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• Italian ryegrass grew on Martian regolith
simulants MMS-1

• Plants on MMS-1 showed chlorotic leaves
and developed root aerenchyma

• Genes involved in stress response/primary
metabolism changed in expression on
MMS-1

• Proteins involved in translation and DNA
methylation changed in abundance on
MMS-1

• Plants significantly modified the pH of
MMS-1 over a time of 2 weeks
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In the last decade, the exploration of deep space has become the objective of the national space programs of many
countries. The International Space Exploration Coordination Group has set a roadmap whose long-range strategy en-
visions the expansion of human presence in the solar system to progress with exploration and knowledge and to accel-
erate innovation. Crewed missions to Mars could be envisaged by 2040. In this scenario, finding ways to use the local
resources for the provision of food, construction materials, propellants, pharmaceuticals is needed. Plants are impor-
tant resources for deep space manned missions because they produce phytochemicals of pharmaceutical relevance,
are sources of food and provide oxygen which is crucial in bioregenerative life support systems. Growth analysis
and plant biomass yield have been previously evaluated on Martian regolith simulants; however, molecular ap-
proaches employing gene expression analysis and proteomics are still missing. The present work aims at filling this
gap by providing molecular data on a representative member of the Poaceae, Lolium multiflorum Lam., grown on pot-
ting soil and aMartian regolith simulant (MMS-1). Themolecular data were complementedwith opticalmicroscopy of
root/leaf tissues and physico-chemical analyses. The results show that the plants grew for 2 weeks on regolith
simulants. The leaves were bent downwards and chlorotic, the roots developed a lacunar aerenchyma and small
brownish deposits containing Fe were observed. Gene expression analysis and proteomics revealed changes in tran-
scripts related to the phenylpropanoid pathway, stress response, primary metabolism and proteins involved in trans-
lation and DNA methylation. Additionally, the growth of plants slightly but significantly modified the pH of the
regolith simulants. The results here presented constitute a useful resource to get a comprehensive understanding of
the major factors impacting the growth of plants on MMS-1.
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1. Introduction

The Global Exploration Roadmap (Hufenbach et al., 2011) established
by the International Space Exploration Coordination Group (ISECG) envi-
sions long-term spaceflight missions that go far beyond low Earth orbit
(LEO). The Moon, together with the cis-lunar space, Near-Earth Asteroids
mber 2022
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and theMars system are the destinations considered in the long-range strat-
egy to extend human presence in space (Hufenbach et al., 2011). In this
context, it is evident that the cost, technical challenges and risks associated
with the supply of resources from Earth constitute important limitations for
space exploration. Hence, in situ resource utilization (ISRU), i.e., the use of
raw materials derived locally, solves these issues by offering in locowhat is
needed to support human space exploration (Berliner et al., 2021; Menezes
et al., 2015). For instance, some authors suggested that raw materials to
manufacture structures and equipment may be obtained by extracting
minerals and metals from regoliths via reduction processes (Meurisse
and Carpenter, 2020). Glass substrates and sintered ceramics can be ob-
tained by processing Moon and Martian regoliths, respectively (Karl
et al., 2020; Schleppi et al., 2019). Compressed regoliths display signif-
icant thermal insulation, protect from the radiations and are therefore
useful construction materials for the establishment of future colonies
(Akisheva and Gourinat, 2021).

The future human presence onMoon orMarswill also rely on crops pro-
duced on board spacecraft during long-term space missions and in situ as
source of food, oxygen and bioactive compounds, such as antioxidants
with health-promoting properties (Duri et al., 2020; Salisbury, 1999).

In the context of deep space exploration, one of themost important chal-
lenges is to produce food in situ as an alternative to cargo shipments from
Earth (Wamelink et al., 2014). Even if the presence of water on the Martian
and Lunar surface (Hui et al., 2013; Möhlmann, 2004) could be used for hy-
droponic and aeroponic cultivations, themost practical solution is to use the
native regoliths for plant growth. This option allows indeed to fly only the
seeds besides the equipment, such as lamps (Wamelink et al., 2019).

Growing edible plants on board spacecrafts and in situ on Martian or
Lunar surfaces allows an adequate CO2/O2 balance for sustaining life
(De Micco et al., 2009; Lasseur et al., 2010), while producing food for
deep space travellers and the future colonists. Furthermore, the water
transpired and purified by plants can be condensed and recycled to con-
tribute to the system's water cycle (Pickett et al., 2020).

Extra-terrestrial regolith-sampling robots on landers/rovers have col-
lected samples (Qian et al., 2021; Zhang et al., 2019), making it possible
to study Lunar and Martian regoliths (Grotzinger et al., 2012) and develop
simulants (Allen et al., 1998; Cannon et al., 2019; Peters et al., 2008;
Ramkissoon et al., 2019). Recently, the available Lunar and Martian rego-
lith simulants were comprehensively reviewed based on their properties
(Duri et al., 2022); of the available ones, 3 Martian regolith simulants are
commercialized, i.e., JEZ-1 Jezero Delta Simulant, MGS-1 Mars Global
Simulant, MGS-1C and MGS-1S (Clay/Sulfate ISRU) (Cannon et al., 2019
and available from https://exolithsimulants.com/products/jez-1-jezero-
delta-simulant), as well as MMS-1/2 Mojave Mars Simulant, Enhanced
Mars Simulant (Caporale et al., 2020 and available from https://www.
themartiangarden.com/). Simulants help test fundamental questions,
such as their suitability for crop growth in the perspective of future space
farming on Mars. The importance of simulants in validating scientific hy-
potheses is witnessed by the existence of a database which stores and regu-
larly updates the available information on planetary simulants (The CSM
Planetary Simulant Database; https://simulantdb.com/).

To evaluate the feasibility of using Lunar or Martian regolith
simulants for crop growth, a thorough understanding of the physico-
chemical properties of the substrates is needed, such as composition,
water-holding capacity, porosity (Duri et al., 2022).

A very recent paper reported the major transcriptional changes of thale
cress grown on different Lunar regolith samples from Apollo 11, 12 and 17,
as well as the simulant JSC-1A (Paul et al., 2022); the results showed that al-
though germination occurred for all the seeds on the different substrates,
stunted roots developed in plants grown on real Lunar regoliths as compared
to the simulant, accompanied by a slower growth of the aerial parts beyond
day 8. From the transcriptional point of view, genes involved in stress re-
sponse (salt, metal and reactive oxygen species-ROS stresses) were upregu-
lated in the plants grown on the Apollo regolith samples, with the highest
number of differentially expressed genes in the aerial tissues of plants
grown on Apollo 11 regoliths and the lowest on Apollo 17 (Paul et al., 2022).
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Although previous studies reported that plants can grow on Martian
regolith simulants because of the presence of some essential nutrients
(Wamelink et al., 2014), the lack of reactive N and the presence of per-
chlorate in native Martian regoliths are major limitations for plant
growth (Oze et al., 2021).

