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A B S T R A C T

Bioregenerative life-support systems (BLSSs) will be crucial for extended space missions and extraterrestrial
habitats. The black soldier fly, Hermetia illucens, is recognized for its efficient organic waste consumption, making
it well-suited for closed environments like spacecraft. Our study assessed H. illucens adaptability to different sub-
strates, including a lunar regolith simulant, pertinent to future lunar colonization. Remarkably resilient, H. illu-
cens prepupal larvae successfully pupated in all tested substrates, but pupation timing varied, with no-substrate
larvae pupating later. Pupal stage duration also differed, particularly with lunar regolith simulant and sand treat-
ments resulting in longer durations. Substrate treatments significantly influenced the number of emerged adults,
with lunar regolith simulant yielding more adults than the no-substrate treatment. Additionally, sand and wood
shavings treatments produced more adults, highlighting H. illucens adaptability to various substrates, including
lunar regolith. These findings are crucial for future BLSSs design. Additionally, H. illucens adaptability to lunar
regolith provides insights into life's adaptability in space environments, guiding future experiments on celestial
bodies. This study provides critical data on how different substrates, including lunar regolith simulants, influence
H. illucens development and survival, advancing BLSSs and ecological science in both space and terrestrial con-
texts.

1. Introduction

Bioregenerative life-support systems (BLSSs) represent cutting-edge
ecological and space engineering endeavors geared towards maintain-
ing human survival in environments with constrained resource avail-
ability, notably during extended space missions or within controlled
habitats on the Moon, Mars or other celestial bodies [1–3]. These sys-
tems employ a synergistic interplay of diverse biological organisms, in-
cluding plants, algae, and microorganisms, to facilitate the continuous
recycling and replenishment of crucial life-sustaining elements such as
oxygen, water, and sustenance [4–6]. By exploiting natural processes
like photosynthesis, respiration, and biogeochemical cycling, BLSSs
aim at establishing self-contained, sustainable ecosystems that mitigate
dependency on resupply missions and curtail the ecological footprint of
human habitation in extraterrestrial environments.

Insects have recently attracted significant interest in the context of
BLSSs for space exploration due to several compelling reasons [7,8].
Particularly, the black soldier fly Hermetia illucens (Diptera: Stratiomyi-

dae) is highly efficient at consuming organic waste during its larval
stage [9], making this species valuable in closed environments like
spacecraft and space stations, where effective waste management is es-
sential. H. illucens larvae reduce the volume and mass of organic waste
through digestion [10,11], minimizing the need for storage and dis-
posal. Indeed, spacecraft and space habitats have limited space, and
any system designed for life support must be compact and efficient
[12]. Black soldier fly larvae can be reared in relatively small contain-
ers [13], making them suitable for space environments where space is
at a premium. Furthermore, the larvae of this species are rich in protein
and fats [14,15], making them a potential source of nutrition for the
crew. In space, traditional food supplies can be limited and expensive to
transport [16]. Rearing these larvae could provide a sustainable and
protein-rich food source for astronauts, reducing the reliance on Earth-
sourced supplies. Incorporating black soldier fly larvae into BLSSs can
create a circular economy where waste materials are converted into
valuable resources. The larvae consume waste, grow in mass, and then
can be harvested as a nutritious food source or used as feed for other an-
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imals. This closed-loop system aligns with the principles of sustainabil-
ity and resource efficiency [17]. In addition to waste reduction, black
soldier fly larvae can be used to bioconvert plant-based biomass into
valuable compounds [18,19]. This could be particularly useful for using
plant material that might be grown as part of a bioregenerative agricul-
ture system in space. Employing these larvae in space provides a practi-
cal opportunity to study closed ecological systems, mimicking natural
ecosystems and offering insights applicable to sustainability on Earth.

