpold & Schliiter 2013; Tomberlin et al. 2015).
Vermiculture, and more generally entomofarming, has been
proposed as one such alternative, with insects having high
feed conversion ratios, low input costs and reduced space
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recruitments for production in comparison with traditional
livestock (van Huis 2016). The black soldier fly is a prime
candidate for insect domestication and production, owing to
the availability of optimised mass rearing protocols (Shep-
pard et al. 2002) and its emerging associated industries.
Therefore, it is envisioned that the number and scale of
production facilities will increase in the near future.

Common practice for establishing a colony for mass
rearing systems entails sourcing founder animals from the
wild. This constitutes a population bottleneck, because it
rarely encapsulates all available genetic variation and
reduces the effective population size owing to the limited
number of breeders. In the subsequent generations, when
the reproductive cycle is closed, this leads to a further loss in
genetic diversity due to the pronounced action of genetic
drift and unintentional inbreeding. Simultaneously, selec-
tion for phenotypic traits associated with survival in the
wild is relaxed, but selection for adaptation to the new
artificial production environment might create a selective
sweep, decreasing effective population size further. These
commercial mass-reared populations might therefore be
trapped in a cycle of genetic erosion. With these ongoing
genetic processes there are normally associated unpre-
dictable phenotypic changes (morphological, physiological
and behavioural) that are also observed. At worst this might
entail alterations to fitness traits that impact population
viability, robustness and production capacity, due to the
random fixation of deleterious alleles or inbreeding depres-
sion (Miyatake & Yamagishi 1999; Gilchrist et al. 2012;
Baeshen et al. 2014). Genetic homogenisation of the
population further hinders the evolutionary potential of
the commercial colony, in terms of both response to
artificial selection for enhanced production traits (including
the development of specialised strains) and population
resilience to unfavourable environmental permutations
(Bartlett 1993; Baek et al. 2014). These effects are exacer-
bated by r-selected life history traits, commonly found
amongst insects, including fast growth rates and short
lifespans, high fecundity, but highly variable breeder
contributions to offspring cohorts and mass larval mortality
(Pianka 1970; Bufford & Daehler 2011). These character-
istics have led to failures and challenges in the successful
domestication, implementation of selective breeding pro-
grammes, and optimised production in some aquaculture
species that exhibit similar life histories (e.g. Sass et al.
2010; Ozbay et al. 2014).

Therefore, to ensure the long-term sustainability of a
commercial black soldier fly colony it is important to
understand the micro-evolutionary processes that impact
genetic diversity and phenotypic development during the
early phases of domestication. Such knowledge, which is
currently limited for black soldier flies, could be used to
inform decision-making for colony management and direc-
tions for selective breeding and genetic improvement, and to
ensure the genetic health and resilience of the colony. The
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aim of this study was therefore to evaluate genetic and
phenotypic changes in the early phase of domestication
(first four generations after establishment from a wild
progenitor population). A microsatellite marker panel was
developed to monitor genetic diversity and population
phenotypic measurements were taken for the following
traits, important in general fitness and production: clutch
size, hatchability, pupae weight, percentage pupation,
percentage eclosion, sex ratio and post-mating female
longevity (percentage oviposition).

Materials and methods

Colony establishment, maintenance, sampling and DNA
extraction

The experimental colony was established with wild pre-
pupae (~2000 individuals) collected from Durban, South
Africa (29.8587°S, 31.0218°E) and maintained for five
discrete, successive generations (FO-F4; the species is
semelparous). The standard husbandry protocol as
described by Tomberlin et al. (2002) was followed. For
each of the generations (FO-F4), 30 specimens were
selected at random for genomic DNA extraction using the
standard cetyltrimethyl ammonium bromide protocol
described by Saghai-Maroof et al. (1984).