Studies have demonstrated that reactive N can be provided by
mixing regolith simulants with organic matter: the growth of different
plant species, such as tomato, rye, quinoa, pea, radish was investigated
on Martian regolith simulants mixed with mown shoot tissues of Lolium
perenne L. as source of organic matter (Wamelink et al., 2019). The au-
thors reported that the organic matter helped the germination and
growth of all the plants studied and, for several of them, it was possible
to collect fruits and seeds. Another very recent study has shown the
feasibility of using alfalfa biomass to amend basaltic regolith simulants re-
producing the real Martian surface (Kasiviswanathan et al., 2022): alfalfa
grew on the nutrient-poor substrate when watered with Synechococcus-
desalted briny water simulant and its biomass could be successfully used
as biofertilizer to support the production of turnip, radish and lettuce on
the basaltic regolith simulant.

In order to advance in space farming, it will be necessary to carry out
investigations on substrates mimicking as closely as possible the real
Martian (for example, the presence of perchlorate will have to be
taken into account) or Lunar regoliths in conjunction with partial grav-
ity. A recent study investigated the different molecular responses of
thale cress seedlings exposed to Mars partial gravity and microgravity
during spaceflight and revealed that red photostimulation helped over-
come the stress effects of the spaceflight environment (Villacampa et al.,
2021). Red light exposure impacted root nucleolar activity as evidenced
by the increased size compared to non-exposed samples; Mars gravity
triggered the overexpression of WRKY transcription factors known to
be involved in (a)biotic stress response (Villacampa et al., 2021).

Although these results have demonstrated that it is possible to cultivate
plants onMartian regolith simulants, molecular data obtained via proteomics
and transcriptomics are missing. Obtaining such data provides useful infor-
mation about the major gene ontologies/biochemical pathways intervening
during the growth of plants on an alkaline substrate with low nutrient avail-
ability such as Martian regoliths. Such molecular data can also help devise
plant biotechnology approaches to improve growth (Llorente et al., 2018).

To study the impact of Martian regolith simulants on the development
of vegetative organs, as well as the expression of genes and the abundance
of proteins, L. multiflorum Lam. (a.k.a. Italian ryegrass) was chosen as plant
model. It is a representative of the economically relevant family Poaceae
and a good example of fast-growing herbaceous species.

The plants were grown on potting soil and MMS-1 regolith simulant
(Mojave Mars Simulant, coarse-grade) for a total of 14 days: leaves were
sampled from plants grown for 7 and 14 days and for 7 days after perform-
ing a cut. The cut was carried out to understand how the plants would react
and to have an estimation of the growth in a hypothetical scenario where
ryegrass is mown to obtain organic matter for regolith amendment.

Gene expression analysis together with shotgun proteomics were per-
formed on leaves and roots. Additionally, light microscopy observations
were carried out on roots and leaves after 14 days of growth. Some
physico-chemical analyses were also performed on the substrates and
leachates: pH determination and elemental composition.

The analyses here providedwill be useful for future studies on other spe-
cies and will inspire biotechnological strategies aimed at improving plant
growth performance on MMS-1.

2. Materials and methods

2.1. Plant growth and sampling

Seeds of L. multiflorum were germinated for one week on four layers
of cotton tissue imbibed with distilled water and placed in a Petri plate
(100 × 15 mm) in the dark at 25 °C. Eighteen conical 50 ml-tubes with
skirt containing a layer of folded Miracloth at the bottom were placed in
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Petri plates (60 × 15 mm) after having cut a hole in the lid with an electric
welder, following the set-up described by Pétriacq and colleagues (Pétriacq
et al., 2017). The tubes were pierced at the bottom, so that deionized water
could be taken up from the Petri plates through the small holes and were
wrapped in aluminium foil. Two sets of nine tubes were filled to the top
with potting soil and MMS-1 (coarse-grade, purchased at The Martian Gar-
den, https://www.themartiangarden.com/mms1/mms1) (Supplementary
Fig. 1). The potting soil was prepared by mixing 1/3 sand (Agricon, Wirges,
Germany) and 2/3 peatmoss tourbe (CompoDeinze, Belgium) supplemented
with perlite, fertilizer (1.1 kg/m3NPKwithmagnesium14–16-18+(2MgO),
urea formaldehyde 0.2 kg/m3) and oligoelements (0.1 kg/m3 B, Cu, Fe, Mn,
Mo, Zn). After 1 week, two plantlets were transferred to each tube and grown
in a climatic chamber (Fitotron,Weiss Technik, Reiskirchen, Germany) under
controlled conditions (photoperiod 16 h 25 °C/8 h 20 °C, 60 % relative
humidity-RH) for a total of 14 days.

The plants were watered from the bottom of the tubes every three days
with 25 ml deionized water. Watering was performed with deionized water
to avoid providing nutrients eventually present in tap water (Wamelink
et al., 2014). The leaves were sampled 7 days after cutting one plant per
tube; the cut plantswere then let regrow the leaves for 7 days (Supplementary
Fig. 1). Leaves were finally sampled from 14-week-old plants, as well as from
the cut plants. At the end of the experiment a total of three leaf sample types
was thus collected, i.e., 7, 14 days old and 7 days after the cut. Roots were
quickly separated using a razor blade after having carefully removed any
soil/simulant particles and then immediately frozen in liquid nitrogen. The
samples consisted of three biological replicates composed of 3 plants each.
The leaf and root tissues were ground to a fine powder using liquid nitrogen
and stored at−80 °C until RNA/protein extraction.

2.2. Sample preparation for light microscopy

Sections of leaves (about 2 × 2 mm) and roots (ca. 5 mm in length)
were carefully excised from 14-day-old plants and directly observed
with a light microscope (Olympus BX51, Tokyo, Japan) or dipped for
24 h at 4 °C in fixative solution (200 mM phosphate buffer pH 7.2, para-
formaldehyde 2 % w/v, glutaraldehyde 1 % v/v, caffeine 1 % w/v). The
samples were then cut to 10 μm-sections using a microtome (Leica
Biosystems, Nussloch, Germany) and stained using FASGA, following
the method described by Tolivia (Tolivia and Tolivia, 1987).

Root and leaf semithin sections were prepared by embedding the tissues
in 5 % (w/v) agarose and by cutting them with a vibratome (Leica
Biosystems, Nussloch, Germany). Iron deposits were detected using the
Perls staining on freshly sliced unfixed root samples, as decribed previously
(Green and Rogers, 2004) and then observed with the light microscope.

2.3. Substrate pH measurements

Three samples of growth substrate from each replicate were collected
and dried at 50 °C for 72 h. Then 5 g from each sample were mixed with
30ml of Milli-Qwater (Merck, Kenilworth, NJ, USA). The samples were ag-
itated for 1 h at room temperature. The pH was measured using an inoLab
Multi 9430 IDS (WTW, Weilheim, Germany), as previously described
(Guerriero et al., 2017).

