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ARTICLE INFO ABSTRACT

Keywords: The earthworms beneficial effects on soils may be promising to improve lunar soil fertility,
Bioreg-en.erative life support systems enabling the use of local substrates for space farming. Herein, we investigated the effects of the
Ecopoiesis lunar regolith simulant (LHS-1) at different concentrations in cow manure mixtures on the sur-
Ez::xz;;sith vival and fitness of Eisenia fetida. During 14 and 60-day experiments, although E. fetida showed an
Moon increased mortality with LHS-1 alone, most of the population survived. More numerous tunnels

were observed when exposed to the higher concentrations of LHS-1 (poor in nutrients for
earthworms). This may be related to an increased mobility for food search. The cocoons pro-
duction was not affected by different substrate treatments, except for the highest concentration of
LHS-1. No effects of different LHS-1 concentrations on the amount of ingested substrate were
recorded. This study shows that E. fetida can potentially colonize lunar regolith representing a
future valuable biological tool for supporting crops growth on the Moon.

1. Introduction

Terraforming and ecopoiesis (processes by which extra-terrestrial environments are modified and colonized by life, making space
and/or other planets habitable) [1,2] are fascinating concepts that are suddenly shifting into the focus of planetary science, aerospace
technology, bioengineering, and life science due to the recent renewed interest in returning to the Moon (e.g. NASA’s Artemis pro-
gram), and sending humans to Mars by the 2030s [3-6]. A major challenge of long-term missions in space for humans is represented by
the limited stowage of life-support resources, and waste management [7,8]. Currently, food is provided from terrestrial sources, and
the production of potable water and oxygen relies on physicochemical processes [9,10]. Anderson et al. [11] estimated that an in-
dividual member of a crew would consume 1.83 kg of food and 2.50 kg of water per day, thus the overall life-support payload (e.g. food
and water) needed for a 3-year mission to mars would be of several tons per person.
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Bioregenerative life support systems (BLSS) represent a recent and promising space technology based on the culture of biological
life forms (mainly vegetables) in situ to satisfy the metabolic needs of a crew by providing food, producing oxygen, fixing carbon
dioxide and purifying water [12]. However, also in this case, a crucial starting amount of resources from Earth (water, fertilizers,
culture substrates) is needed, hampering the implementation feasibility of BLSS and space growing of crops.

Cultivation in controlled environments directly on the lunar soil would give numerous advantages in terms of reduction of logistics
costs, and transportation of resources from Earth. Extensive studies have been conducted on several plant species to investigate their
responses to the lunar material (e.g. lunar regolith and its simulants) [13-18]. However, it has been reported that although plants can
potentially extract few nutrients from lunar regolith [19,20], this is not enough to ensure a proper and complete crop cycle [21].
Moreover, very recently it has been demonstrated that lunar regolith is a stressful substrate for plants. In fact, Arabidopsis thaliana
plants grown on lunar regolith show the expression of a set of genes associated with stress [22]. The lunar regolith is very different from
terrestrial soils, not only in terms of mineral composition. A terrestrial soil contains minerals, air, water, but most of all organic matter
and living biota [23]. So, plants and soil organisms are tightly linked, as the latter improve the soil structure, aerate it, and favour water
infiltration, as well as are responsible for nutrient availability, waste decomposition, and more [24-26].

Among Earth’s telluric organisms, earthworms play a key role in the plant-soil system providing highly beneficial effects to the soil
fertility [27,28]. Earthworms are well recognized to contribute to enhance plant production through improving soil structure, cycling
of nutrients, and potentially harbouring gut microbiota with plant growth promoting activity [29-36].

The potential integration of such organisms in BLSS and space farming strategies would significantly leverage crop cultivation on
off-Earth agricultural systems. In a recent experiment, two earthworm genera (Caligonella and Dendrobaena) were added to plants
cultivated in Mars soil simulant to investigate how they affect the growth of several crops, but no significant effects were found [37].

With particular reference to agriculture on Moon, earthworms may contribute to provide a natural soil fertility approach, pro-
moting processes making lunar regolith closer to an earth-like soil, thus suitable to sustain crop growth. However, lunar soil may
represent a harsh substrate for earthworms, and information on how they behave on regolith has not yet been explored.