Molecular marker development

Hermetia illucens whole genome shotgun reads were
retrieved from GenBank’s Sequence Read Archive [acces-
sion nos: SRX265066 (male specimen) and SRX265065
(female specimen)]. The Sequence Read Archive files were
converted to FastQ format using the srRa ToorkiT (version
2.3.4-3) and de novo assembly was performed using crc
GENOMIC WORKBENCH (version 7.0.4). A k-mer size of 24
nucleotides for the assembly was selected and bubble size
was set to 100 bp. All contigs shorter than 500 bp were
removed from assembly. The remaining contigs were then
used to search for tetra-nucleotide repeat motif microsatel-
lites in MSATcommanper  (Faircloth 2008), specifically
screening for a minimum of four repeats with at least two
Cs or Gs, to avoid ATTT-like regions that are often
troublesome in amplification and with sufficient flanking
sequences for primer design. Specific primers for each
fragment were designed in priveR3 (Untergasser et al. 2012)
using default parameters.

KAPA2G Fast Multiplex PCR Kit (KAPA Biosystems) was
used for PCR amplification in final volumes of 10 pul, with
0.8 um of each primer, 0.2 mm of each dNTP and 50 ng
DNA. Thermo-cycling parameters were as follows: initial
denaturation at 95°C for 5 min, 35 cycles of 95°C for 15 s,
T, (annealing temperature) for 30's, 72°C for 50 s and a
final extension at 72°C for 90 s. Initially, gradient PCRs
were performed to determine optimal annealing
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temperatures for each primer pair. Thereafter, primers with
consistent amplification and similar annealing temperatures
were grouped for multiplex reactions. The forward primers
were labelled with the ABI DS-33 standard dye-set (6-
FAM™, VIC®, NED™, PET®) to facilitate multiplexing
(Table S1). Capillary electrophoresis was done on
ABI3730x] Genetic Analyser™ (Life Technologies) with
GeneScan™ 500 LIZ® (Life Technologies) as internal size
standard. Polymorphic detection and allele size scoring was
done using cexemapper® version 4.1 (Life Technologies).

Genetic analysis

Preliminary data quality assessments

Percentage polymorphism was noted, and genotypic data
checked for the presence of genotyping errors owing to null
alleles, allele stuttering and large allele drop-out in micro-
CHECKER version 2.2.3 (Van Oosterhout et al. 2004) running
1000 permutations at the 5% nominal level. Null allele
frequencies were estimated using the Brookfield 2 method
(Brookfield 1996). Polymorphic information content and
genotypic and allele frequencies were estimated with
MicrosaterLite - Toorkir  version 3.1.1 (Park 2001). LD
between all pairs of loci was assessed in GENePOP version
4.0 (10 000 dememorisations, 500 batches and 5000
iterations per batch; Rousset 2008) and neutrality was
tested using an Fgp-outlier test in ARLEQUIN version 3.5.2
(20 000 simulations, 100 demes; Excoffier & Lischer 2010).

Genetic diversity statistics

For each generational cohort conformation to HWE was
tested by Fisher’s exact probability test in Genepop version
4.0 (10 000 dememorisations, 500 batches and 5000
iterations per batch). The number of alleles (Ay), observed
heterozygosity (Hp) and unbiased expected heterozygosity
(uHg) were calculated in the MicrosATELLITE TOOLKIT version
3.1.1. Additional genetic diversity statistics were calculated
in GenaLEx version 6.502 (Peakall & Smouse 2006): the
effective number of alleles (A;) and Shannon’s diversity
information index (I). To avoid sampling bias, rarefied allelic
richness (Ar) was calculated for each locus and each
generation in HP-Rare (Kalinowski 2005). A Kruskal-
Wallis test was performed to evaluate the significance of
differences in the genetic diversity estimates between the
generational cohorts.