2.4. Leachate collection and elemental analyses

Leachateswere collected from potting soil andMMS-1 simulant without
andwith plants grown for 7 and 14 days by adding 5ml of 50% (v/v)meth-
anolwith 0.05% (v/v) of formic acid from the top of the tube and collecting
the flow-through in a tube at the bottom. This method was previously de-
veloped for the extraction of metabolites from non-sterile rhizosphere soil
(Pétriacq et al., 2017). Four ml and a half were collected and centrifuged
5 min at 12000 rpm at room temperature. Then 4 ml were collected taking
care to avoid withdrawing the pelleted particulate and 100 μl of HCl 1 M
were then added (to avoid microorganisms' growth). Samples were frozen
in liquid nitrogen and stored at −80 °C until analysis. Total elemental
3

concentrations in potting soil andMMS-1were determined on 0.5 g of sample
after calcination at 450 °C for 24 h, followed by a LiBO2/Li2B4O7 fusion at
1000 °C for 5min in a graphite crucible. After dissolution of the fusion residue
in 100ml of 10%HNO3, elemental concentrations (Al, Ca, Fe, K,Mg,Mn,Na,
P, Si, Zn) were measured by ICP-AES (Agilent 5100/5110 VDV ICP-OES).

2.5. Gene expression analysis

RNA extraction from leaves was carried out with the RNeasy Mini Kit
(Qiagen, Leusden, The Netherlands) following the manufacturer's instruc-
tions. RNA purity/integrity measurements, cDNA synthesis and qPCR
were performed as previously described (Berni et al., 2021). A melt curve
analysis was performed at the end of the PCR cycles to check the specificity
of the primers. The primer efficiencies were determined using a calibration
curve consisting of a serial dilution of 6 points (10, 2, 0.4, 0.08, 0.016,
0.0032 ng/μl). The normalized relative quantities (NRQs)were determined
with qBasePLUS (version 3.2, Biogazelle, Ghent, Belgium) by using LmIF4A
and LmTBP1 as reference genes for the leaves sampled at 7 days, LmIF4A
and LmE2 for the leaves at 14 days, LmE2 and LmGAPDH for the leaves re-
grown after the cut. The reference genes were selected according to
geNORM (Vandesompele et al., 2002). The target genes were selected
starting from a de novo assembly generated by using raw data present in
the Sequence Read Archive-SRA repository (SRR3100237, SRR10984852,
SRR3194161) (Hu et al., 2020; Pan et al., 2016). Sequences were uploaded
in CLC Genomics Workbench v. 11.0.1 (QIAGEN Aarhus A/S, Denmark)
and filtered as follows: sequences >35 bps, the sequence quality score
was left as default value (0.05), the maximum number of ambiguities was
set to 0. The sequences were trimmed of 15 bps at the 5′ end and 3 bps at
the 3′ end. The parameters used for the de novo transcriptome assembly
were as follows: wording size was set to 20, the bubble size to 50 and min-
imum contig length to 300. The reads were mapped back to the assembly
with a mismatch, insertion and deletion cost of 3 (stringent criteria) and a
length and similarity fraction of 0.95. The assembly was then annotated
using FunctionAnnotator (Chen et al., 2017) (http://fa.cgu.edu.tw/)
against the Viridiplantae non-redundant database. For each of the 12 librar-
ies, the mapping was performed with a maximum hit per read of 3, a simi-
larity and length fraction of 0.95, a mismatch, insertion and deletion cost of
3. The annotation and FASTA sequences are available as supplementary
files (Supplementary File 1 and 2).

Genes of interest were obtained by blasting the annotated sequences
against thale cress, Oryza sativa, Hordeum vulgare and L. perenne sequences
by querying different databases, namely NCBI and Phytozome. To get an
estimation of the gene expression in the vegetative tissues of other plants
(either dicots and monocots), the eFP browser was queried for thale cress,
Brachypodium distachyon, Triticum aestivum and Oryza sativa, available at
http://bar.utoronto.ca/.

The specificity of the primers on redundant families of genes was eval-
uated by performing multiple alignments through CLUSTAL-Ω (http://
www.ebi.ac.uk/Tools/msa/clustalo/).

The primers were designed using Primer3Plus (http://www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and verified with
the OligoAnalyzer 3.1 tool from Integrated DNA Technologies (http://eu.
idtdna.com/calc/analyzer). All the primers and their relative features (se-
quences, Tm, amplicons' size, amplification efficiency and R2) are reported
in Supplementary Table 1.

Principal Component Analysis (PCA) was performed with ClustVis
(https://biit.cs.ut.ee/clustvis/) (Metsalu and Vilo, 2015).

The hierarchical clustering of the qPCR data (presented as heatmaps) was
carried out with Cluster 3.0 (Eisen et al., 1998) and visualized with Java
Treeview (Saldanha, 2004) (available at http://jtreeview.sourceforge.net/).

2.6. Shotgun proteomics

Approximately 50 mg of ground leaf and root tissues were taken for
each sample and dissolved in 100 μl of Lyse buffer provided in the PreOmics
iST Kit (PreOmics GmbH; Martinsried, Germany). The samples were
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incubated at 70 °C for 10 min and continuously shaken at 1000 rpm. Then
the samples were transferred into a BeatBox tissue homogenizer (PreOmics
GmbH; Martinsried, Germany) to favor the complete lysis of the material.
The roots and leaves were homogenized for 10 min using 2 different inten-
sities, i.e., high for the roots and standard for the leaves because these pa-
rameters gave the best results in terms of number of proteins identified in
the two tissues, according to initial analyses. The extracted proteins were
quantified using the Bradford method (Bradford, 1976), with BSA for the
standard curve. Fifty μg of total proteins of each sample were digested
and processed following the manufacturer's protocol (BeatBox and iST Tis-
sue Kit 96x, PreOmics GmbH; Martinsried, Germany).

LC-MS analysis was performed on a NanoLC-425 Eksigent system
coupled to TripleTOF®6600+mass spectrometer and carried out as previ-
ously reported (Guerriero et al., 2021; Xu et al., 2021). The acquired MS
and MS/MS data were imported in Progenesis QI for Proteomics software
(version 4, Nonlinear Dynamics, Waters, Newcastle upon Tyne, UK). The
protein and peptide identifications were done by searching the Pooideae
database on UniprotKB (downloaded on 28-06-2022) via Mascot Daemon
(version 2.6.0. Matrix Science, London, UK) and matched to the peptide
spectra. The Mascot research parameters were: peptide tolerance of
20 ppm, fragment mass tolerance of 0.3 Da, max two missed cleavages,
carbamido-methylation of cysteine as fixed modification and oxidation of
methionine, N-terminal protein acetylation and tryptophan to kynurenine
as variable modifications. The three biological replicates were merged.
Only the proteins identified with a significance Mascot-calculated confi-
dence of 95 %, minimum of two peptides, at least one unique per pro-
teins and an ANOVA p-value < 0.05 were retained. The proteomics
data were deposited in the ProteomeXchange Consortium via the
PRIDE partner (Vizcaíno et al., 2016) repository with the dataset identi-
fier PXD035041 and https://doi.org/10.6019/PXD035041.