In this study we carried out a pilot study to test the effects of the lunar regolith simulant (e.g. LHS-1 Lunar Highlands Simulant) on
the survival and fitness of Eisenia fetida Savigny (Oligochaeta: Lumbricidae), an earthworm species commonly used for vermi-
composting tolerating several adverse environmental conditions and habitat perturbations, thus also representing an elective model as
bioindicator [38]. Interestingly, lunar simulant synthesis is based on real Moon soil samplings from Apollo missions [39], compared to
simulants of other planets (e.g. Mars) [40], thus this would make experimental results closer to those obtainable with native lunar soil.
Herein, we determined the mortality, reproduction, tunnel formation, and rate of ingestion at various concentrations of lunar regolith
simulant mixed with cow manure to investigate the potential of E. fetida in colonizing the Moon soil.

2. Materials and methods
2.1. Ethic statement

The present study adheres to the legal requirements of Italian legislation (D.M. 116,192), and EU regulation [41]. No specific
permits are needed in using Oligochaeta in the country where the experiments were conducted.

2.2. Animal maintenance

Eisenia fetida individuals from a commercially mass-reared strain were provided along their feeding substratum (cow manure) by
Centro Lombricoltura Toscano (San Giuliano Terme, Pisa, Italy). E. fetida redworms were maintained under laboratory controlled
environment at 20 + 2 °C, following the OECD guidelines [41]. For the tests, adult earthworms presenting a well-developed clitellum
and weighing between 300 and 600 mg were used [41-43].

2.3. Lunar regolith simulant

Lunar regolith simulants reproduce the chemical compositions, mineralogy, particle size distributions, as well as engineering
properties of lunar soils [39].

Herein, we used the LHS-1 Lunar Highlands Simulant (CLASS Exolith Lab, Orlando, Florida, USA), that reproduces with high-
fidelity a generic highlands location on the Moon, by accurately combining both mineral and rock fragments with the particle size
distribution to match that of typical Apollo soils.

2.4. Experiment description

LHS-1 was mixed with cow manure (normally used as E. fetida substrate) dried at 60 °C, to have LHS-1 concentrations of a) 0, b) 25,
¢) 50, d) 75, and e) 100%. These substrate treatments (e.g. pure LHS-1 and cow manure, and their different mixtures) were put in
separate experimental arenas (200 x 200 x 15 mm) filling them by 5 mm, and ensuring a constant moisture content of 60% [41] using
a mobile soil-moisture sensor. Five adult individuals, previously starved for 2 days to empty their guts, were transferred in each
experimental arena containing different substrate treatments. After 14 days [44] the percentage of dead individuals, as well as the
number of tunnels produced by the earthworms per experimental arena were recorded. Tunnels are well visible on the surface of the
substrate as excreted clumps by earthworms along their dug paths.
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E. fetida reproduction was evaluated by determining the cocoon production of the surviving earthworms over a 60 day experiment
[44] in the same conditions described earlier. In the 60 day exposure experiment, mortality was again recorded, while tunnels pro-
duction could not be reliably assessed after this period.

The ingestion of the different substrate treatments by E. fetida was determined by locating starved individual earthworms in Petri
dishes (12 cm diameter, 2.5 cm height) containing different substrates for 4 days. Subsequently, E. fetida individuals were transferred
in Petri dishes with no substrates for 2 days to empty their guts. The casts ejected were dried, and weighed.

For the mortality, reproduction, tunnel formation, and ingestion tests 15 replicates were carried out for each substrate treatment.
Fig. 1 shows an E. fetida adult individual (Fig. 1A), several cocoon produced by matures E. fetida (Fig. 1B), a handful of the LHS-1 Lunar
Highlands Simulant (Fig. 1C).

2.5. Statistical analysis

Data about the impact of different substrate treatments on the mortality, tunnel formation, and cocoon production of E. fetida
individuals, as well as on their ingestion were neither normally distributed (Shapiro-Wilk test, goodness of fit p < 0.05) nor homo-
scedastic (Levene’s test, p < 0.05), thus they were analyzed relying on non-parametric statistics. In particular, the Kruskal-Wallis test,
followed by Dunn’s multiple comparison test with Bonferroni correction, was used. All data were analyzed by using R software v3.6.1
[45].

3. Results

Our study showed how substrate treatments with various concentrations of LHS-1 had a different influence on the mortality, tunnel
formation, and reproduction performance of E. fetida.

In the 14-day experiment, mortality of E. fetida was significantly affected by different concentrations of LHS-1 (x* = 16.96, d.f. = 4,
P = 0.0020). The percentage of dead individuals was higher for earthworms exposed to the concentration e) compared to those
exposed to the concentrations a) (Z = 3.34; P = 0.0084), b) (Z = 3.34; P = 0.0084), d) (Z = 3.34; P = 0.0084) (Fig. 2A).