Studying the interaction of H. illucens larvae with lunar regolith (the
layer of loose, fragmented material covering the solid bedrock on the
Moon) is important especially in the context of future lunar coloniza-
tion and long-duration space missions. In particular, the prepupae,
which represent the final immature stage, exhibit a notable tendency to
migrate from their food source towards drier substrates to undergo suc-
cessful pupation and transform into adult flies [10,20]. Prepupae at this
stage are at their largest size and have significant protein and fat con-
tent to support metamorphosis [21,22]. There are subtle morphological
changes, such as a downward-curving labrum that helps them move to
a suitable pupation site [23]. Lunar regolith could potentially be used
as a growth medium for H. illucens at this stage. Understanding if H. illu-
cens can pupate and thrive in lunar regolith, after migrating from the
food source, could play a vital role in advancing their maintenance on
the Moon, thus contributing to the development of sustainable and self-
sufficient lunar habitats, reducing the need for continuous resupply
missions from Earth. In addition, exploring the way model organisms
engages with lunar regolith can provide valuable insights into the
adaptability of life in space environments [24]. It may help answer
questions about the potential for life to thrive on other celestial bodies,
and it could inform future experiments involving other organisms on lu-
nar or martian regoliths.

This study aims at assessing the effects of a lunar regolith simulant
on the pupation process and survival of H. illucens. Indeed, the pupal
phase plays a crucial role in the life cycle of holometabolous insects, as
it encompasses roughly half of the total immature developmental pe-
riod [25,26]. Soil composition is pivotal for many insect species in in-
fluencing larval migration within the soil, ultimately affecting the sur-
vival of both larvae and pupae [27–29]. However, there are no studies
that have investigated the pupation rates and emergence success of in-
sect larvae in lunar regolith. Terrestrial soils are a complex system of or-
ganic materials, minerals, gases, liquids, and their interplay [30],
which are markedly distinct from lunar soil [31], generally considered
an harsh substrate for life [32]. Studying the life cycle of H. illucens on
lunar regolith not only can advance our understanding of biology and
ecology, but also can have practical implications for future lunar explo-
ration, colonization, and sustainability.

2. Materials and methods

2.1. Hermetia illucens rearing

Adult flies were reared in laboratory conditions (27 ± 1.0 °C,
60 ± 10 % RH, 12:12 L:D) in nylon mesh fabric cages
(90 × 50 × 50 cm) and fed ad libitum with water and sugar cubes.
Oviposition occurred on corrugated cardboard surfaces that were sub-
sequently collected and placed directly onto the substrate used for rear-
ing the larvae. Larvae were housed in plexiglass boxes measuring
25 × 15 × 10 cm and nourished with standard Gainesville diet [13].
Pupae were transferred in ventilated containers and the newly emerged
adults moved to adult cages three times a week.

2.2. Substrates types

The influence of four different substrate types (lunar regolith simu-
lant, sand, wood shavings, no-substrate) was assessed on various life
history parameters of H. illucens.

Lunar regolith simulants are engineered to closely replicate the
characteristics of lunar regoliths, encompassing their chemical compo-
sitions, mineralogical constituents, particle size distributions, and key
engineering attributes [33]. In this study, we employed the LHS-1 Lu-
nar Highlands Simulant, sourced from Space Resource Technologies co-
located at the CLASS Exolith Lab in Orlando, Florida, USA. LHS-1 emu-
lates a representative highlands region on the Moon, accurately inte-
grating a precise blend of mineral compositions and rock fragments
while aligning with the particle size distribution patterns commonly ob-
served in Apollo mission lunar regoliths [34–36].

As sand substrate we used a non-toxic natural substrate commonly
used to set up the bottom of aquariums (fine ivory white quartz, Am-
tra).

The third substrate used was wood shavings consisting of virgin
hardwood of poplar [37].

In Fig. 1 are reported the pictures of the LHS-1 Lunar Highlands
Simulant, sand substrate, and wood shavings.