Effective population size, census population size and estimation of
population bottlenecks

Two methods were used to estimate effective population
(Ng) size; the LD method (LD-Ni, with minimum allele
frequency of 0.02) and the temporal method (temporal-Ng,
using FO as the progenitor for F1; F1 for F2; F2 for F3; and

F3 for F4) under a random mating model in NegstiMaTor
version 2.0 (Do et al. 2014). Census population size (N¢)
was obtained by directly counting all dead flies from the
cage floor after each generation. The Np/N¢ ratio was
calculated for each generational cohort using the LD-Ng
point estimate. The Wilcoxon signed-rank test for excess
heterozygosity (as evidence of a recent population bottle-
neck) was employed using the infinite alleles model, the
stepwise mutation model and the two-phase model in
Bortieneck version 1.2.02 (Piry et al. 1999). Analysis was
performed using 1000 replications at the 5% nominal level
and the two-phase model was composed of 70% stepwise
mutation model and 30% infinite alleles model with a
variance of 30.

Relatedness and inbreeding

Mean within-population pairwise relatedness (r) was com-
puted at the 95% confidence interval (9999 permutations)
for each generation according to the method described by
Queller & Goodnight (1989) in Genarex (Peakall & Smouse
2006). Inbreeding estimates described by locus-specific Fig
were estimated by the Weir & Cockerham (1984) method in
GENEPOP.

Population genetic differentiation

To evaluate population differentiation, pairwise Fgr was
calculated between all cohorts in GenaLEx, with significant
testing by permutation (999 replicates at the 1% nominal
level) (Peakall & Smouse 2006). Additionally, pairwise
Jost's D values (Jost 2008) were calculated between
generations using the r package DEMEtics (Gerlach et al.
2010), with correction for sample size bias (reported as Deg)
performed according to the method of Nei & Chesser (1983)
and statistical significance determined by permutation
(1000 bootstraps at the 1% nominal level). A Mantel test
(Mantel 1967) was performed in GenaLex version 5.602
using pairwise Fgp and Dy values in correlation with
generational ‘distance’ between the cohorts, with statistical
significance determined through 999 permutations at the
5% nominal level.

Genetic clustering patterns amongst generations were
evaluated using the multivariate discriminant analysis of
principal components (DAPC), available in the r package
adegenet (Jombart 2008). Prior to running the DAPC, cross-
validation was performed to determine the optimal number
of principal components to retain that allowed for the most
accurate assignment of individuals (>80%) to specific
genetic clusters.

Additionally, a hierarchical analysis of molecular vari-
ance (amova) was performed in ArreQuIN version 3.5.2, with
10 000 permutations to determine statistical significance.
The hypothesis of genetic homogeneity among groups was
evaluated, using an inter-generational grouping hypothesis
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[generations separated into progenitor (FO) and captive bred
(F1-F4)].

Phenotypic measurement and analysis

Phenotypic trait observations were recorded for each
generational cohort as per Table S2, and analysed using
various R packages. The vegan package was used for Non-
Metric Dimensional scaling (NMDS) analysis (Dixon 2003)
and boxplot and NMDS graphics were drawn using the
ggplot2 package (Wickham 2011). Wilcoxon Sum Rank test
P-values displayed between generations on boxplots were
calculated and visualised utilising the stat_compare_means
() function in the ggpubr extension package for ggplot2.
Spearman tests for detection of correlation between genetic
estimates and phenotypic measurements across generations
were conducted using the Hmisc package (Harrell 2019).
Pairwise-Pgy values between generational cohorts were
calculated using the Pstat package, using 1000 bootstraps
to estimate 95% confidence intervals (Da Silva & Da Silva
2018). The pairwise Pgy estimates are analogous to
pairwise Fgr and provide a means of comparison between
the magnitude of phenotypic and genetic differentiation
between groups (Baillie et al. 2016). A Mantel test (Mantel
1967) was performed in GenaEx version 5.602 using
pairwise Pgr values in correlation with generational ‘dis-
tance’ between the cohorts, with statistical significance
determined through 999 permutations at the 5% nominal
level. Furthermore, to assess congruence between genetic
and phenotypic differentiation, the correlations between
pairwise Pgr and both pairwise Fgr and D values were
computed using Spearman’s rank test.