In the 60-day experiment, E. fetida showed a significant difference in mortality when exposed to different concentrations of LHS-1
(x2 = 41.40, d.f. = 4, P = 0.0020). The dead individuals percentage was higher for earthworms exposed to the concentration e)
compared to those exposed to the concentrations a) (Z = 5.17; P < 0.0001), b) (Z = 5.55; P < 0.0001), c) (Z = 4.79; P < 0.0001), d) (Z
= 4.41; P = 0.0001) (Fig. 2B).

The overall number of tunnel formation was not significantly different in experimental arenas containing substrate treatments with
different concentrations of LHS-1 (y2 = 9.41, d.f. =4, P = 0.0516) (Fig. 3A). However, the number of tunnel formation per Earthworm
(n. of tunnels/n. of individuals for each experimental arena) was significantly different in experimental arenas with substrate treat-
ments containing different concentrations of LHS-1 (¥2 = 19.52, d.f. = 4, P = 0.0006). The number of tunnels was higher in the
experimental arena containing the substrate treatment with concentration e) compared to those containing the concentrations a) (Z =
3.55; P = 0.0038), b) (Z = 3.65; P = 0.0026), c (Z = 3.23; P = 0.0120) (Fig. 3B).

The cocoon production was importantly influenced by the different LHS-1 concentrations of the substrate treatments (y2 = 46.15,

.:‘ ’.

Fig. 1. (A) Eisenia fetida individual. (B) Cocoons produced by E. fetida. (C) A handful of the LHS-1 Lunar Highlands Simulant.
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Fig. 2. Mortality percentage of Eisenia fetida individuals post-exposure for 14 days (A) and for 60 days (B) to different concentrations of LHS-1 Lunar
Highlands Simulant. LHS-1 concentrations: a) 0%, b) 25%, c¢) 50%, d) 75%, and €) 100%. In each box plot the median (red line) and its range of
dispersion (lower and upper quartiles, as well as outliers) are indicated. The mean (green line), and the standard error value (blue T-bars) are also
included. Each box plot reports on its right histograms describing data distribution. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

d.f. =4, P < 0.0001). The number of cocoons was lower in the experimental arena containing the concentration e) compared to those
containing the concentrations a (Z = —6.13; P < 0.0001), b (Z = —5.44; P < 0.0001), ¢ (Z = —4.11; P = 0.0004),d (Z = -3.21; P =
0.0133). The number of cocoons was lower in the experimental arena containing the concentration d) compared to that containing the
concentrations a (Z = —2.91; P = 0.0356) (Fig. 4A).

Different LHS-1 concentrations of the substrate treatments also affected the cocoon production per individual (n. of cocoons/n. of
individuals for each experimental arena) (y2 = 15.02, d.f. = 4, P = 0.0046). The number of cocoons per individual was lower in the
experimental arena containing the concentration e) compared to that containing the concentrations a (Z = —3.76; P = 0.0017)
(Fig. 4B).

E. fetida showed no significant differences in the ingestion of the different substrate treatments (2 = 9.41, d.f. = 4, P = 0.0516)
(Fig. 5).

4. Discussion

Epigeic earthworm species have been reported to tolerate diverse harsh environments while remaining stable during habitat
perturbations [38]. So, we selected the epigeic redworm E. fetida as an organisms potentially able to survive in a substrate unsuitable
for life, such as lunar soil. This preliminary study shows the earthworm E. fetida can potentially colonize lunar regolith in controlled
environments (our experiments were conducted on Earth, thus excluding microgravity, high radiation levels, and other conditions
encountered on space), contributing to facilitate current BLLSs and space farming methods by exploiting their ability to increase soil
fertility as a bioengineered approach to support crops growth also on the Moon.

E. fetida showed to highly tolerate substrate treatments with different LHS-1 concentrations. Although a significant increasing in
mortality was observed in the substrate treatment containing just LHS-1 (concentration e), most of the population survived in both the
14 and 60-day experiments. Unlike anecic earthworm species that can extract nutrients also from mineral soil, E. fetida is an epigeic
species, mainly feeding on organic residues [46], thus the increased mortality in the substrate treatment e), especially in the 60-day
experiment, can be explained by the lack of organic food. Also the higher number of tunnels in the substrate treatments with higher
concentrations of LHS-1 (poor in nutrients for earthworms) may be related to an increased locomotion activity to search for food [27].
However, epigeic species such as E. fetida are excellent soil ecosystem engineers, being able to inhabit contaminated harsh habitats and
remediate polluted wastes turning them into valuable vermicompost [47,48], as well as they exhibit high reproduction rate [49], all
factors that are essential to fast colonize new environments. E. fetida is considered a r-selected species [50], thus its high reproductive
rates balance the high mortality may occur in harsh environmental conditions [27]. Our results showed that the overall number of
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Fig. 3. Overall number of tunnel formation (A), and number of tunnel formation per Eisenia fetida individual (B) during the 14-day exposure to
different concentrations of LHS-1 Lunar Highlands Simulant. LHS-1 concentrations: a) 0%, b) 25%, c) 50%, d) 75%, and e) 100%. In each box plot
the median (red line) and its range of dispersion (lower and upper quartiles, as well as outliers) are indicated. The mean (green line), and the
standard error value (blue T-bars) are also included. Each box plot reports on its right histograms describing data distribution. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cocoons decreased at the highest concentrations of LHS-1 in the substrate treatment. However, these observations were due to the
lower number of surviving individuals in those experimental arenas. So, considering the production of cocoons per individual, the
number of cocoons was not significantly different among different substrate treatments, except for the concentration e) in which the
cocoons were produced, but in lower numbers.

