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Conclusions: We document the dynamic population genetic history of a cosmopolitan dipteran of South American
origin shaped by striking geographic patterns. These reflect both ancient dispersal routes, and stochastic and
heterogeneous anthropogenic introductions during the last century leading to pronounced diversification of
worldwide structure of H. illucens. Upon the recent advent of its agronomic commercialisation, however, current
human-mediated translocations of the black soldier fly largely involve genetically highly uniform domesticated
strains, which meanwhile threaten the genetic integrity of differentiated unique local resources through
introgression. Our in-depth reconstruction of the contemporary and historical demographic trajectories of H. illucens
emphasises benchmarking potential for applied future research on this emerging model of the prospering insect-

livestock sector.
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Background

Insects are considered one of the most promising agri-
cultural resources to address the socio-economic chal-
lenges of a continuously growing human population due
to their dual sustainability advantage [1-3]. On the one
hand, increasing amounts of organic waste from agricul-
tural food chains, livestock production, and households
cause severe ecological footprints [4—6]. On the other
hand, conventional protein supplies for livestock and
aquaculture feed are becoming increasingly unsustain-
able due to land and water competition with primary
food production, thereby reinforcing global environmen-
tal impacts and destabilisation of ecosystems [7-9].
Substituting soybean- and fishmeal-based protein com-
ponents in animal feed with insect biomass, produced
from efficient bioconversion of agricultural waste, pro-
vides a mitigation strategy and facilitates sustainable
nutrient-recycling [10-13].

The black soldier fly (BSF), Hermetia illucens (L. 1758;
Diptera: Stratiomyidae), is a particularly promising can-
didate and considered the ‘crown jewel of the fast-
growing insect-farming industry [14]. BSF larvae are
voracious feeders of a broad variety of organic matter of
both plant and animal origin [15-18]. Remarkable feed-
ing efficiencies and the ability to upcycle nutrient-poor
substrates into protein-rich insect biomass are prime
characteristics of commercial interest [19-21]. Given
their valuable nutrient profiles [22, 23], BSF larvae are
highly suited for partially replacing soybean and fishmeal
in diets for poultry [24, 25], swine [26, 27] and aquacul-
ture species [28, 29]. Moreover, their high-fat contents
could serve as a source for biodiesel [30, 31]. Accord-
ingly, academic research interests in this insect have rap-
idly increased, which has resulted in more than a
thousand scientific publications over the last 5 years,
paralleled by the advent of an insect ‘mini-livestock’ pro-
duction industry across the globe.

In contrast to conventional livestock, genetic resources
of farmed insects remain poorly characterised [32].

Phenotypic performance variation among BSF popula-
tions has only been addressed by Zhou et al. [33], al-
though genetic distances between the studied
populations were not reported. Recent evidence suggests
variation among global studies for any given life-history
trait, such as larval performance or body composition
profiles, could be the result of underlying genetic differ-
ences between populations [34]. However, a comprehen-
sive analysis of nuclear genetic variation within and
among worldwide BSF populations, which is urgently
needed to understand global population structure and
its phenotypic correlates, is lacking. In order to assist an-
ticipated efforts for advanced BSF breeding based on the
recently published genomic resources [35, 36], it is im-
perative to generate a comprehensive inventory of the
global population genetic architecture and geographic
structure of BSF and decipher its evolutionary history.

In this context, historic documentation of organism
distributions represents a crucial basis. The BSF is con-
sidered cosmopolitan across tropical, subtropical and
temperate regions [37-39], and is therefore the most
widely distributed stratiomyid in the world. It is pur-
ported to be indigenous to the Americas, where BSF
now occur from Argentina to Canada [38—40]. A more
explicit origin of the species within South America and a
potentially more recent colonisation of North America
have remained speculative [39]. Beyond the Americas,
earliest documentations from Australasia date back to
1930 on Hawaii [41], and then during the 1930s and
1950s across other Pacific islands, eastern Australia,
Southeast Asia, and New Zealand ([37-40] and refer-
ences therein). The oldest African records date back to
1914 (South Africa) and 1945 (Liberia) [42], whereas
documentation in other African countries has been ac-
cumulating only since the late 1950s [38, 42]. In Europe,
BSF was first reported from Malta in 1926 [39], since
the 1950s from France, Italy, and Spain, and only since
the late 1980s from temperate European regions ([38—
40, 42] and references therein). Augmented academic



Kaya et al. BMC Biology (2021) 19:94

and economic interest arose only recently, however,
largely building upon the pioneering research carried
out in the USA during the 1990s [43, 44]. Due to the
ubiquitous distribution of one BSF strain that was ori-
ginally used in the USA (J.K. Tomberlin, personal com-
munication), captive populations used for farming and
research across continents most likely build on a narrow
genetic basis.