Results and discussion

Marker development

A total of 498 tetra-nucleotide loci were identified from
next-generation sequence data available on NCBI. Of these
285 had sufficient flanking sequences for primer design,
with primers having similar annealing temperatures and 40
loci were randomly selected for optimisation. Twenty-nine
primer pairs were successfully optimised in PCR reactions
and 10 (34.5%) were confirmed to be polymorphic with
consistent amplification across the 150 specimens geno-
typed amongst the five generational cohorts. The average
number of alleles ranged from two to 21 per marker, and
genotypic patterns associated with null alleles, as well as
high fixation indices, were detected at several loci. Nonethe-
less, the polymorphic information content ranged from 0.07
(Hill25, generation F4) to 0.90 (Hill30, generation FO;
Table S3) and no significant signatures of selection or LD
between loci were found. As such, this marker set was
considered informative for standard population genetic
inferences.

Genetics & phenotypes in BSF rearing

Population size, genetic diversity and differentiation
across generations

There were significant differences in allelic richness (Ag),
Shannon’s index (I) and unbiased expected heterozygosity
(uHg) (Kruskal-Wallis:
P <0.05); with a clear trend of reduced genetic diversity
from the wild (FO) to the latter generations in captivity
(Fig. 1). This is an expected result of an isolated population
and has been observed in other captured insects under mass
rearing (e.g. Miyatake 1998; Baek et al. 2014). Inbreeding
coefficients (Fig) varied temporally, all of which indicated
elevated levels of homozygosity in all of the generations
investigated. Unsurprisingly, deviations from HWE were
observed across all generations (Table S3).

An increasing level of inbreeding is further supported by

between generational cohorts

the relatedness estimates, showing incremental increases in
consanguineous mating across the generational cohorts,
with only the FO having a mean negative population-wide
relatedness coefficient (Fig. 2).

The significantly negative relatedness coefficients for the
FO (95% CI does not include 0), suggest that the original
wild founder cohort was unintentionally sourced from
differentiated populations; this is also supported by the low
observed heterozygosity in relation to the expected
heterozygosity for this generational cohort (Fig. 1), i.e. the
Wahlund effect (Wahlund 1928). Although collected from
the same geographical locality, temporary extinctions and
recolonisation of flying insects in localised areas are not
uncommon and this can lead to the mixture of individuals
from different genetic backgrounds (e.g. Vandewoestijne
et al. 1999; Okeyo et al. 2017). Black soldier fly populations
tend to exhibit higher population structure on the local
scale than on the regional scale (Park et al. 2017),
suggesting mostly limited movement within local areas,
but long-range migration does occur, and this could be
facilitated by attractants from desirable substrates during
resource-scarce periods (Nyakeri et al. 2017). However,
there are few studies on black soldier fly migration patterns
and genetic population structure in the wild, and none for
South Africa currently.

The effects of this admixture can further be observed in
the F1 generation that exhibited higher heterozygosity
estimates (indicative of isolate breaking) and the increasing
effective population size up to the F2 generation in both the
LD- and temporal-Ng estimates (Table 1), when a genetic
bottleneck was expected owing to the founder event (a
bottleneck is however seen in the census population size,
with a five times reduction in N¢ from FO to F1; Table 1). In
fact, there is stronger evidence for a population expansion, a
lingering artefact of isolate breaking (Table S4). Nonethe-
less, towards generation F3 and F4, the consequences of
closing the reproductive cycle, creating an isolated popula-
tion, are clearly observed with a sharp decrease in the LD-
Ng to below the critical 50 value for a population at risk of
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Figure 2 Mean within-population pairwise relatedness estimates computed as per Queller & Goodnight (1989). Mean relatedness is represented in
black bars, with 95% confidence intervals about the mean given by the error bars. The ‘free floating’ grey bars indicate upper and lower confidence
intervals (95%) testing the hypothesis for significant difference between mean relatedness across the generational cohorts.

extinction (Frankham et al. 2014), accompanied by a
census population size decrease in generation F4. This led to
a population collapse in the F5 with all of the pupae failing
to eclose, most likely the result of accelerated inbreeding
depression caused by synergistic epistasis of randomly fixed
deleterious alleles across multiple loci (Dominguez-Garcia
et al. 2019).