2.3. Experimental design

Different substrate treatments were added to distinct plastic con-
tainers with dimensions of 60 mm in diameter and 20 mm in height,
filling each container by 5 mm on a wet piece of filter paper (Whatman
Limited, Maidstone, Kent, United Kingdom) to keep insects from drying
out, except for the treatment with no-substrate [37]. Prepupal larvae,
visibly recognizable by their change in color from cream to black [38],
were individually located into containers with the different substrate
types. To prevent escape, the containers were covered with transparent
chiffon fabric having a mesh size of 0.05 mm. Experiment were con-
ducted with the same laboratory conditions used for rearing the insects

Fig. 1. Pictures of the LHS-1 Lunar Highlands Simulant (A), sand substrate (B), and wood shavings (C) used in the experiments.
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to ensure optimal climatic settings. For each substrate treatment we
recorded: i) the number of larvae that successfully pupated, defined as
when larvae become completely rigid exhibiting no elasticity [37]; ii)
time to reach the pupal stage (e.g. from the location of the prepupal lar-
vae in the container until their complete pupation); iii) the duration of
pupal stage, (e.g. from pupation until adult emergence); iv) the number
of emerged adults.

Fig. 2 shows a fifth instar larva, a prepupal stage, and a pupal stage
of H. illucens.

Insects were overseen every 12 h to record the pupation and adult
emergence time. In Fig. 3 is represented a newly emerged H. illucens
adult and its old pupa after having spent the pupation period on LHS-1.

For each substrate type 90 insects were tested.

2.4. Statistical analysis

The dataset pertaining to the influence of different substrate treat-
ments on critical developmental stages of H. illucens individuals did not
conform to the assumptions of normal distribution and homoscedastic-
ity. This was validated through rigorous statistical testing, with results
indicating a lack of normality (Shapiro–Wilk test, p < 0.05) and het-
eroscedasticity (Levene's test, p < 0.05). Consequently, non-parametric
statistical techniques were employed to examine and interpret the data.
In particular, the Kruskal-Wallis test was applied, and subsequently, the
Steel-Dwass test was employed to assess the influence of distinct sub-
strate treatments on both the time required to reach the pupal stage and
the duration of the pupal stage. A probability threshold of p < 0.05 was
employed to assess the importance of disparities between values.

For evaluating the effect of different substrate treatments on the
number of larvae successfully undergoing pupation and the number of
emerged adults, a generalized linear model (glm) utilizing a binomial
distribution was employed. This model is represented as y = Xβ + ε,
where 'y' denotes the vector of observations, which encompass the out-
comes of successful and unsuccessful pupation as well as the emergence
of individuals. The matrix 'X' signifies the incidence matrix, 'β' stands
for the vector of fixed effects, relating to the substrate treatment, and 'ε'

Fig. 2. From left to right: fifth instar larva, prepupal stage (sixth instar larva),
and pupal stage of Hermetia illucens.

Fig. 3. An adult Hermetia illucens individual just emerged from the pupa ex-
posed to the LHS-1 Lunar Highlands Simulant.

represents the vector encompassing random residual effects. In order to
determine the significance of disparities between the observed values, a
predetermined probability threshold of p < 0.05 was employed for as-
sessment. For the significance of differences between values, a proba-
bility level of P < 0.05 was used.

Box plots illustrating the data were generated by using MATLAB
R2021b.

The analysis of all data was conducted using R software 4.2.0.

3. Results

Our findings uncovered noteworthy variations in the pupation
process and survival of H. illucens across the substrates tested, shedding
light on the adaptability and responsiveness of this species to environ-
mental factors. This section offers a comprehensive analysis of the pro-
nounced effects observed in the context of substrate-driven develop-
mental alterations, and in particular on the response exhibited in the
presence of LHS-1.

All larvae tested successfully pupated regardless of the type of sub-
strate they were exposed. However, the time to reach the pupal stage
was significantly affected by different substrate treatments
(χ2 = 93.55, d.f. = 3, P < 0.0001). H. illucens prepupal larvae located
in the container with no-substrate pupated significantly later than those
located in containers containing LHS-1 (Z = 6.91; P < 0.0001), sand
(Z = 6.79; P < 0.0001), and wood shavings (Z = 8.86; P < 0.0001).
In addition, prepupal larvae exposed to the lunar regolith pupated later
than insects exposed to the wood shavings (Z = 3.2; P = 0.0074), (Fig.
4).