PCA and hierarchical clustering of the protein abundances (presented as
heatmaps) were obtained as described in Section 2.5 for the qPCR data.
Fig. 1. Light microscope pictures of PGS and PGM leaves. A: Dorsal view of a PGS le
with pronounced discoloration; D: Thin slice of a PGM leaf stained with FASGA (n
stained with FASGA.
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2.7. Statistical analyses

Data were log2-transformed and analyzed with IBM SPSS Statistics v20
(IBM SPSS, Chicago, IL, USA). Normal distribution of the data was checked
with the Shapiro-Wilk test and graphically with a Q-Q plot. Homogeneity of
the data was checked with the Levene's test. For data following normal dis-
tribution and homogeneous, a one-way ANOVA with Tukey's post-hoc test
was performed. For data not following normal distribution and/or not ho-
mogeneous, a Kruskal-Wallis test was performed with Dunn's post-hoc test.

3. Results

3.1. Observations of phenotypes at the light microscope

The plants grown on potting soil and MMS-1 will be hereafter indicated
with the abbreviations PGS and PGM, respectively. Compared to PGS
(Fig. 1A), the leaves of PGM showed extensive yellowing of the tissues
starting from the external margins of the lamina towards the central vein
(Fig. 1C). In cross section, the xylem in the central vein of PGM leaves
was less developed (Fig. 1D) with a narrower lumen of the vessels com-
pared to PGS (Fig. 1B) and thicker cuticle of the epidermal cells (insets in
Fig. 1B and D). The leaves in PGM were also bent downwards (Fig. 1D).

Roots of PGM showed brownish deposits reminiscent of ferritin accu-
mulation (Fig. 2D) that were not observed in PGS (Fig. 2A). To verify
whether they corresponded to Fe deposits, PGM roots were incubated
with the Perls reagent which stains Fe deposits blue: blue spots were ob-
served in proximity of the brownish aggregates (inset in Fig. 2D).

The apex of PGM roots showed fewer border cells (Fig. 2E) compared to
PGS (Fig. 2B). Microtome sections of roots sampled from PGM allowed the
identification of a clear phenotype, i.e., the presence of lacunae (Fig. 2F, as-
terisks). Lacunae are not present in roots from PGS (Fig. 2C) where the cor-
tex is continuous. While the central vascular tissue of PGM is much smaller
af; B: Thin slice of a PGS leaf stained with FASGA; C: Dorsal view of a PGM leaf
ote downward bending of the lamina). Insets in B and D: Details of the cuticle

https://doi.org/10.6019/PXD035041
Image of Fig. 1


Fig. 2. Light microscope pictures of PGS and PGM roots. A: View of a PGS root; B: Apex of a PGS root with border cells; C: Thin slice of a PGS root; D: View of PGM root; E: B:
Apex of a PGM root; F: Thin slice of a PGM root (note the lacunae indicated by the asterisks). Inset in D: Details of the ferritin-like deposits stained blue by the Perls reagent.
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than PGS roots, the root parenchyma of plants grown onMMS-1 ismore de-
veloped (Fig. 2C and F).

3.2. Physico-chemical analyses of potting soil and MMS-1

An elemental analysis of the 2 substrates used for plant growth was per-
formed: (Table 1). The overall elemental composition of MMS-1was higher
than that of potting soil. More specifically, MMS-1 coarse-grade consists in
majority of Si, Al and Fe (in g/kg), but also contains other elements which
are important for the growth of plants, namely Ca, K, Mg, Na and P.

In order to understand whether the growth of plants on MMS-1 trig-
gered any root-associated processes, the elemental composition of the pot-
ting soil/MMS-1 leachates was investigated. The leachates were collected
from tubes containing Lolium grown for 7 and 14 days (7d and 14d), as
well as from control tubes without any plants. The concentration of P,
Mn, K, was significantly higher in leachates obtained from potting soil
(Fig. 3). Higher concentrations were also measured in leachates obtained
from potting soil for Ca, Mg, Zn, although the differences compared to
MMS-1 were not significant. The abundance of the elements (except for
K) did not show significant differences in the leachates from potting soil/
MMS-1 at the two sampling points of 7d and 14d compared to the respec-
tive controls without plants. Fe could only be detected in leachates from
regolith simulants without plants (Fig. 3B).

MMS-1 showed a pH value of 9.25 ± 0.17 (n = 3), while the potting
soil had pH 4.87 ± 0.16 (n = 3). After 14 days of plant growth, the pH
of MMS-1 decreased to 8.55 ± 0.21 (n = 3), while the pH of the potting
soil increased to 5.29 ± 0.11 (n = 3) (statistical parameters: pH X2(3) =
10.385, p = 0.016).
Table 1
Elemental composition of potting soil and MMS-1 (n = 3). The values are given in g/kg

Al Ca Fe K M

(g

MMS-1 76.72 ± 5.07 40.46 ± 2.49 51.30 ± 2.32 19.13 ± 0.48 17
Soil 3.76 ± 0.14 7.22 ± 0.53 1.24 ± 0.07 2.68 ± 0.17 0.
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3.3. Gene expression analysis

Since the molecular processes involved in plant growth on MMS-1
are still unknown, genes partaking in primary metabolism/nutrition
(sucrose synthases-SuSy, Fd-dependent glutamate synthase-Fd-GOGAT,
asparagine synthetase-ASNS, phosphate starvation response-PHR,
Fe transport-YSL, chlorophyll biosynthesis-MgCHLI1), stress response
(Fe-superoxide dismutase-FeSOD, ascorbate peroxidase-APX, catalase-
CAT) and phenylpropanoid pathway (phenylalanine ammonia lyase-
PAL, cinnamyl alcohol dehydrogenase-CAD, hydroxycinnamoyl-CoA:
shikimate hydroxycinnamoyl transferase-HCT) were targeted.

The PCA of the gene expression data in the leaf samples was performed
to check if the two groups, PGMand PGS, werewell separated (Supplemen-
tary Fig. 2). The first two components of the PCA, PC1 and PC2, explain
62.4 % of the total variance, with PC1 and PC2 explaining 40.8 % and
21.6 %, respectively. Two well-separated groups can be distinguished,
one for PGM and one for PGS leaves; a less clear grouping of the time-
points is present within each group, although an overall better separation
into three sub-groups is present for PGM samples.