Luikart et al. (2010) argue the LD-Ng estimate is more
powerful than temporal-Ng for the early detection of
bottlenecks, and as such the Ng/N¢ ratios are given in
terms of the LD-Ng point estimate. Stark, unpredictable
generational fluctuations in the Np/N¢ ratio for animals
with r-selected life history characteristics (high fecundity,
variance in reproductive and offspring survival) are com-
mon, but highlight the risk of such populations rapidly
losing genetic diversity, compromising population viability
(Luikart et al. 2010; Ferchaud et al. 2016). This is evident in
the current study with Np/N¢ ratios ranging from 0.162
(F1) to 0.004 (F3) and the systematic loss of diversity across
the generations (Table 1), further contributing to the
population crash in the F5 generation.

A further consequence of the small Ny is the rapid
differentiation of the generational cohorts from the original
wild FO owing to the pronounced effects of genetic drift.
Pairwise Fgp and D values between all generations were
statistically significant (Table S5), and significant correla-
tion between genetic distance and generational separation
(Mantel test: Fgp — R =0.721, P = 0.026; Doy, — R = 0.268,

P=0.025) was found. This was further supported by the

Table 1 Estimates of effective population size (Ng) calculated using the
LD and temporal methods.

Method FO F1 F2 F3 F4
LD 46.2 78.4 0 (954 7.7 (5.2- 9.2
(34.1- (34.1to  to ™) 10.9) (6.1-
67.8) o) 13.7)
Temporal 40(2.6- 116(6.0 94(K.0 287
5.9) -23.0) -17.5) (11.5-
126.9)
Census 2434 484 3517 1938 689
population
size
Ne/Nc 0.019 0.162 NA 0.004 0.013

95% confidence intervals are indicated in brackets. The census
population for each cohort (N¢) and the Ng/Nc ratio are also reported.

hierarchical amova (Table 2), with significant differentiation
found between the generational groups (wild progenitor vs.
captive bred) and between generations within groups
(explaining ~5 and 8% of genetic variance respectively).
Multivariate genetic clustering (DAPC, Fig. 3) separated the
groups into the wild progenitor population (FO) and the
subsequent captive bred generations (F1-F4) along the x-
axis. Along the y-axis, generations F1 and F2 clustered
separately from generations F3 and F4.
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Temporal instability of population structure has been
observed specifically in r-selected species where stochastic
factors, often owing to small Ng, have a significant impact
on allelic variances across generations (e.g. Chapman et al.
2002; Hoffman et al. 2004; Okeyo et al. 2017; Rhode et al.
2017). Furthermore, as currently reported for the black
soldier fly, gradual increases in the level of differentiation
over time were similarly observed for Drosophila subobscura
when a wild population was used to establish a laboratory
colony (Santos et al. 2012). Nowak et al. (2007) also
reported that under an artificial selection regime, the
harlequin fly (Chironomus riparius), showed a rapid diver-
gence within the first few generations of captive breeding.
Although the present study did not apply a specific directed
selection pressure, the move from a natural habitat to an
enclosed artificial habitat can exert an selective pressure
and selection for adaptation to the novel environment could
have a significant impact on population differentiation in
black soldier flies (Mignon-Grasteau et al. 2005).

Phenotypic trends and correlations with genetic
parameters

Insects that live in highly variable and seasonal environ-
ments often exhibit phenotypic plasticity in life history trait
regulation, which buffers populations against abrupt envi-
ronmental permutations (van Dyck & Wiklund 2002). The
black soldier fly might have an inherited capacity for
phenotypic plasticity granted its colonisation ability, spread-
ing across the globe from its native range in South America
(Nyamukondiwa et al. 2010). Furthermore, plasticity in
black soldier flies has been observed in the utilisation of
different feed substrates (Tomberlin et al. 2002; Zhou et al.
2013). This could explain the large phenotypic ranges and
shifts in life-cycle progression traits across generations
(percentage eclosion, percentage oviposition, percentage
pupation and percentage hatchability; Fig. 4a, Table S6).
However, the population under investigation is also
undergoing specific genetic processes associated with the

Table 2 Hierarchical AMOVA for the evaluation of the inter-genera-
tional grouping hypothesis of the Hermetia illucens system.

