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Abstract

Food prouction for the needs of space mission crews has posed one of the leading con-
cerns of recent space research. One of the arguably best terrestrial analogs of extrater-
restrial habitats are the polar research stations, such as those found in Antarctica. Plants
cultivation, offering a valulable source of fresh food, have been a prominent research
topic not only for their significance for space analog experiments, but also for the needs
of the scientists working at these stations. One of the approaches is the In Situ Resource
Utilization (ISRU), which in this case can be adopted by cultivating crops directly in
the local soil. Our study aims to evaluate early growth phase and photosynthetic
performance of Brassica oleracea var. botrytis italica in Antarctic regolith collected at
foothill of the Berry Hill mesa, James Ross Island, Antarctica. Fine grained regolith
consisting primarily of hyaloclastic breccias was collected and transported to the labora-
tories in the Czech Republic. For germination and growth of the experimental plants,
leachates were prepared from the regolith using deionized water and 0.11 M acetic acid.
Individuals of B. oleracea were cultivated from seeds in a Murashige-Skoog (MS) liquid
solution under controlled conditions (T = 21°C, PAR = 120 umol m™ s™') either without
addition of regolith leachates (control) or with addition of leachates done by using
demineralized water and weak acetic acid. Growth rate, and photosynthetic activity of
the experimental plants were measured by chlorophyll fluorescence in 1 day intervals
for 21 days. We measured (1) Fy/Fy (potential yield of photochemical photosynthetic
processes), and (2) ®pgy (effective quantum yield of photosystem II). It was showed
that acidic leachate either fully inhibited germination or had a strong inhibitory effect on
B. oleracea. Water leachates added to the MS medium had moderately strong inhibitory
effects on Fy/Fy and ®pgy. The experimental plants showed decreased but still satis-
factory growth rate. The results are promising for follow-up studies aimed to understand
and expand the experimental plant growth in Antarctic regolith and its potential asso-
ciation with ISRU purposes.
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Introduction

The interest in space biology and ex-
ploration into various aspects of plant cul-
tivation in space has been increasing in
last decades (for review see Lorenz et
al. 2024). The studies addressing plants in
space reasearch might be divided into two
principal subgroups: (1) those focused on
microautotrophs like algae and cyano-
bacteria, and (2) those exploring vascular
plants (e.g. Eichler et al. 2021). The latter
ones have used several approches ranging
from preflight test done in Earth labora-
tories, orbital experiments done onboard
of International Space Station (ISS) using
growth chamber facilities (e.g. Massa et al.
2021), and the experiments done in space
analogues, typically plant biomass produc-
ing chambers located in remote locations
such as deserts and polar regions.In the last
decades, several projects attempted to cul-
tivate vascular plants in the Earth facilities
for the application in future space missions
(Gitelson et al. 2003, Nitta 2005, Fu et
al. 2016, Wheeler 2017, Dreschel et al.
2018, Wang et al. 2019).

Recently, the EDEN ISS project is the
newest major space greenhouse analog
project located in Antarctica (EDEN ISS
facility near the German Neumayer I1I) fo-
cused on technical, technological, opera-
tional and scientific aspects of plant cul-
tivation (for overview see Zabel et al.
2020). The study reports the results of
9 month-long experiment, cultivation of a
wide range of plants including crops and
vegetables (more than 268 kg of fresh
food harvested from the 12.5 m* cultiva-
tion area). The study describes a closed,
controlled environment using an aeroponic
system, LED illumination, the irrigation
water’s pH control system, nutrient solu-
tion preparation unit and high-pressure
pumps that spray a fine nutrient mist in-
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side the root compartment. Plant health
status at the EDEN ISS is remotely moni-
tored based on photos and spectreal reflec-
tance parameters, effectively reducing the
required crew time (Zeidler et al. 2019).
Microbial monitoring in the EDEN ISS cul-
tivation untit is performed as well (Fahrion
et al. 2020). Based on the experience
gained during last years of running EDEN
ISS, a recommendation for future direc-
tions has been formulated, i.e. to design
and subsequently operate a ground test
demonstrator for a Lunar greenhouse
(Maiwald 2023). Another study (Poulet et
al. 2021) evaluated crew time needed for
plant cultivation from 13 experiments con-
ducted between July 2014 and December
2019 at the EDEN ISS.