Contrary to ancient natural dispersal and presumably
highly stochastic, unintended anthropogenic introduc-
tions of BSF into non-native areas that occurred in re-
cent history, the presently increased global farming
activity is likely to result in more extensive transloca-
tions of genetically uniform captive populations, possibly
reinforcing one-directional admixture worldwide. A re-
cent investigation of the global phylogeography of BSF
based on mitochondrial COI marker sequences [45] de-
tected substantial global sequence divergence of up to
4.9%, and concluded that puzzling haplotype prevalence
in various regions of the world could reflect recurrent
recent introductions of widely farmed BSF strains of
shared ancestry across continents. However, the single-
locus maternally inherited COI mitochondrial marker is
comparatively evolutionary conserved, which impedes
resolution at the population level and does not allow dis-
tinguishing selection from demographic signals [46].
Hence, there is an urgent need for adequate nuclear gen-
etic markers that are readily applicable and with high
resolution for documenting the amount and distribution
of nuclear genetic diversity worldwide, allocating sam-
ples to distinct genetic clusters and inferring the evolu-
tionary forces that have shaped the natural distribution
and global population structure of BSF. Considering pu-
tatively ongoing influences of captive populations on
local wild populations via intraspecific hybridisation, a
thorough survey to identify distinct genetic resources
and their relationships is pivotal. This could set the stage
for uncovering genetic adaptations across native and
newly colonised geographic regions within an evolution-
ary ecology framework of a highly invasive species,
which would moreover facilitate the future identification
of genetic correlations to performance trait variation
useful for the mass production of optimised strains.

This study aimed to ascertain the global population
genetic structure and elucidate the contemporary demo-
graphic history of H. illucens. A comprehensive sample
of 2862 individuals from 150 wild and captive popula-
tions collected in 57 countries on seven subcontinents
were genotyped based on 15 newly developed poly-
morphic microsatellites. We used this large-scale dataset
for population genetics analyses to characterise genetic
diversity and to identify distinct genetic clusters of BSF
worldwide. We further applied coalescence-based simu-
lations for demographic inference with Approximate
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Bayesian Computation (ABC). These complementary
analyses allowed the following questions to be addressed:
(1) Can genetic hotspots reveal the geographic origin of
the species? (2) Do population genetic patterns allow the
reconstruction of native range expansions and the demo-
graphic trajectories of historic dispersal routes into non-
native areas? and (3) To what extent do population gen-
etic characteristics of indigenous and naturalised wild
populations differ from captive populations in modern
mass production facilities in various regions worldwide?
We moreover hypothesise that more than two decades
of captive breeding and common global trade of a well-
described North American BSF laboratory population
has left a detectable genetic footprint accompanying do-
mestication. Based on that conjecture, we further aimed
to investigate possible human-mediated impacts of do-
mesticated BSF strains increasingly used for farming on
present biogeographic population genetic patterns of this
cosmopolitan insect, with special emphasis on the direc-
tion and the extent of local genetic introgression.

Results

Genetic markers and sample characteristics

All 2862 individuals represented unique multilocus ge-
notypes (MLGs; Table S1, Additional file 1), indicating
that the markers developed (Table S2, Additional file 2)
provide a robust and informative tool for BSF population
genetics (Figure S1, Additional file 2). The mean number
of alleles per locus was 24.5 (+ 8.3), and locus-specific
characteristics are summarised in Table 1. On average,
populations comprised 19.1 individuals (ranging between
5 and 50) that harboured 61.73 + 15.47 alleles across loci
and, when rarefied to five diploid individuals, exhibited a
mean allelic richness of 3.04 + 0.49 per locus (Table S3,
Additional file 2). Locus-specific deviations from Hardy-
Weinberg equilibrium (HWE) within populations were
detected at low levels (Table 1) and summed up to
merely 3.5% of all comparisons across 150 populations
(Figure S2, Additional file 2). Significant homozygote ex-
cess across loci within populations was detected for 54
populations (Table S3, Additional file 2). Indications for
null alleles were significant for the majority of loci; how-
ever, the absence of null allele homozygotes throughout
the entire data set suggests potential null alleles rarely
segregate at substantial frequencies. Of 15,750 tests for
linkage disequilibrium (LD) among locus pairs across
populations, 113 were significant, indicating independent
marker segregation. A BLAST search against the H. illu-
cens chromosomal assembly GCA_905115235.1 [36]
confirmed reasonable coverage of the genome by the
novel markers: five chromosomes (all but the smaller
chromosomes 6 and 7) are covered, and multiple loci
(up to five) reside on chromosomes 2, 3 and 4, with



