Hypothesis Variation  Fixation
tested Source of variation (%) index
Inter- generational Amongst 4.94
groups
FST =0.13*
Amongst generations 7.92 Fsc =0.08*
within groups
Within Fer=0.05%*
groups 87.14

"Statistical significance at o = 0.01.
"“Statistical significance at o = 0.05.

Genetics & phenotypes in BSF rearing

A Fo
1
F2

O Fa

DA eigenvalues

Figure 3 Discriminant analysis of principal components plot of gener-
ational cohorts of Hermetia illucens, with each generation represented
by different shapes and shades of grey.

founder effect. The low hatchability in the F1, and the sharp
drop in the percentage pupation and percentage eclosion
from FO to F1 is perhaps not surprising and likely to be the
result of a selective sweep enabling rapid adaptation to the
new artificial environment (Pélissié et al. 2018). The
percentage oviposition is resultantly higher for the F1
generation as surviving females capitalise on their adaptive
fitness, possibly further bolstered by hybrid vigour owing to
the admixture effect as discussed earlier. Hatchability,
percentage eclosion and percentage pupation recovered in
the F2, most likely owing to the gained adaptive fitness.
Interestingly, percentage pupation and percentage eclosion
further increased or remain fairly stable in the F3 and F4,
whilst hatchability and percentage oviposition declined. The
drastic reduction in Ny and the increasing genetic
homogenisation of the population in the F3 and F4
generations hints at different mechanisms of inbreeding
depression for these life history traits. Inbreeding depression
in rates of pupation and eclosion is likely under the control
of a dominance mechanism, and when the population was
purged from recessive deleterious alleles (during generation
F1), the optimal phenotypic values were rapidly restored in
the following generations. This is supported by the signif-
icant, negative correlation between percentage pupation
and observed heterozygosity (Table S7), where an increased

genome-wide heterozygosity probably relates to the
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presence of more deleterious alleles at loci responsible for
regulating these traits. On the contrary, inbreeding depres-
sion in oviposition and hatchability might be under the
influence of an overdominance mechanism and is particu-
larly supported by the significantly positive correlation
between observed heterozygosity and percentage oviposi-
tion (Table S6; Charlesworth & Willis 2009).

The percentage oviposition and clutch size were signifi-
cantly negatively correlated (Table S7). At first this might
seem unexpected and counter-intuitive; however, it is
known that clutch size is a plastic trait where some insects
might regulate clutch sizes based on feed and substrate
availability (e.g. Aluja et al. 2019). Thus, for the current
experiment, with constant fixed resources, the fewer females
that oviposited the more available resources there were per
capita, leading to females that might have up-regulated their
clutch sizes. Alternatively, noting that clutch sizes follow a
similar phenotypic trend across the generations (Fig. 4b) to
percentage pupation and percentage elcosion, the disparate
mechanisms of inbreeding depression might also explain the
observation, as discussed above. The prevalence of female
adults is noted to have gradually increased over time;
however, it was within the range of previously reported sex
ratios (Tomberlin et al. 2002).

The quantitative measures of clutch size, pupae weight
and hatchability (Fig. 4b—d) showed statistically significant
temporal changes within the colony (Wilcoxon Sum Rank
test, P < 0.05), with the largest shifts in mean values noted