Since the early days of Antarctica ex-
ploration, numerous facilities and systems
were utilized for growing plants, utilizing
various set-ups, including imported non-
native soils and local substrates. Later,
however, use of hydroponics has become a
standard method in antarctic greenhouses
and plant cultivation units, such as e.g. au-
tomatic hydroponic system for plant culti-
vation in artificial environment (Campiotti
et al. 2008). Other systems exploiting hy-
droponic-based plant cultivation in Antarc-
tica are reported in the review of Bamsey
et al. (2015). Recent technologies tested
in Antarctica use aeroponic cultivation,
e.g. EDEN ISS infrastructure (Zeidler et
al. 2021, Schubert et al. 2018, Zabel et al.
2015) and irrigated soil-based systems!*.

The use of substrates with nutrient so-
lution addition is another approach in plant
growth test performed at Earth facilities.
The Vegetable Production System (Veggie)
used for plant production within the
Hawai’i Space Exploration Analog and
Simulation (HI-SEAS), which was later



operated in space conditions within the
ISS, exploited Arcillite (calcinated clay, a
substrate composed of kaolin clay fired at
a high temperature) supplemented with nu-
trients (Hatch et al. 2022).

Alternative method of plant cultivation
in space conditions, that is being consid-
ered, particularly for the surface of celes-
tial bodies of the most imminent human
interest, like the Moon or Mars, is planting
the crops directly into the native surficial
rock substrate — regolith. This approach is
understood as an adaptation of the general
concept of ISRU. In some studies, Lunar
regolith and its analogues were used to
cultivate plants (tomatoes, yellow bell pep-
pers, green okra and sweet basil, Houston
Museum of Natural Science — Luke Jerram
experiments!'). Similarly, Martian regolith
analogues (basaltic regolith simulant) have
been used to cultivate turnip (Brassica
rapa), radish (Raphanus sativus), lettuce
(Lactuca sativa) or alfalfa (Medicago sati-
va) as shown by Kasiviswanathan et al.
(2022) for germination, early growth and
biomass production. Plant growth and
physiological processes are typically slow-
er in Martian regolith simulants than in
natural Earth soils. However, additon of
organic matter to the Martian simulant im-
proves chemical and microbiological pa-
rameters of the Martian regolith simulant,

Material and Methods
Description of regolith collection site

Regolith samples were collected from
the northern deglaciated part of the James
Ross Island called the Ulu peninsula. The
area represents the largest continuous
deglaciated area in the region of NE Ant-
arctic peninsula (sensu Terauds and Lee
2016). The deglaciated part represents
1.2% of the total ice-free area in Antarc-
tica (Kavan et al. 2017). Cryosols are
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even though the development of plants is
improved only to a small extent as shown
for vermicompost (an organic fertilizser
made from compost that has passed
through the digestive tract of earthworms)
and wheat cultivation by Przemieniecki et
al. (2024). Other tested experimental treat-
ments of extraterrestrial regolith simulants
aimed at improving their agricultural prop-
erties include for example manure addition
(Caporale et al. 2022) or addition of or-
ganic solid waste consisting of plant resi-
dues and feces (Yao et al. 2022).

In our study, we focused on Antarctic
volcanic regolith that has been shown to
have good affinity with Lunar regolith
(Coufalik 2024) as a proposed substrate
for plant cultivation in space analog habi-
tat greenhouses. The study aimed to ger-
minate and grow broccoli (Brassica oler-
acea var. botrytis italica) in Murashige-
Skoog (MS) liquid medium with additition
of aqueous and/or acidic leachate. We hy-
pothesized that experimental plant growth
and primary photosynthetic processes will
be negatively affected by the leaches,
which proved to be true. However, a de-
gree of leachate dillution done before the
addition to the MS medium may alleviate
negative effects and stimulate plant growth
and development in comparison to control
(pure MS medium).

formed on the deglaciated area. Recent
study (Daher et al. 2022) showed that
cryosols formed on volcanic rocks at the
James Ross island had higher contents of
AlLyO3, Fe,O3, CaO, MgO, and some trace
elements oxides (TiO,, SO;, MnO, P,0s,
Cr,05, SrO, and ZrO,) than sedimentary
soils from the same region.
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®  James Ross
Island

Fig. 1. Location of sampling site on the northern part of James Ross Island (JRI), Antarctica.

