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Insects represent an extraordinary opportunity for human nutrition in
extraterrestrial conditions. Therefore, the understanding of the effects of
microgravity on the biology of edible insects in space conditions is essential
for their use as food. Among the mostly used ones, the house cricket Acheta
domesticus, the yellow mealworm Tenebrio molitor, and the honeybee Apis
mellifera have been studied inmicrogravity conditions. Several other insects that
are not used for food have been used as model species for space experiments.
Considering that currently we are 75 years from the first space missions and a
multitude of experiments, the results available on the effects of microgravity
in insects are scarce and fragmented. Nevertheless, some data are available,
the microgravity effects are species-specific, but generally the development
and behaviour of individuals are not strongly affected. The developmental
and metamorphic processes seem to be able to be completed in space and
the reproduction and completion of life cycle for some species are possible.
Negative effects from microgravity have been seen in the immune system and
in physiology of some species. The results that we have so far from disparate
studies, indicate that insect species may cope in space environments and
thereby be part of making future long-term exploration missions possible.
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1 Introduction

For long-term space-flight human explorations and for colonization of planets or
satellites a constant and self-sustaining food supply is needed. Insects are already
present in regular diets for billions of people and represent a sustainable food source
(Omuse et al., 2024). The nutritional value of insects is extremely high. Indeed,
they are an excellent source of complete protein, essential fatty acids, iron, zinc and
B vitamins, all essential for growth and development of humans, with values often

Frontiers in Physiology 01 frontiersin.org

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2025.1622401
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2025.1622401&domain=pdf&date_stamp=2025-06-28
mailto:roberto.guidetti@unimore.it
mailto:roberto.guidetti@unimore.it
https://doi.org/10.3389/fphys.2025.1622401
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fphys.2025.1622401/full
https://www.frontiersin.org/articles/10.3389/fphys.2025.1622401/full
https://www.frontiersin.org/articles/10.3389/fphys.2025.1622401/full
https://www.frontiersin.org/articles/10.3389/fphys.2025.1622401/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Guidetti et al. 10.3389/fphys.2025.1622401

comparable to or higher than those of meat, fish and legumes (FAO,
2013; EFSA, 2015; Zhou et al., 2022). There are many evidences
that proteins, lipids, and other elements of edible insects can
replace traditional sources of nutrition (Orkusz, 2021; Zhou et al.,
2022). Therefore, they may represent an extraordinary opportunity
for human’s nutrition in extraterrestrial conditions (Dufour, 1981;
Katayama et al., 2008; Jones, 2015; Li et al., 2016; Kok and
Van Huis, 2021; Berggren et al., 2025). Thanks to their small size
and lightweight, short life cycle, general ease of rearing, ability to
withstand starvation and physical and chemical stresses, including
reduced access to water, along with high food conversion rate and
nutritional value associated to lower ethical concerns in respect to
animal food sources, they are excellent candidates for such role.
Moreover, insects are likely suitable as food source for humans
living in isolated areas as they show high potential to be reared in
bioregenerative life support systems (BLSS).

Among the various environmental factors that organisms in a
BLSS will be exposed to in space conditions, the force of gravity
is likely to be one of the most difficult to manage. Evolution
of all living organisms on Earth has been under the constraints
of the planet’s gravity force. Therefore, the understanding of the
effects of microgravity in space on life cycles and physiology of
reared insects is essential. As reported by Zhang et al. (2021) “the
sheer inescapability of Earth’s gravitational pull has meant that
its influence on Earth’s organisms is difficult to study.” For this
reason, space flights and orbiting stations represent a fundamental
laboratory to investigate how different forces of gravity (in this case
its absence or reduction) can influence the life of organisms.