Fig. 4 shows the presence of three main gene expression clusters,
hereafter referred to as C1-C3. Genes belonging to C1 show the highest
expression in PGM at 14 days of growth and after 7 days of regrowth
after the cut. C1 includes SuSy6, ASNS1, SuSy1, PAL1-5, YSL13, CAD1,
APX2 and CAT2-2. C2 includes SuSy4, YSL14, PHR1, APX1, PAL1-4, Fd-
GOGAT, APX4 and HCT1-3 and the genes in this cluster show the lowest
expression in PGM. The last cluster, C3, comprises MgCHLI1, FeSOD1 and
FeSOD2. C3 displays no differences at 7 days of growth in PGM and PGS,
while opposite trends are observed at 14 days and 7 days after the cut.
(±SD).

g Mn Na P Si

/kg)

.06 ± 0.62 0.9 ± 0.05 2.14 ± 0.06 1.39 ± 0.09 259.68 ± 11.32
55 ± 0.03 0.02 ± 0.00 0.11 ± 0.01 0.31 ± 0.03 112.25 ± 29.97

Image of Fig. 2


Fig. 3. Elemental concentrations of potting soil/MMS-1 leachates without
(MMS-1 Control and Soil Control) and with plants grown for 7 and 14 days
(PGM/PGS 7d and 14d). The different letters on the vertical bars indicate
statistically significant differences among groups (p < 0.05). Statistical
parameters: A) Al X2(5) = 15.302, p = 0.009, P X2(5) = 15.423, p = 0.009,
Fe X2(5) = 1.800, p = 0.867, Mn X2(5) = 15.300, p = 0.009, Zn X2(5) =
12.000, p = 0.035, Ca X2(5) = 9.536, p = 0.089, K X2(5) = 11.522, p =
0.042, Mg X2(5) = 7.161, p = 0.209, Na X2(5) = 13.789, p = 0.017, Si X2(5) =
9.067, p = 0.106.
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Indeed, while in PGM the expression values are the highest at 14 days, in
PGS the 3 genes are down-regulated; at 7 days after the cut, the genes are
down-regulated in PGM and induced in PGS. The bar charts of the normal-
ized gene expression data with statistical significance are available in
Supplementary Fig. 3.

3.4. Protein profiles in leaves and roots of plants grown on potting soil and
MMS-1

A proteomic approach was here adopted to complement the qPCR anal-
yses and to understand the major biochemical pathways occurring in the
leaves and roots during growth on MMS-1. The PCA of the most abundant
significant proteins (Supplementary File 3) revealed a good separation
between PGM and PGS (Supplementary Fig. 4). The first two components
of the PCA obtained with the root samples explains 91.3 % of the total
variance, with PC1 and PC2 explaining 82.2 % and 9.1 %, respectively
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(Supplementary Fig. 4A). In the leaves, the PCA explains 87.9 % of the
total variance, with PC1 and PC2 explaining 78.3% and 9.6%, respectively
(Supplementary Fig. 4B). In both PCAs, the PGM replicates cluster tightly
together, while a higher scattering is present for PGS.

In the roots, a total of 73 differentially abundant proteins was detected,
while in the leaves 37 were obtained using the above-mentioned selection
criteria (Supplementary File 3). A hierarchical clustering of the heatmaps
was drawn to detect the clusters of proteins showing a similar expression
profile. In the roots, 5 clusters were obtained by choosing a Pearson's corre-
lation coefficient > 0.5 (Fig. 5). The first 4 clusters share a pattern charac-
terized by a higher abundance in PGS: cluster 1 with 4 proteins, cluster 2
with 35, cluster 3 with 8 and cluster 4 with 21. The last cluster comprises
5 proteins with higher abundance in PGM (Supplementary File 3).

In the leaves, the hierarchical clustering revealed the presence of 4 clus-
ters with a Pearson's coefficient > 0.7 (Fig. 6): clusters 1 and 2 group pro-
teins found at higher levels in PGM (10 and 8, respectively), while
clusters 3 and 4 (11 and 8 proteins, respectively) are characterized by a
higher abundance in PGS leaves.

Among the proteins showing the highest abundance in PGS roots (fold
change-FC ≥ 30 with respect to PGM roots) there are proteins involved
in primary metabolism (C1 metabolism, energy production, TCA cycle),
translation, cytoskeletal organization, as well as the ABA-responsive
Late Embryogenesis Abundant (LEA) protein WRAB1 (Table 2). These
proteins are found among clusters 1–4 (Supplementary File 3). In PGM
roots, 4 proteins with FC ≥ 2 belonging to cluster 5 and involved in
C1 metabolism (methylation), DNA binding and histone methylation
are found (Table 2).

In PGS leaves the most abundant proteins are related to stress response,
primary metabolism (photosynthesis, glycolysis), translation, ATP synthe-
sis and they are distributed among clusters 3 and 4 (Table 3). In PGM leaves
the most abundant proteins are in clusters 1–2 and are involved in stress re-
sponse, cysteine biosynthetic process, photosynthesis, transcription regula-
tion, protein degradation, vesicle transport, cytoskeleton organization and
C1 metabolism (methylation) (Table 3).

4. Discussion

Roots and leaves of L. multiflorum showed alterations of their normal
phenotype when grown on MMS-1 coarse-grade: chlorotic, bent leaves
with a thicker cuticle were observed (Fig. 1), together with a lacunar
aerenchyma in the roots (Fig. 2). MMS1-1 coarse-grade was character-
ized mainly by Si, Al, Fe, but also contained other elements important
for the development of plants, namely Ca, K, Mg, N and P. These data
are in agreement with what previously reported for MMS-1 fine-grade
(Caporale et al., 2020).

Leaf rolling typically occurs under conditions of water deficit, as well as
in the presence of abiotic (heavy metals, salinity, UV) and biotic stresses
(Kadioglu et al., 2012). It is a mechanism of drought avoidance that aims
at reducing the leaf area and transpiration. The occurrence of this pheno-
type in the aerial organs can be linked to the lacunar aerenchyma in PGM
roots. Root cortical lacunae develop in response towaterlogging orflooding
conditions and allow an adequate oxygen supply (Ni et al., 2019). Root aer-
enchyma also occurs in case of nutrient deficiencies (Hu et al., 2014;
Postma and Lynch, 2011) and is an adaptive mechanism allowing plants
to reduce the cost of rootmaintenance and favor soil exploration to enhance
the acquisition of elements in deep soil strata (Saengwilai et al., 2014).

It was shown that cortical aerenchyma decreases radial water transfer
via the symplastic and apoplastic pathways because of the reduced pres-
ence of living cells: the presence of lacunae favors gas diffusion at the ex-
pense of the vascular transport system (Ouyang et al., 2020). Macro- and
micro-nutrients deriving from the degradation of organicmatter are lacking
in Martian regolith simulants (Duri et al., 2022) and this was confirmed by
the elemental analysis (Fig. 3) where the concentration of the macronutri-
ents P and K was significantly higher in leachates of potting soil. The scar-
city of macronutrients is a possible a trigger for the development of the root
aerenchymaobserved in L.multiflorum. Root aerenchyma, in its turn, causes

Image of Fig. 3


Fig. 4. Gene expression pattern in leaves of PGM and PGS. (a) Heat map hierarchical clustering of the qPCR data (the numbers on the branches indicate the Pearson's
correlation coefficients). The scale bar indicates the pixel colour intensities which are directly proportional to the expression values. Clusters 1–3 show the rescaled
expression values ± standard deviation (the rescaled values were obtained by subtracting from each expression value the average among the conditions and dividing by
the standard deviation).
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a reduced water transport to the aerial parts; consequently, the leaves bend
downwards and thicken the cuticle to limit water loss.