Climatic parameters of deglaciated area
reported for the northern part of JRI (J. G.
Mendel station site, 63° 48’ 02" S, 57° 52’
56" W) are as follows. The mean annual
air temperature of the site is —7.0°C (Hrba-
Cek et al. 2016). Mean daily temperatures,
however, fluctuate according the sea-
son. They achieve the values above 5°C
and below —30°C in the austral summer
and winter seasons, respectively (Laska et
al. 2011). The mean annual precipitation
ranges from 300 to 500 mm (van Lipzig

ls; D\Y\H\Y\%\WﬂgﬂH\Hg\llll\llﬂlllll||Ig‘|||l|HglIIIIjllﬂj’llH,’llgl”ll‘

et al. 2004). Collection site was located
about 2.5 km SE from the J. G. Mendel
station (see Fig. 1). Fine grained regolith
consisting primarily of hyaloclastic brec-
cias was collected (about 900 g) at foothill
of the Berry Hill mesa (63° 48" 36" S,
57° 50" 45" W) and dried out under natu-
ral conditions. After drying, the regolith
was transported to the Czech Republic
where it was used for the plant germi-
nation and growth rate experiments, prepa-
ration of leachates in particular.

Fig. 2. View on regolith collected at James Ross Island showing natural grain size fractions.
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Regolith leachates preparation

For germination and plant growth ex-
periments, leachates were prepared from
the regolith using deionized water and
0.11 M acetic acids. First, the finer com-
ponents of Antarctic regolith sample were
crushed and homogenized into fine parti-
cles in order to attain a bulk mean com-
position. The extraction of a leachate was
done on a shaker (GFL 3018, Germany)
in 0.11 mol/L CH3;COOH (Suprapur, 96%,
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Merck, Germany) in a ratio of 0.5 g of
sample per 20 mL of solution at laboratory
temperature for 16 h (for extraction details
see Coufalik et al. 2024). Extraction in
deionized water was carried out under
the same conditions as described above.
Then, the extracts were centrifuged (Cen-
trifuge 5804R, Eppendorf AG, Germany)
at 9000 g for 10 min., and collected into
HDPE scintillation vials (Kartell, Italy).

Seed sterilization, sowing and plant cultivation

Individuals of broccoli (Brassica oler-
acea var. botrytis italica) were cultivated
from seeds in a MS liquid growth solution
in a special cultivation miniboxes (see
Fig. 3) in sterile environment under con-
trolled conditions of a growth chamber
(T = 21°C, PAR = 120 pmol m? s™).
Seeds were placed into a MS medium in
individual holes of microbiological plate
with and without addition of the above-
described regolith leachates and their di-
lutes, respectively (see below).

Before placing them in the leachates
and enclosing them into the cultivtion
miniboxes, the seeds were surficially
sterilized following this procedure:

1. 5 min. washing with 50% ethanol

2. 10 min. washing with 20% solu-
tion of bleach

3. 3 x 5 min. washing with sterile
distilled water

Statistical analysis

The effects of treatments (C, W10D,
WI100D, A10D, and A100D) on growth
and physiological parameters were evalu-

In the first experiment, seed were sown
into the original, undiluted leachates. This
treatment resulted in complete suppression
of seed germination. Following this out-
come, the leachates were diluted in two
dilution ratios. For the subsequent growth
experiment, the following treatments were
used: (1) control (no leachate addition),
(2) 10 times diluted, and (3) 100 times
diluted leachate. In the following text, the
treatments are abbreviated:

C - control

W10D - addition of 10 times

diluted water leachate

W100D - addition of 100 times
diluted water leachate

A10D - addition of 10 times
diluted acidic leachate

A100D - addition of 100 times

diluted acidic leachate

ated by a ONE-WAY ANOVA (Statistica),
if not stated differently.
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Fig. 3. Cultivation units consisting of a micro-
biological plates (hole diameter 22 mm) and a
plactic cover (left - A). Top view on B. oler-
acea plants germinating in MS cultivation me-
dium with addtion of acetic leachete A10D and
A100D (upper right - B), and water leachate
WI10D, W100D (lower right - C). The photo
was taken on day 10 of cultivation.

Monitoring of photosynthetic activity

The effects of acidic and water regolith
leachates on the early phases of B. oler-
acea growth and photosynthetic perfor-
mance was assessed by chlorophyll fluo-
rescence imaging system (Open FluorCam
fluorometer, Photon Systems Instruments,
Drasov, Czech Republic) using the meth-
od described earlier (Bartak et al. 2021).
Chlorophyll fluorescence parameters were
measured in 1 d interval for 15 days.
Plants were dark-adapted for 5 min. before
starting the measurements of slow Kautsky
kinetics supplemented with saturation puls-
es. A single measurement started with a low
light applied to dark-adapted germinating
plants in order to induce the basal chloro-
phyll fluorescence Fy. Then, a 2s-lasting
saturation pulse was applied to induce the
maximum chlorophyll fluorescence level
(Fm), followed by a 30 s dark period. After
that, the germinating plants were exposed
to a 300s-lasting actinic light (AL) period
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in order to induce slow Kautsky kinetics,
i.e. a rapid increase reaching maximum
(Fp) followed by a slow polyphasic decline
in chlorophyll to a steady-state chlorophyll
fluorescence (Fs) found at the end of actin-
ic light period. Another saturation pulse
was then applied to induce Fy" (maxi-
mum chlorophyll fluorescence in the light-
adapted state). After switching off the ac-
tinic light, the background ChlIF (F,") was
recorded). A final saturation pulse was
then given to induce Fy;"" level after a 40 s
dark period. The following chlorophyll
fluorescence parameters (for definitions
see Rohacek 2002) were finally calculated
by FluorCam software: Fy/Fy (maximum
(potential) yield of photosynthetic process-
es in PSII), ®@pgy (effective quantum yield
of photosynthetic processes of PSII), qP
(fraction of PS II centres in open states),
and NPQ (non-photochemical quenching).