Many experiments have been performed in space to test the
effects of microgravity in model invertebrate animals such as micro-
invertebrates as nematodes (e.g., Honda et al., 2012; Kaplan et al.,
2020), or tardigrades (Persson et al., 2011; Rebecchi et al., 2011),
crustaceans (e.g., Gaubin et al., 1983) and macro-invertebrates
such as molluscs (e.g., Balaban et al., 2011; Aseyev et al., 2017),
echinoderms (e.g., Crawford and Jackson, 2002) and insects. Insects
have been widely used in space experiments and much data are
available on the effects of microgravity on these organisms, but the
information remains scattered among the tested species, without a
clear understanding on the effects for specific taxa.

2 Experiments with insects

Among the most common edible insects (Omuse et al.,
2024) that were used in spaceflight experiments, the house
cricket Acheta domesticus L. (Orthoptera, Gryllidae), the yellow
mealworm Tenebrio molitor L. (Coleoptera, Tenebrionidae),
and the honeybee Apis mellifera L. (Hymenoptera: Apidae)
can be listed. The first two species are also approved by the
European Food Safety Authority (EFSA) to be sold and eaten
within Europe (European Commission, 2023).

2.1 House cricket (Acheta domesticus)

The experiments in space with this species have been mainly
focused on the impact of microgravity (µG) on cellular processes.
Acheta domesticus was used as model species within the project

“Crickets in Space” (CRISP) and the potential gravity sensitive
neuronal system was studied during several years (see Horn et al.,
2007). Eggs, different larval stages and adults flew within spacecraft
for different time periods, not exceeding 16 days (Förster et al.,
1999; Horn et al., 2001; 2002; 2003; 2007; Kirschnik et al., 2002;
Kirschnick and Horn, 2006). In-flight fertilization (after 7 days of
space flight) occurred in orbit; after landing, flight eggs hatched
1.5 days earlier than the ground controls (Kirschnick and Horn,
2006; Horn et al., 2007). Morphological features of sensory cells and
neurons of the newborn larvae were rarely seen to be affected by µG
(Horn et al., 2007). Crickets of four developmental stages (eggs, I-,
IV-, and, VI-larval stage), that flew in space for 16 days, showed a
low susceptibility in their behavioural response to µG. However, the
position-sensitive interneurons (related to movement coordination)
activity revealed a significant sensitivity (Horn et al., 2003). Overall,
microgravity seemed to rarely affect the morphological features
of sensory cells and neurons development while the physiology
of the position sensitive neuro system was significantly affected
and their sensitivity reduced (Kirschnik et al., 2002; Horn et al.,
2001; 2002; 2003; 2007). A change was seen, after 13 days of space
flight, when the crickets appeared to be capable of normalising
the development of their multi-channel gravity sensory system
to their new gravitational environment (Förster et al., 1999).
Microgravity is an environmental factor known to induce muscular
atrophy in different species (Leonard and Albury, 2015). During
simulated µG by clinorotation, a significant loss in muscle mass
and enzymatic function was found in individuals of the species
from day 1. Therefore, the natural histolysis of flight muscle that
occurs in the house cricket development appears to happen sooner
(Leonard and Albury, 2015). In general, the responses seen in A.
domesticus to gravity reduction are likely to be adaptations related
to physiological modifications and permanent changes (Horn et al.,
2007). Short term µG conditions have not been found to impact
development of a stable nervous function, as readaptation took place
in individuals (Horn et al., 2007).

2.2 Mealworm (Tenebrio molitor) and other
tenebrionids

Although T. molitor has been suggested as a food source
for space travelers (Li et al., 2016; Jones, 2015), no experiments
in orbit have involved this species. To elucidate the effects of
low gravity on the larvae stage in the life cycle, mealworms
were subject to a short duration experiment at approximately 0 G
during parabolic flight. This treatment led to a 30% reduction of
metamorphosed larvae (Davis, 1999), probably due to larvae dying.