The duration of pupal stage was importantly different based on dif-
ferent substrate treatments (χ2 = 59.75, d.f. = 3, P < 0.0001). Partic-
ularly, adult emergence from pupae occurred significantly earlier in
presence of the no-substrate treatment than when pupae were exposed
to LHS-1 (Z = −6.48; P < 0.0001), and sand treatments (Z = −5.72;
P < 0.0001). When insects were exposed to LHS-1, pupal duration was
significantly longer than when exposed to the wood shavings
(Z = 4.95; P < 0.0001). Pupal duration lasted significantly more in
presence of sand than wood shavings (Z = 3.86; P = 0.0006), (Fig. 5).
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Fig. 4. Time needed to reach the pupal stage in prepupal larvae of Hermetia illucens exposed to different substrate treatments (e.g., wood shavings, LHS-1 Lunar
Highlands Simulant, sand, and no-substrate). Each box plot displays the median (represented by the red line) along with the range of data dispersion (including
lower and upper quartiles, as well as any outliers). Additionally, each box plot is accompanied by adjacent histograms illustrating the distribution of the data. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Pupal stage duration in Hermetia illucens exposed to different substrate treatments (e.g., wood shavings, LHS-1 Lunar Highlands Simulant, sand, and no-
substrate). Each box plot displays the median (represented by the red line) along with the range of data dispersion (including lower and upper quartiles, as well as
any outliers). Additionally, each box plot is accompanied by adjacent histograms illustrating the distribution of the data. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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Different substrate treatments had a significant impact on the num-
ber of adults that successfully emerged from pupae (χ2 = 8.58;
d.f. = 3; P = 0.03). In particular, the exposure to LHS-1 led to a higher
number of emerged adults compared to the exposure to no-substrate
(χ2 = 4.58; d.f. = 1; P = 0.03). A higher number of emerged adults
was also observed when pupae were exposed to sand compared to no-
substrate (χ2 = 4.57; d.f. = 1; P = 0.03). When pupae were exposed
to wood shavings a higher number of adults emerged compared to no-
substrate (χ2 = 6.27; d.f. = 1; P = 0.01), (Fig. 6).

4. Discussion

The results of this study provide unique insights into the adaptabil-
ity of H. illucens to different substrates and, more specifically, its poten-
tial to pupate and thrive on lunar regolith simulants. These findings
have significant implications for BLSSs in space exploration and may
shed light on the broader adaptability of life in extraterrestrial environ-
ments [1,6,39]. This research is pivotal for BLSSs, as it aligns perfectly
with the strategic vision of leveraging useful organisms like H. illucens
to enhance waste management and nutrition [2,40]. Ultimately, this
would reduce reliance on Earth resupply missions, paving the way for
sustainable lunar habitats and the development of BLSSs.

One of the key findings we found is that H. illucens prepupal larvae
successfully pupated regardless of the substrate they were exposed to.
This resilience of pupation in various substrates aligns with the general-
ist nature of the species, known for its ability to adapt to different envi-
ronments and consume a wide range of organic materials [9,41].

The observed differences in the time to reach the pupal stage high-
light the potential influence of substrate type on the developmental
timeline of H. illucens. Prepupal larvae located in containers with no
substrate exhibited delayed pupation compared to those in the presence
of LHS-1, sand, or dry larval diet. This delay may be attributed to the
need for prepupal larvae to search for drier substrates conducive to pu-
pation, as reported by Diener et al. [10,20]. It is worth noting that while
pupation time varies, the larvae's ability to adapt and complete their
life cycle in different substrates underscores their versatility in closed
environments like spacecraft and space stations.