Results

Both the water and the acidic leachates
prepared from the antarctic regolith caused
100% suppression of germination in the
sowed broccoli seeds. Following this re-
sult, the two dilutions (10D and 100D)
were prepared for next experiment.

In this subsequent step, addition of
leachates into a MS medium led to an in-
hibition of experimental plants growth
(Fig. 5). While W10D and W100D water
leachates caused significant, but similar
(10D vs 100D) decrease in growth, acidic
leachate A10D caused full inhibition of
germination and, therefore, no apparent
growth. The A100D acidic treatment caused
decreased germination (66.6%) and the
most pronounced growth inhibition which
was apparent especially in the first part of
growth period (see days 0-9, Fig. 4). In
majority of cases, the growth was bi-
phasic. It showed two different growth
rates recorded for the periods (1) 0-10 d
(slower), and (2) 10-15 d (faster). While
the slower growth rate is attributed to the
development of cotyledons, the faster one
is related to the development of primary
leaves.

Physiological processes in Brassica
oleracea var. botrytis italica related to
primary photosynthesis were monitored by
several chlorophyll fluorescence parame-
ters. Negative effect of leachate addition
into growth medium on the capacity of
photosynthetic processes in PSII (Fy/Fy)
was apparent especially at the begining of
growth period (Fig. 5). The grates differ-
ence in Fy/Fy was found on day 1 between
control and acidic A10D treatment. Then,
Fy/Fu in the leachate treatments tended to
reach untreated control values in a course
of cultivation time. In all treatments, how-
ever, absolute Fv/Fy value decreased with
cultivation time.

Effective quantum yield of photo-
chemical photosynthetic processes in PSII
(Dpgy) is considered an indicator of photo-
synthetic linear electron transport in be-
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tween PSII and PSI as well as overal pho-
tosynthesis expressing an equilibrium be-
tween primary photochemical and second-
ary biochemical photosynthetic process-
es. At the begining of cultivation period
(day 1-2), @pgy; in control was slighly, but
insignificantly higher than in the leachate
treatments. Negative effect of leachate ad-
dition into growth medium on ®pgy in-
creased slightly in a course of cultivation
time. The largest negative effect was ap-
parent for W10D water leachate at the end
of cultivation period (see Fig. 5).

During the early germination, the exper-
imental plants activated protective mecha-
nisms, ie. non-photochemical quenching.
The difference in NPQ between untreated
control and the leachate treatments was
largest at the begining of cultivation time
(day 0-1) indicating that the addition of
leachates into the growth medium led to a
stress to PSII and consequent increase in
NPQ. The difference in NPQ between un-
treated control and the leachate treatments,
however, diminished with cultivation time
resulting in almost zero difference found
for NPQ at the end of cultivation period.
Throughout the cultivation time, however,
NPQ values were found highest in the
A100D treatments, while the difference
between control, W10D, and the W100D
treatments was much smaller.

Photochemical quenching (qP) of chlo-
rophyll fluorescence is considered a meas-
ure of the fraction of open PSII reaction
centres, or the redox state of the plasto-
quinone pool. In our experiment, the high-
est difference in qP was found between
control and the A100D treatment at the
begining of growth period. In a course of
cultivation time the difference between
control and the leachate treatments(W10D,
W100D, and A100D) got smaller. The qP
value, however was still found higher in
control than in the leachate treatments at
the end of cultivation period.
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Fig. 4. Growth of Brassica oleracea var. botrytis italica as expresses as plant projection area
derived from chlorophyll fluorencence imaging (number of pixels fitting the image of germinating
plants). Left: untreated control and all leachate treatments (water leachate 10D, 100D, and acidic
leachate 10D). Right: detail of plant growth in the treatmntes with leachate addition. Means +
standard deviations are presented.