Other tenebrionids have been used in space experiments,
namely, the desert beetle (Trigonoscelis gigas Reitter, 1893), the red
flour beetle (Tribolium castaneum Herbst, 1797), and the confused
flour beetle (Tribolium confusum Du Val, 1863). The former one
was used in several space flights and simulated gravity experiments
to test if its activity rhythm and circadian functions were altered
by µG (Alpatov, 1991; Alpatov et al., 1994; 1998; 2000; Hoban-
Higgins et al., 1997; 2000; 2003). Both basic features of circadian
rhythms and the expression of the clock responsible for these
rhythms were found to be altered (Alpatov et al., 1994; Hoban-
Higgins et al., 2003). In particular, the free-running period (i.e.,
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animal is said to be free-running in an environment without time
cues, the length of an animal’s day is determined by the period of
its internal pacemaker) was significantly affected by both the µG
and ambient light intensity, but with contrasting results: this period
resulted in a longer time period according to Alpatov et al. (1998)
and a shorter one in Hoban-Higgins et al. (2003).

The red flour beetle was used to study the occurrence of gravity-
sensitive steps during oogenesis and embryogenesis. The results
from two space flights of 6 and 10 days indicated that several aspects
of the development and function of the reproductive system of
females were not sensitive to microgravity (Bennett et al., 1994).
In particular, μG did not affect the development of the female
reproductive system, the viability of embryos, and inseminated
females continued to lay fertile eggs, when back on land (i.e., there
was no depletion of stored sperms) (Bennett et al., 1994).

For T. confusum, the experiments in µG (in orbit or simulated
by fast-rotating clinorotation) suggested that embryogenesis was
not gravity-sensitive, although some aspects of adult development
could be (Cogoli, 1992; Bennett et al., 1994). The confused flour
beetle successfully completed a full generation in space, although no
precise quantitative data were obtained on mating competence and
various aspects of development in this study (Miquel, 1984).

2.3 Honeybee (Apis mellifera)

Only three experiments have been performed with A. mellifera
(Nelson and Peterson 1982; Vandenberg et al., 1985; Smith et al.
(2021). During space flights, the bee flights were very brief without
wingbeat (resulting in floating) and without control of attitude in
any body axis. The control of their orientations for landing and
movements prior to a rest period on a surface were very difficult
(Nelson and Peterson, 1982). The post flight eggs hatchability
showed contrasting results. According to Vandenberg et al. (1985),
the eggs laid by the queen of a mature hive sent in space for
7 days failed to hatch after the mission’s return. By contrast,
according to Smith et al. (2021), a queen was able to lay viable eggs
after a shorter space flight and all observed eggs hatched into healthy
offspring in the experiment.

2.4 Other insects

Other insects were used for space experiments. Another Apidae
as the bumblebee (Bombus ignites) was studied in μG by parabolic
flight, showing and altered flying behaviour (Yamashita et al.,
2010). The lepidopteran velvet bean caterpillar moths (Anticarsia
gemmatalis) and the dipteran commonhouseflies (Musca domestica)
were studied by Nelson and Peterson (1982) in the same experiment
with honeybees. In space conditions, moth flight activity was very
uncontrolled and brief (less than 10 s), and the moths had some
difficulty orienting themselves during landing. The uploaded moth
pupaewere able to successfully emergence to imago in space (Nelson
and Peterson, 1982). Even the housefly flight activity was very
brief (generally less than 1 s), but houseflies were capable of better
controlling their pitch attitude, flight path, and landing process than
moths and bees. From the preflight uploaded housefly pupae, the
imago emerged successfully in space (Nelson and Peterson, 1982).

The hymenopteran pavement ants (Tetramorium caespitum)
were studied to analyze how they performed collective search in µG
(Countryman et al., 2015). Collective search is used by the ants to
optimise the area covered by the group. In space conditions, the ants
explored the surface less thoroughly with more convoluted routes,
probably due to the difficulty in clinging to the surface. In fact,
they often lost contact with the surface but showed a remarkable
ability to regain it (Countryman et al., 2015). Between 2005–2010
the larvae of the chironomidPolypedilum vanderplankiHinton, 1951
were utilized as a model organism in experiments on resistance of
resting stages of invertebrates to space environment both inside and
outside of ISS (Gusev et al., 2010a). The larvae in anhydrobiotic
state survived after 18 months of direct exposure to outer space
environments (Gusev et al., 2010b).