The alkaline conditions imposed by MMS-1 can also explain the thick-
ening of the cuticle: Prunus triloba under alkaline stress increased indeed
the upper and lower epidermal cuticle (Liu et al., 2017).

The ferritin-like deposits detected in PGM roots stained blue with the
Perls reagent, a result confirming the presence of Fe (Fig. 2D inset). The re-
agent stains mainly Fe(III)-ferric ion, e.g., ferritin and hemosiderin. At such
an alkaline pH as the onemeasured inMMS-1 (pH 9.25), Fe is in the form of
Fig. 5. Heat map hierarchical clustering of the protein abundances in PGM and
coefficients). The scale bar indicates the pixel colour intensities which are dire
clusters with correlation coefficient > 0.5. Clusters 1–5 show the rescaled normaliz
by subtracting from each value the average among the conditions and dividing by t
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insoluble ferric oxide-Fe2O3 and poorly available for L. multiflorum. The
analysis onMMS-1 leachates revealed the presence of Fe in the control sam-
ples (without plants), while in the leachates from PGM at 7d and 14d none
was detected (Fig. 3B). This result shows that Fe was completely taken up
by PGM roots and the presence of brownish Fe-containing deposits in
PGM roots indicates that the uptaken Fe was subsequently stored. Since
no organic matter was added to MMS-1, root processes can be the only
means through which plants may have mobilised Fe. Grasses uptake Fe
using strategy II which relies on the secretion of phytosiderophores-PS
PGS roots (the numbers on the branches indicate the Pearson's correlation
ctly proportional to the normalized abundances. The dotted boxes show the
ed abundance values ± standard deviation (the rescaled values were obtained
he standard deviation).

Image of Fig. 4
Image of Fig. 5


Fig. 6.Heat map hierarchical clustering of the protein abundances in PGM and PGS leaves (the numbers on the branches indicate the Pearson's correlation coefficients). The
scale bar indicates the pixel colour intensities which are directly proportional to the normalized abundances. The dotted boxes show the clusters with correlation
coefficient > 0.6. Clusters 1–4 show the rescaled normalized abundance values ± standard deviation (the rescaled values were obtained by subtracting from each
value the average among the conditions and dividing by the standard deviation).
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(e.g., mugineic acid). PS complex with Fe(III) and mediate its direct uptake
through Yellow Stripe 1-YS1 transporters (Curie et al., 2001). PS are se-
creted in the rhizosphere under Fe deficiency (Römheld, 1991). The low
availability of Fe due to the alkaline pH of MMS-1 may have caused Fe
deficiency stress and induced PS production for the uptake and the se-
questration of Fe(III) in the form of deposits in PGM roots. The qPCR
data (Supplementary Fig. 3) support the existence of Fe deficiency stress
in PGM. Genes involved in Fe uptake are usually up-regulated under Fe
Table 2
Subset of proteins found in higher abundance in PGS (FC≥ 20) and PGM roots (FC≥

Accession Description Fold change
PGS roots
vs PGM root

Higher abundance in PGS
A0A452ZCB3_AEGTS Aldo_ket_red domain-containing protein ∞

A0A3B5ZQE8_WHEAT Ribosomal_L18e/L15P domain-containing protein ∞
F2DAK3_HORVV Ribosomal protein eL6 family ∞
A0A1D5UPW5_WHEAT Serine hydroxymethyltransferase ∞
A0A446P284_TRITD Cytochrome c domain-containing protein ∞
A0A2K2D782_BRADI Ribosomal protein uL5 family ∞
I1H4V9_BRADI 40S ribosomal protein S6 ∞
Q9XFD0_WHEAT ABA-inducible protein WRAB1 ∞
I1H5X4_BRADI Uncharacterized protein (similar to Ricin B-like lectin

EULS3-like)
∞

A0A446QRW9_TRITD UDP-glucuronate decarboxylase 224.3
A0A446T628_TRITD Heat shock protein 90 family 123.6
TBB2_WHEAT Tubulin beta-2 chain 69.2
A0A8F5V7F2_9POAL ATP synthase protein MI25 65.1
A0A3B5XUT5_WHEAT Dihydrolipoyl dehydrogenase 42.3

A0A3B6QKK6_WHEAT Aldedh domain-containing protein 38.5
A0A3B6ASV4_WHEAT Ribosomal protein eL22 family 35.8
A0A8I6Y0I2_HORVV 3-ketoacyl-CoA synthase 4-like 31.4
A0A3B6HW60_WHEAT Phosphoglucomutase 29.9
A0A3B6NTT8_WHEAT Annexin 28.5

Accession Description Fold change norm. abu

Higher abundance in PGM
A0A446R6W8_TRITD Serine hydroxymethyltransferase 9.7
Q4LB20_HORVU Adenosylhomocysteinase 7.7
A0A446UDK7_TRITD Bromo domain-containing protein 2.6
A0A0Q3FDW2_BRADI SET domain-containing protein 2.0
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deficiency stress in monocot roots and shoots (Li et al., 2019; Zhang
et al., 2018). YSL belong to the YS transporter family mediating the up-
take of PS-Fe(III) complex (Curie et al., 2009, 2001) and phylogenetic
analyses have revealed the existence of several members whose role is
also in the transport of other metals, such as Cu (Dai et al., 2018;
Zheng et al., 2012). In PGM leaves, YSL13 increased in expression
while YSL14 did not show significant changes compared to PGS leaves,
except for the time point at 7 days after the cut (Supplementary Fig. 3).
2).

norm. abundance

s

Function Cluster

Secondary metabolites biosynthesis, transport and
catabolism

1

Translation 2
Translation 2
C1 metabolism 2
Electron transfer 2
Translation 2
Translation 2
Stress response 3
Lectin binding carbohydrates 3

Xylan biosynthesis 2
Protein folding 2
Cytoskeletal functions 2
ATP synthesis 1
TCA cycle/photrespiration/ degradation of
branched-chain α-ketoacids

2

Reactive aldehydes detoxification 1
Translation 4
Fatty acid biosynthetic process 3
Carbohydrate metabolic process 2
Response to stress 4

ndance PGM roots vs PGS roots Function Cluster

C1 metabolism 5
C1 metabolism 5
DNA binding (epigenetic regulation) 5
Histone methylation 5

Image of Fig. 6


Table 3
Subset of proteins found in higher abundance in PGS (FC≥ 2) and PGM leaves (FC ≥ 2).