3 T ot
0.8 - oy S
L N3
>. ue 106
o 2 DT = - T
< 07} T - A + ] _‘, v\‘faqk\&_‘”\ﬂfl/c T _
L oy T 5
Z RNt =< I\ - \'T &
06l N » {04
\
05+
102
I = & =
0.6 u_.,__-%_k‘\; I . 109
- -
90— |
sl 2 4 . . {os
—o0
o 0.4 {107
g ]
Z o3t I/‘ = 106
zls o
02f 1y \\L == 1 105
f _I/'H\'\'/‘ —e— Control
W10D
0.1 W100D 104
A100D
0.0 . . . . . . . . . . . . 0.3
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Days of cultivation Days of cultivation

Fig. 5. Chlorophyll fluorescence parameters related to the activity of photosystem II of Brassica
oleracea var. botrytis italica recorded for a two week growth period (days 1 to 15). Capacity of
photosynthetic processes in PSII (Fy/Fy), effective quantum yield of PSII (®pgy;), non-photo-
chemical quenching (NPQ), and photochemical quenching (qP) are presented. Data point represent
means of 3-5 replicates. Standard deviations are presented only for A100D treatment. The
treatments are Control (pure Murashige—Skoog growth medium), water leachate diluted ten times
(MS medium with addition of W10D), water leachate diluted 100 times (MS medium with
addition of W100D), and acidic leachate diluted 100 times (MS medium plus A100D). Means +
standard deviations are presented.
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Discussion

Leachates from Antarctic regolith add-
ed to the liquid growth solution led to a
decrease in primary photosynthetic proc-
esses related to photosystem II, especially
in the early germination and growth peri-
od. The negative effect can be attributed to
the co-action of ions relased from the reg-
olith during a leachate preparation. Acidic
leaching apparently led to an increased
content of the elements (compared to aque-
ous leaching) since there was significant
decrease in growth when a hundred times
diluted acidic leachate was used (A100D),
while full inhibition of germination was
apparent in A10D). Earlier study showed a
high content of mobile fraction heavy
metals including mercury in regolith sam-
ples from James Ross Island (Zvéfina et al.
2014). Therefore, we may attribute the de-
crease in PSII functioning to co-action of
heavy metals leached from regolith grains
during leachate preparation, their negative
effects in chloroplasts and heavy metals-
induced alterations in nutrient uptake from
growth solutions. However, The content of
Cd, Cr, Cu, Ni and Pb in the deionised
water and acetic acid solution used was
below the detection limit for ETAAS. The
zinc content in water was 0.5 pg/L and the
zinc content in acetic acid was 1.1 pg/L. In
recent studies, heavy metals-induced inhi-
bition of PSII functioning is reported for a
variety of plants (Qin et al. 2023).

Our study indicated that original (undi-
luted) leachate treatments led to absolute
suppression of germination and that their
dilutions caused inhibition of early growth
rate of Brassica oleracea var. botrytis ital-
ica. Negative effects on primary photosyn-
thetic processes, however, were apparent
only in the early growth, as the difference
between regolith-untreated control and the
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treatments affected by water and/or acidic
leachates decreased with the time of cul-
tivation. This suggests that cultivation of
plants in Antarctic regolith of similar na-
ture, e.g. similar chemical composition and
mineralogical characteristics as the one
used in our study (for details regarding the
chemical composition and mineralogy see
Coufalik et al. 2024) can be considered fit
for use in follow up studies. Additionally,
the system exploiting cultivation of experi-
mental plants in the regolith from James
Ross Island (Antarctica), and the watering
process with different amount and propor-
tion of fertilizing compounds will be tested
to provide guidelines for the biotechnolo-
gies exploiting bioregenerative life-support
systems (BLSS) for space applications and
potential future ISRU applications. The im-
provement of Lunar and Martial regolith
as well as their simulants for plant culti-
vation has recently garnered growing in-
terest (Eichler et al. 2021, Fackrel et al.
2021). This effort faces several chalenges,
such as e.g. a high content of metal ions,
salt precipitation and high pH caused by
addition of organic matter alone, interac-
tion with microbiota (for review see Ding
et al. 2024). However, such trend is quite
promising since several recent studies fo-
cused on biofertilisation of Lunar and/or
Martian regolith (Duri et al. 2022) or their
simulants (Zhao et al. 2024) with an or-
ganic matter in order to improve the agri-
cultural potential of these substrates as
plant growth media in future space farm-
ing (Caporale et al. 2023). Morover, the
number of plant species tested in such
growth systems has been increasing last
decade (Eichler et al. 2021, Fackrel et al.
2021, Rickard et al. 2021, Gongalves et al.
2024).
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