The duration of the pupal stage, a crucial period in the life cycle of
holometabolous insects [26], also exhibited variations based on sub-
strate type. Pupae exposed to lunar regolith simulants and sand re-
mained in the pupal stage for a longer period than those in the presence
of no substrate, and dry larval diet. These differences may reflect the
suitability of each studied substrate for pupal development. The accel-
erated pupal emergence, resulting from the absence of a suitable sub-
strate, is likely linked to the behavior of postfeeding larvae expending
excessive energy in searching for an appropriate pupation site. Conse-

Fig. 6. Impact of different substrate treatments (e.g., wood shavings, LHS-1
Lunar Highlands Simulant, sand, and no-substrate) on the successful emer-
gence of adult Hermetia illucens from their pupal stage. Different letters denote
statistically significant variations.

quently, they may have lacked the necessary energy reserves to un-
dergo a robust metamorphosis [37,42]. Furthermore, the longer pupal
duration observed in the lunar regolith and sand treatments suggests
that these substrates may pose other challenges or provide unique con-
ditions that influence the development of H. illucens.

The number of emerged adults was significantly affected by sub-
strate treatments, with the presence of LHS-1 leading to a higher num-
ber of emerged adults compared to the no-substrate treatment. This re-
sult suggests that lunar regolith may provide a favorable environment
for the transition from pupae to adults. Moreover, the sand and wood
shavings treatments also resulted in a higher number of emerged adults
compared to the no-substrate treatment. This implies that various sub-
strates can influence the survival and emergence of adult H. illucens dif-
ferently, confirming previous research [37].

The success of H. illucens in pupating and emerging from different
substrates underscores their potential as waste management agents and
a sustainable source of nutrition for long-duration space missions [40].
Their adaptability to diverse substrates, including lunar regolith simu-
lants, hints at the feasibility of utilizing lunar regolith in the develop-
ment of BLSSs for the Moon colonization and extended space explo-
ration. These findings could significantly reduce the reliance on resup-
ply missions from Earth and contribute to the establishment of self-
sufficient lunar habitat [43,44].

Additionally, this study's implications extend beyond space explo-
ration. Understanding how model organisms like H. illucens interact
with lunar regolith can offer insights into the adaptability of life in
space environments [45,46]. It may also inform future experiments in-
volving other organisms and lunar or martian regolith, addressing
broader questions about the potential for life to thrive on celestial bod-
ies beyond Earth [47,48].

Overall, this study provides critical data on the influence of different
substrates, including lunar regolith simulants, on the development and
survival of H. illucens. These findings hold promise for advancing BLSSs
in space, reducing waste, and enhancing the sustainability of lunar
habitats. Further research into the specific mechanisms underlying
these substrate-driven effects could uncover novel insights into the
adaptability of life in extraterrestrial environments, supporting the
goals of space exploration and advancing ecological science on Earth.

5. Conclusions

Our study demonstrates the adaptability of H. illucens to a lunar re-
golith simulant, shedding light on its potential role in BLSSs for space
exploration. The prepupal larvae exhibited resilience by successfully
pupating in all tested substrates, emphasizing the versatility of this
species in closed environments such as spacecraft. Substrate type influ-
enced pupation timing and pupal duration, with lunar regolith simulant
exhibiting notable impacts. Despite variations, the larvae's ability to
complete their life cycle in diverse substrates underscores their suitabil-
ity for waste management and nutrition in space habitats. The high
number of emerged adults in lunar regolith simulant suggests its poten-
tial as a favorable environment for the transition from pupae to adults.
These findings hold significant implications for sustainable lunar colo-
nization, reducing reliance on Earth resupply missions, and advancing
BLSSs. Moreover, the adaptability of H. illucens to lunar regolith pro-
vides insights into life's potential adaptability in space environments,
guiding potential future experiments on celestial bodies. This study
contributes critical data to enhance our understanding of substrate-
driven effects on H. illucens development, supporting the goals of space
exploration and ecological science in both terrestrial and extraterres-
trial contexts.
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