over the first three generations of isolated rearing (FO-F3;
Table S6). This was supported by significant phenotypic
differentiation across all generations based on Pgy estimates
(Tables S8-S10), with the greatest magnitude of sequential
generational differentiation generally detected between FO
and F1 [clutch size, 0.713 (0.049-0.951); pupae weight,
0.984 (0.975-0.991); percentage hatchability, 0.923
(0.839-0.966)], supporting the hypothesis of a ‘hard’
selective sweep. Whereas these estimates mirror pairwise
genetic Fgr and Dy values between many generational
comparisons, pairwise Pgy values do not reliably detect the
same extent of differentiation between later generational
cohorts for clutch size and percentage hatchability. Fur-
thermore, the fairly high phenotypic differentiation vs.
neutral genetic differentiation might suggest that these
traits are under directional selection (Baillie et al. 2016; da
Silva & da Silva. 2018). Shimoji & Miyatake (2002)
observed similar phenotypic fluctuations in laboratory-
reared populations (from wild progenitors) of sweet potato
weevil (Euscepes postfasciatus), but only reported this mag-
nitude of fluctuations at the later phases of isolated
breeding. These authors had a starting census population
that was three times greater than that reported for the black
soldier fly in this study. The rapid fluctuation of the
phenotypic values might thus be a function of small Ng
leading to stochastic fluctuations in allele frequencies
underlying these complex traits. Mantel tests for Pgrp
with generational distance were

correlations non-
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significant, and there was also no significant correlation
between phenotypic differentiation and genetic differentia-
tion with either Fgp or Dy (Spearman’s correlations,
P> 0.05), supporting the non-directionality of phenotypic
differentiation. It can also be noted that multiallelic loci,
such as microsatellites, might often deflate estimates of
genetic differentiation (Balloux & Lugon-Moulin 2002),
whereas most loci underlying traits are more likely to be
biallelic, representing single nucleotide variations. Lastly,
the role of plasticity in phenotypic differentiation cannot be
excluded and this may inflate the Py estimates.

Nonetheless, the NMDS analysis incorporating both
phenotypic and genetic parameter estimates yielded a
successive distribution of generational cohorts along the
primary explanatory axis (Fig. 5). This stepwise pattern of
separation between the generations recapitulates and sup-
ports relationships retrieved by DAPC analysis (Fig. 3),
where these temporal cohorts are similarly drawn out along
the primary explanatory axis. A similar pattern of rapid and
parallel phenotypic and genotypic change has been reported
for the dronefly (Eristalis tenax) under captive rearing
(Francuski et al. 2014).

Conclusions

The black soldier fly is an insect that shows great promise
for waste bioremediation and as an alternative source of
protein (and other bio-products) for human and animal
utilisation. As with conventional livestock and aquacul-
ture, animal production systems (including entomofarm-
ing) are most sustainable, efficient and profitable with
effective genetic management and breeding strategies.
Species with r-selected life history traits, however, pose
particular challenges, as observed in the current study.
Founder effects, including selective sweeps, further con-
founded by high variance in reproductive success lead to
small Ng across generations after the closure of the

reproductive cycle in captivity. As a result, there is
excessive loss of genetic diversity, which has implications
for population viability and evolutionary potential for
response to artificial selection for the development of
specialist production strains. These genetic effects have
consequences for phenotypic development in both fitness
traits, such as fertility and larval survival, and production
traits like larval growth rates. The current study suggests
that there is sufficient genetic and phenotypic variation in
black soldier populations in South Africa to develop
domesticated strains with enhanced phenotypic perfor-
mance for production traits. A future population genetic
assessment of the wild populations could, however, add
value to decision-making on sourcing animals for founder
commercial populations. From the current results it is
clear that the early phases of domestication must be
managed carefully with a combination of population
augmentation of the commercial colonies coupled with
careful selective breeding for favourable phenotypes to
ensure long-term colony genetic health and productivity.
Ideally, the founder populations should be established
from a broad genetic background to maximise genetic
diversity that should serve as a buffer against potential
adverse founder effects, as has been observed in genera-
tions FO-F2. An Ng of at least 500 is normally considered
a genetically stable population. This can be maintained by
regularly augmenting the commercial colony through the
introduction of wild flies at predetermined generational
intervals. During the early phases of colony establishment
this might be vital for counteracting inbreeding depression
and preventing colony collapse. However, augmentation
with wild flies could be counter-productive in latter
generations in terms of genetic gains made through
selective breeding. Future investigations may therefore
explore potential cross-breeding or rotational mating
strategies to mitigate this and exploit hybrid vigour for
relevant production traits.
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