The stick insect Carausius morosus (Phasmatodea,
Heteronemiidae) was used in different space missions as it was
considered one of the classical models in developmental biology.
Eggs at five different stages of development, representing different
sensitivities to radiation and different capacities for regeneration,
were tested. Eggs at five different stages flew for 7 days either at
µG conditions or on the 1 G centrifuge to separate the effects of
radiation and microgravity and to analyze the combined effects
(Bücker et al., 1986). The early stages of development showed to be
highly sensitive to radiations and to µG during development (e.g.,
µG reduced hatching rate). In some cases, the combined action of
these factors amplified their negative effects and produce a high
frequency of anormal larvae (Bücker et al., 1986). Eggs at different
stages flew in other two missions for 9 and 13 days (Ushakov and
Alpatov, 1992; Reitz et al., 1989; 1992). No significant changes
in developmental time were detected although the hatching rate
decreased, especially eggs with an age of 31 days (embryogenesis
lasts 75–105 days) (Ushakov and Alpatov, 1992; Reitz et al., 1989;
1992). Six different ages of eggs further flew for 8 days (Reitz et al.,
1995): a reduction of hatching rate was observed in agreement with
previous studies, while morphological and developmental changes
during embryo development were detected (in contrast with the
previous missions), although some repair capacity seemed occur.

The insect most used in space experiments and the first animal
survived in outer space (in a V-2 rocket in 1947; Beischer and
Fregly, 1962) is the fruit fly Drosophila melanogaster. It represents a
well-established spaceflight model organism: fruit flies have yielded
significant information on the effects of microgravity in many
different fields of physiology and behavioural and developmental
sciences (for a review see Iyer et al., 2022). Overall, previous studies
showed normal development of Drosophila melanogaster during
flights, but evident structural and functional cardiac impairments,
neurobehavioral deficits, suppression of immune system (with
increase virulence for some pathogens; Gilbert et al., 2020),
and alterations in gene expression profile were observed under
spaceflight conditions (Iyer et al., 2022; Mhatre et al., 2022).

Drosophila melanogaster is the only insect for which it was
tested the possibility to complete the life cycle and reproduction
in space. Fruit flies were able to complete the life cycle (from
zygote to mature adults) under space flight conditions, obtaining
offsprings (Vernos et al., 1989; Ogneva et al., 2016; Marcu et al.,
2011; Taylor et al., 2014). Size and number of eggs increased
under microgravity conditions and life span decreased in males,
but not in females (Marco et al., 1986; Vernos et al., 1989; Marthy,
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2002). Still after 13 days of spaceflight, D. melanogaster maintained
normal locomotor activity rhythm and sleep pattern (Ma et al.,
2015), but circadian clock was affected. As the ability to keep
a normal photoperiod may ease the effects of microgravity, a
suitable photoperiod and lighting system (intensity, spectrum, and
distribution) could offer powerful countermeasures for circadian
and sleep disorders during spaces flights (Zhang et al., 2021).

3 Discussion

Despite the number of experiments carried out, the current
knowledge of the effects of microgravity on insects remains very
limited. This is due to several factors. In general, the science of life
in space is constrained by the low number of space missions. For
studies on insects in space this is further compounded by the fact
that the studies of animals and their autecology (and not as human
models) are very rare during any mission. To date, there is also
no attempt among researchers to coordinate research and this has
led to the use of several different model species and the analysis
of different biological functions. These factors limit our knowledge
and understanding of the effects of µG on insects and on their
nutritional quality.