Accession Description Fold change norm. abundance PGS leaves vs
PGM leaves

Function Cluster

Higher abundance in PGS
A0A0Q3K0U1_BRADI Uncharacterized protein (similar to LEA type

4 family)
166.3 Stress response 3

A0A1D5ZGE0_WHEAT Fructose-bisphosphate aldolase 61.1 Glycolysis 4
A0A3B6HVT4_WHEAT Vicilin-like seed storage protein 35.9 Seed storage protein 3
A0A453MRM4_AEGTS MADS-box domain-containing protein 11.9 DNA binding 4
I1IE72_BRADI 50S ribosomal protein L9, chloroplastic 4.6 Translation 3
A7KMF2_LOLPR Eukaryotic initiation factor 4A 3.5 ATP binding 3
K4P9Z0_FESPR Ribosomal protein L16 3.3 Translation 3
A0A446QVT1_TRITD eIF2B_5 domain-containing protein 3.1 Translation initiation factor 4
A0A3B6FIG 0_WHEAT Glutamate decarboxylase 2.7 Glutamate catabolic process 3
A0A3B6LP05_WHEAT Peptidylprolyl isomerase 2.5 Peptidyl-prolyl cis-trans isomerase activity 4
A0A3B6HQW7_WHEAT 30S ribosomal protein S1, chloroplastic-like 2.4 S-adenosylmethionine-dependent

methyltransferase activity
3

A0A3B6SNT5_WHEAT F-box domain-containing protein 2.2 Protein-protein interaction 3
A0A3B6HZS2_WHEAT 1-phosphatidylinositol 4-kinase 2.0 Phosphatidylinositol phosphate biosynthetic

process
3

Accession Description Fold change norm. abundance PGM
leaves vs PGS leaves

Function Cluster

Higher abundance in PGM
A0A3B6HPZ5_WHEAT Heat shock cognate 70 kDa protein-like 8.3 Stress response 1
M8BF24_AEGTA Histone acetyltransferase HAC12 4.9 Histone acetylation 2
A0A3B6AV65_WHEAT Plastoquinol-plastocyanin reductase 4.1 Photosynthesis 2
A0A8I6YKZ4_HORVV REVEILLE 1-like 4.0 Transcription regulation 2
A0A0Q3E443_BRADI Cysteine synthase 4.0 Cysteine biosynthetic process from

serine
1

C9WWM9_DACGL Cytosolic heat shock protein 90.2 3.8 Stress response 1
A0A3B6TKH9_WHEAT Uncharacterized protein (similar to class I-like SAM-binding

methyltransferase superfamily)
3.6 Methylation 1

A0A446WR03_TRITD AP-1 complex subunit gamma 3.4 Vesicle-mediated transport 1
A0A8I7BBA7_HORVV Villin-1 3.4 Cytoskeleton organization 2
A0A446R6W8_TRITD Serine hydroxymethyltransferase 3.3 C1 metabolism 1
T1M863_TRIUA Non-specific serine/threonine protein kinase 3.2 ATP and polysaccharide binding 2
Q4LB20_HORVU Adenosylhomocysteinase 2.9 C1 metabolism 1
I1J0U4_BRADI Ubiquitin fusion degradation protein 1 homolog isoform X1 2.6 ER-associated ubiquitin-dependent

protein degradation
2

A0A1X9ZPN2_BROTE Ribulose bisphosphate carboxylase large chain 2.1 Photosynthesis 1
R7WFC7_AEGTA Uncharacterized protein (similar to pentatricopeptide

repeat-containing protein)
2.0 Plant growth and development 1
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The increased expression of YSL13 indicates a response at the leaf-level
to Fe deficiency stress.

Aspects warranting future investigations are the lowering of the pH and
the trend towards an increase of some element concentrations (Ca, Mg, Si;
Fig. 3) in MMS-1 leachates in the presence of plants. It is known that plant
roots secrete protons and exude organic acids and this process impacts soil
pH thereby affecting the mobilization of elements (Nardi et al., 2000). The
results here obtained, despite the short timeframe of the experiment, show
that growing Lolium on MMS-1 affects the pH of regolith simulants.

The leaf chlorosis observed in PGM due to the scarcity of macronutri-
ents can be aggravated by the low availability of Fe at alkaline pH and
the reduced vascular transport of water and nutrients caused by the root
aerenchyma. In the leaves, Fe is associated with the chloroplasts and is im-
portant for the photosynthetic activity (Rodriguez-Celma et al., 2013), as it
is a cofactor for the photosynthetic electron transfer reactions.

Fe is also involved in ROS defense mechanisms as an important constit-
uent of heme group and cofactor for the proper functioning of ROS scaveng-
ing enzymes, such as APX, SOD and CAT (Santos et al., 2019). With the
exception of APX2 in plant leaves from PGM 7 days, the other transcripts
encoding antioxidant enzymes either did not show statistically significant
changes or were more expressed in PGS leaves (Supplementary Fig. 3). It
should be noted that in thale cress, under Fe deficiency, FeSODs were
down-regulated and replaced by CuSODs (Waters et al., 2012): a mecha-
nism may thus be present in PGM which regulates the expression of genes
coding for enzymes relying on Fe as cofactor.
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Plants assimilate N through the enzyme-based system glutamine
synthetase-glutamate synthase (GS-GOGAT). The lower expression of
Fd-GOGAT in PGM leaves compared to PGS at 7, 14 days and 7 days
after the cut is in line with the lack of reactive N in MMS-1. Among
the N metabolism-related genes, asparagine synthetase (ASNS) showed
significantly higher expression in PGM leaves after 14 days of growth
(Fig. 4 and Supplementary Fig. 3). Asparagine acts as N storage and
transport molecule (Lea et al., 2007) and its accumulation was shown
to increase under conditions of S deficiency in wheat (Gao et al.,
2016). MMS-1 lacks S (Caporale et al., 2020) and this deficiency can
account for the increased expression of ASNS1 in PGM leaves. Another
aspect to consider is that, under N scarcity, leaf premature senescence
may be triggered as reported in rice (Zakari et al., 2020) and the ammo-
nia liberated by proteolysis detoxified via the enzymatic action of ASNS
(Oddy et al., 2020).

P deficiency causes amolecular signaling orchestrated by the phosphate
starvation response gene (PHR1), described as the central regulator of
plant transcriptional responses (Rubio et al., 2001; Sega and Pacak,
2019). Despite the lower P concentration in MMS-1 leachates compared
to potting soil, PGM and PGS leaves showed a similar expression of PHR1,
except at 14 days, where the expression was significantly lower in PGM
(Supplementary Fig. 3). The absence of major transcriptional changes in
PHR1 under varying phosphate regimes was observed in other plants,
both monocots (barley) and dicots (thale cress) (reviewed by Sega and
Pacak, 2019).
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With respect to chlorophyll biosynthesis, the enzyme Mg-chelatase
plays a crucial role, by inserting Mg2+ into protoporphyrin IX (to form
Mg-Proto IX) as the first step of the pathway (Papenbrock et al., 2000).
The expression of the Mg-chelatase gene (MgCHLI1) was not lower than
the samples on potting soil at 7 days, as well as after the cut and, quite
unexpectedly, it was significantly higher in PGM leaves at 14 days (Supple-
mentary Fig. 3). Mg-Proto IXwas proposed to control the plastid-to-nucleus
signal and repress the expression of nuclear genes coding for chloroplastic
proteins associated with photosynthesis in conditions when plastid devel-
opment is impaired (Strand et al., 2003). Later, it was demonstrated that
the steady-state level of Mg-Proto IX did not correlate with the expression
of photosynthetic genes (Mochizuki et al., 2008). In the experimental set-
up here used, PGM experience non-optimal conditions which impact the
proper development of leaves and roots; hence, it is expected that a path-
way controlling the expression of photosynthetic genes exists in PGM
leaves. The levels of Mg-Proto IX were here not measured, but a role of tet-
rapyrrole signaling pathway in plants in modulating the response to abiotic
stresses has been proven (reviewed by Larkin, 2016) and itmay be involved
in the response of plants to growth on MMS-1.