Food quality and quantity play a crucial role in earthworm ingestion rates [51]. It has been reported that ingestion is higher if food
quality is low [44]. However, no effects of different LHS-1 concentrations on the amount of substrate treatments ingested were
observed. Earthworms produce an intestinal mucus rich in enzymes and microorganisms that may protect them against direct effects of
particles [52]. This mucus is produced mostly when earthworms ingest material poor in organic matter inducing a priming effect for
microorganisms enhancing the uptake of nutrients. Higher LHS-1 concentrations can stimulate the production of more mucus, thus
helping earthworms in uptalking nourishing substances.

This research provides a first step towards the establishment of a sustainable agroecosystem for space farming on possible Moon
colonies. Farming in space is thought to take place in controlled condition chambers artificially supplying light, temperature, relative
humidity, and gases (e.g. oxygen, carbon dioxide), as well as making use of local resources (e.g. regolith) [53], although lunar regolith
is really nutrient poor to ensure adequate crops growth [21]. Earthworms may help in compensating the quality of lunar soil. In the
first phase of colonization, these organisms can be used to possibly enrich the lunar regolith with microbiota having plant growth
promoting activity [32,33]. Furthermore, crop waste and/or human faeces may feed earthworms which in turn would produce, and
mix with the regolith, fertile compost for plants [54,55].

In future studies, we will also investigated the response to lunar regolith of earthworm species belonging to different categories, (e.
g., epigeic, anecic, and endogeic) according to their type of feeding strategy and ecological nature [56]. In this framework, it will be
useful to explore possible terrestrial soils that have the most similar mineralogy and physical properties to the lunar regolith simulant
used by referring to the international soil classification system of the World Reference Base [57]. Understanding the telluric biocenosis
of these soils will help the selection of earthworms species, and other organisms that can possibly be used to colonize the lunar soil.

Overall, our results show how E. fetida may adapt and colonize the Moon soil providing a valuable biological tool to promote extra-
terrestrial soil creation processes [58], with a consequent possible increase in soil fertility and primary production [27,59,60].

5. Conclusions

This research reports the earthworm E. fetida can survive postexposure to lunar regolith, potentially colonizing and supporting
crops growth on the Moon. The experiments were carried out in controlled conditions on Earth, thus other environmental factors
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Fig. 4. Overall cocoon production (A), and cocoon production per Eisenia fetida individuals (B) during the 60-day exposure to different concen-
trations of LHS-1 Lunar Highlands Simulant. LHS-1 concentrations: a) 0%, b) 25%, ¢) 50%, d) 75%, and e) 100%. In each box plot the median (red
line) and its range of dispersion (lower and upper quartiles, as well as outliers) are indicated. The mean (green line), and the standard error value
(blue T-bars) are also included. Each box plot reports on its right histograms describing data distribution. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Ingestion per Eisenia fetida individual of substrate treatments with different LHS-1 concentrations. LHS-1 concentrations: a) 0%, b) 25%, c)
50%, d) 75%, and e) 100%. In each box plot the median (red line) and its range of dispersion (lower and upper quartiles, as well as outliers) are
indicated. The mean (green line), and the standard error value (blue T-bars) are also included. Each box plot reports on its right histograms
describing data distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

present in space, such as microgravity and cosmic radiations, should be also evaluated in future low Earth orbit (LEO) studies to better
reproduce the environment encountered on the Moon. This study reports on the ability of earthworms to survive and reproduce on
LHS-1. However, the effect these organisms have on the LHS-1 agronomic properties is still unknown. Also, more information on
chemical and physical features of the lunar simulant potentially affecting the plant growth should be assessed in future works. Overall,
results from this study encourages further research on how earthworms may contribute to provide a natural approach promoting lunar
regolith to sustain crop growth.
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