Several additional factors can also affect the results of
experiments with insects in space conditions (Iyer et al., 2022):
e.g., duration of the mission/experiment, facility and platforms used
(e.g., parabolic flight, space flight, orbital station), payload/hardware
and habitat designs, maintenance of environmental variables (e.g.,
temperature, humidity, gas composition), food supply (type and
amount), and insect strains used in each study. The interpretation
of the results can also be biased due to the different conditions in
which the control animals are kept in. The animals that serve as
Earth controls can also experience different conditions than their
counterparts in space. For example, temperatures cannot always
be well controlled or recorded during flights, or the launch/ascent
accelerations (generating hypergravity) and the re-entry and landing
conditions are factors that can affect the animals that go into space
but not the ones that remain. Moreover, although not reported
by many authors, the obtained data are frequently affected by
pre- and post- flight difficulties in following the exact conditions
to which the samples were subjected and kept. It is not always
possible to control, check and record the pre-flight (i.e., time and
environmental conditions spent by the samples between their
delivery to the launchpad and the launch) and post flight (i.e.,
time and environmental conditions spent between landing and
analyses) conditions of the samples. These are all factors that might
lead to possible biases of the experimental results. When studying
the effects of microgravity, there are technical constraints associated
with space experiments that introduce complications with a possible
compromission of results interpretation. It is not always clear
whether changes detected in µG experiments reflect additional
spaceflight-related stresses (e.g., temperature shifts, vibrational
effects and radiation exposure) as opposed to the loss of gravitational
force per se (Beckingham, 2010). In fact, the effects of space flight are
due to the synergic effects of the environmental variables of the space
environment inwhichmicrogravity and radiation play a central role.
All above-mentioned factors and uncertainties make the results of
different experiments, especially if they are few, difficult to compare.

Although the life cycles of insects are short, a limiting factor for
studies is the duration of spacemissions (varying from a fewminutes
in parabolic flights to ≤50 days in orbital stations), which is usually
shorter than the lifespan of an insect limiting full life-cycle studies.

Several are experiments on insects in space, but most of them
are >25 years old, being carried out between 1960 and 2000, and for
many of them information about environmental variables during the
missions and the pre- and post-fights are not reported.

As the studies focused on several species, the consequence
is that very little information on separate species is available.
Additionally, very few aspects of the biology of the species were
investigated. The results that we found from these studies are also
sometimes contrasting and thus hard to draw general conclusions
from. Therefore, there is not a clear overview of the effects of space
microgravity on insects as a group.

Although data is scarce, we believe that some general
conclusions can be made. The effects of microgravity are species-
specific, but in general the development andbehaviour of individuals
are not strongly affected. The ability of insects to control their
movement, especially flight, in microgravity varies greatly among
species. Once started, the developmental (even inside the egg)
and metamorphic processes seem to be able to be completed in
space. Reproduction seems possible in space conditions, as is the
completion of a life cycle (as shown for D. melanogaster), although
negative effects can be seen in the immune system and for some
physiological aspects. The habitat conditions in space can reduce
some of the effects ofmicrogravity, e.g., circadian and sleep disorders
can be controlled by appropriate photoperiod and lighting systems.
The current main knowledge gap of the effects of microgravity on
insects are related to the absence of data on long term effects of
microgravity and their effects on the complete insect life cycle. More
than one generation of a species in microgravity condition has not
been tested, and a general understanding of the effects of µG on the
biology of species in microgravity is lacking.

Future investigations should focus on the possibility of target
insect species to reproduce in space conditions (e.g., investigating the
reproductive behaviour, gametes production, embryo development),
to complete the life cycle (e.g., lifespan, growth), to produce several
generations without reducing fitness (e.g., immune system response,
infectionrisk, inbreedingproblems),andtoachievetheedibleproducts
with the composition in terms of macro- and micro-nutrients (e.g.,
proteins, lipids, vitamins and other essential elements) required for
the use as food for astronauts and space travelers. Presently, the
facilities to conduct long term experiments to grow insect species
in isolated microgravity conditions are available (e.g., International
SpaceStation).Facilities like theseshouldbeusedtodevelop themuch-
needed knowledge for making sustainable BLSS a reality. The results
that we have so far from disparate studies, indicate that insect species
may cope in space environments and thereby be part ofmaking future
exploration missions possible.
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