Sucrose synthase (SuSy) is an important enzymewhich provides the nu-
cleotide sugar UDP-glucose necessary for cellulose/callose biosynthesis
(Stein and Granot, 2019). The SuSy genes investigated showed different be-
haviour at the different time-points: while SuSy4 was expressed at higher
levels in PGS leaves, SuSy1 and SuSy6 were up-regulated in PGM (Supple-
mentary Fig. 3). Taking into account the fundamental role of SuSy in
plant development and response to the environment, this result is not
unexpected and can be interpreted by considering the multigenic fea-
ture of this class of glycosyltransferases. The reduced expression of
SuSy4 in PGM leaves can be explained by the slower growth on MMS-
1. SuSy1 and SuSy6 expression patterns suggest instead a response to a
stressful condition, such as the one caused by the growth on MMS-1.

Among the phenylpropanoid pathway-related genes, CAD1 was up-
regulated in PGM leaves at 7 and 14 days and PAL1-5 showed statisti-
cally significant higher expression in PGM samples at 14 days (Supple-
mentary Fig. 3). An increased thickening of the epidermal cells in
PGM leaves could be observed at the level of the cuticle (Fig. 2D)
which stained red after FASGA coloration, indicating the presence of lig-
nin/phenolic compounds. The deposition of lignin in PGM leaves can be
linked to the mechanism put in place by the plants to avoid water loss;
lignin deposition is known to change in response to abiotic stresses
(Moura et al., 2010).

The proteomic landscape of PGM roots shows extensive down-
regulation of proteins involved in primary metabolism and translation
(Table 2): among the proteins showing total repression in PGM roots
there are an aldo-keto reductase with similarity to diketogluconate reduc-
tase, the ATP synthase protein MI25, structural ribosomal proteins (L18e/
L15P eL6, uL5, S6 and eL22), a cytochrome c, the stress-responsive protein
WRAB, a heat shock protein 90. The response of PGM roots thus involves
primarily a decreased protein synthesis, which is triggered by the nutrient
deficiency condition experienced by L. multiflorum. Primary metabolic
pathways (glycolysis, Krebs cycle, lipid metabolism) are down-regulated
with consequences on the overall development of the plants. Under nutrient
deficiency (especially N), the metabolism slows down and a marked reduc-
tion of organic acids of the Krebs cycle was reported in maize (Ganie et al.,
2020). Among the down-regulated proteins, the abundance of 3-ketoacyl-
CoA synthase decreased >30 fold in PGM roots: this result merged with
the data obtained with microscopy is quite indicative of the mechanisms
put in place by L.multiflorumwhen growing onMMS-1. Inmaize, a shortage
of N was shown to promote aerenchyma formation via an increased sensi-
tivity to ethylene (Drew et al., 2000) and in some rice varieties aerenchyma
occurred in response to ethylene (Justin andArmstrong, 1991). Ethylene, in
its turn, interferes with suberin deposition (Barberon et al., 2016). In
L. mutiflorum roots, the nutrient deficiency ofMMS-1 (mainly N) can trigger
ethylene-promoted aerenchyma formation and down-regulation of suberin
biosynthesis. To verify this hypothesis, however, the levels of ethylene will
have to be measured in PGM roots in the future.
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In PGM roots, a serine hydroxymethyltransferase together with
an adenosylhomocysteinase-AHCY showed a FC PGM vs PGS roots > 7
(Table 2). In PGMroots, the increased abundance of AHCY facilitates the re-
generation S-adenosyl-methionine (SAM) by removing S-adenosyl-homo-
cysteine which is a strong inhibitor of SAM-dependent methyltransferases
(Rahikainen et al., 2018). Methylation in plants is an important mechanism
for genomic stability via the epigenetic regulation of transposable elements
(TEs): DNAmethylation is indeed commonly involved in the inactivation of
TEs (Ramakrishnan et al., 2021). In support of this methylation-driven TEs
silencing mechanism in PGM roots is the 2-fold increased abundance of a
SET domain-containing protein involved in histone methylation (Table 2
and Supplementary File 3). The growth on MMS-1 causes an important nu-
tritional and alkaline stress in plants with important consequences on the
correct development of the roots and leaves. Under stressful conditions,
plants are known to activate TEs silencing via histone methylation and
small RNA-directed DNA methylation: this mechanism requires the syn-
thesis of 24 nt-siRNAs by RNA polymerase IV (Pol IV) which in their turn
induce de novo cytosine methylation in DNA regions showing comple-
mentarity to the siRNAs (Saze et al., 2012). Methylation is therefore im-
portant as a mechanism of response to exogenous stressors.

In PGS leaves, a strong up-regulation was observed for proteins in-
volved in primary metabolism (glycolysis) and translation (Table 3
and Supplementary File 3). As discussed above for the roots, these re-
sults were expected for plants growing on a N- and P-poor substrate
such as MMS-1 and considering the chlorotic phenotype observed in
the leaf lamina (Fig. 1C).

The existence of a DNAmethylation mechanism in plants growing on
MMS-1 was supported by the increased abundance of an AHCY, a serine
hydroxymethyltransferase and a protein similar to class I-like SAM-
binding methyltransferase in PGM leaves (Table 3 and Supplementary
File 3).

5. Conclusions

The present investigation provides data concerning the impact on plant
growth and development of a simulant reproducing the compositional char-
acteristics of the real Martian regolith. The presence of perchlorate in the
realMartian soil, as well as partial gravitywill need to be taken into account
in future studies focused on space farming. By using L. multiflorum as a
model of fast-growing herbaceous species, the results here obtained provide
evidence on the major phenotypes observed in roots and leaves of plants
growing on MMS-1. This study provides information that will be useful to
optimise ISRU for long-term space missions. L. multiflorum plants were
able to grow on MMS-1, even after performing a cut and to produce bio-
mass. This biomass could be used in future space farming systems as source
of organic matter to enrich Martian regoliths and thus facilitate the growth
and development of further cultivations. Future studies should be directed
towards the study of the DNAmethylome of plants growing on MMS-1 and
of the underlying mechanisms of epigenetic modifications to devise strate-
gies improving crop productivity in a hostile environment. Likewise, future
efforts should be focused on understanding how plants can modify the
physico-chemical properties of Martian regolith simulants like pH and nu-
trient availability. Root-based processes relying on the secretion of organic
compounds/polysaccharidesmay be involved and employed using biotech-
nology to condition Martian regoliths and prepare this growth substrate for
the cultivation of crops.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.158774.
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