
Understanding Reduced Gravity
Effects on Early Plant Development
Before Attempting Life-Support
Farming in the Moon and Mars
F. Javier Medina*, Aránzazu Manzano, Alicia Villacampa, Malgorzata Ciska and Raúl Herranz

Centro de Investigaciones Biológicas Margarita Salas–CSIC, Madrid, Spain

Plants are a necessary component of any system of bioregenerative life-support for human
space exploration. For this purpose, plants must be capable of surviving and adapting to
gravity levels different from the Earth gravity, namely microgravity, as it exists on board of
spacecrafts orbiting the Earth, and partial-g, as it exists on the surface of theMoon orMars.
Gravity is a fundamental environmental factor for driving plant growth and development
through gravitropism. Exposure to real or simulated microgravity produces a stress
response in plants, which show cellular alterations and gene expression
reprogramming. Partial-g studies have been performed in the ISS using centrifuges
and in ground based facilities, by implementing adaptations in them. Seedlings and
cell cultures were used in these studies. The Mars gravity level is capable of
stimulating the gravitropic response of the roots and preserving the auxin polar
transport. Furthermore, whereas Moon gravity produces alterations comparable, or
even stronger than microgravity, the intensity of the alterations found at Mars gravity
was milder. An adaptive response has been found in these experiments, showing
upregulation of WRKY transcription factors involved in acclimation. This knowledge
must be improved by incorporating plants to the coming projects of Moon exploration.
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INTRODUCTION

The achievement of plant cultivation in space, also called “space farming” is an important step in the
development of bioregenerative life-support systems (BLSS) to enable long-term human space
exploration. Plants are fundamental elements of these BLSS, since they can provide unique and
essential factors and components for the support of the human life in extra-terrestrial environments.
They are a source of oxygen and supply a variety of valuable nutrients of different types, including
vitamins; they contribute to the regulation of the atmospheric humidity and are capable of removing
and recycling carbon dioxide, one of the major waste elements of life whose accumulation
destabilizes environmental balances (Ferl et al., 2002; Wheeler, 2017). Last, but not least, plant
culture is an activity recognized by astronauts and cosmonauts as highly rewarding in terms of
psychological well-being, a non-negligible factor to be taken into account for the success of space
exploration enterprises (Haeuplik-Meusburger et al., 2014; Zhang et al., 2020).

The first step of space exploration consists of leaving the Earth, stepping into the outer reaches of
atmosphere. Space explorers, and their accompanying plants, are exposed to microgravity
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conditions, as they exist on spacecrafts and stations orbiting the
Earth, such as the International Space Station (ISS). Moreover, to
enable human settlements on nearby planets, the influence on the
plant physiology of partial or reduced gravity levels, such as those
existing on the surface of the Moon (1/6 � 0.17 g) or Mars (3/8 �
0.38 g) should be investigated (Kiss, 2014). Plant response to these
partial gravity levels, is of utmost importance taking into account
the plans of the space agencies to travel back to the Moon
(Artemis and Gateway) in 2024 (Chavers et al., 2019; Von
Ehrenfried, 2020) and to Mars in the near future. In this
respect, it is worth mentioning that a terrestrial cotton seed
was reported to have germinated on the lunar surface on
board of the Chinese Chang’e 4 probe, which landed on the
Moon in January 2019. Seed germination took place within the
“life-regeneration ecosystem” facility carried by the craft. Details
of the experiment, following the life trajectory of cotton seed
germination, development, and final fate after long term exposure
to super cold temperature, are publicly available, although only in
the form of a preprint, and not of a peer-reviewed publication
(Xie et al., 2021).

PLANTS AND GRAVITY. PLANT RESPONSE
AND ACCLIMATION TO MICROGRAVITY

Plants of different species have been successfully grown in space,
under microgravity conditions, on numerous occasions, reaching
different developmental stages, including the completion of the
full seed-to-seed life cycle (Merkys et al., 1984; Musgrave et al.,
2000; Karahara et al., 2020). The earliest plant growth experiment
was performed within the Oasis 1 hardware aboard Salyut 1 in
1971 (Harvey and Zakutnyaya, 2011; reviewed by Zabel et al.,
2016). Then, experiments were performed on board of spacecrafts
such as the NASA Space Shuttle or the Soviet MIR Station, but the
assembly and operation of the International Space Station (ISS)
was a giant step forward in the achievement of this objective
(Vandenbrink and Kiss, 2016). In parallel, similar plant growth
experiments on Earth, using ground based facilities for
microgravity simulation, such as clinostats and random
positioning machines have been successfully run (Kiss et al.,
2019). They have provided a reliable replica of the biological
results obtained in space experiments under real microgravity,
even though the gravity vector is not possible to be avoided or
removed on the Earth surface (Herranz et al., 2013; Medina et al.,
2015; Van Loon, 2016).

These works using plants should be considered in the context
of studies of microgravity effects extensively carried out in a wide
range of living organisms, including the commonly recognized
biological model species of most taxonomical categories, from
mammals to bacteria. In general, microgravity is perceived by
living beings as a stress-generating environmental factor,
although the intensity of the physiological alterations caused is
rather variable between the different organisms (Bizzarri et al.,
2015; Van Loon et al., 2020). Two effects of the altered or null
gravity signal, one direct and another indirect, overlap in the
generation of a biological response: the direct effect is the
modification of physiological processes (e.g., the changes in

the mechanisms of biochemical reactions); the indirect effect is
the physical change of collateral elements or factors which are not
intrinsic part of the physiological processes, but may have an
influence on them. Examples of these side-effects are the diffusion
of water in the soil, that may alter the correct hydration of roots,
or the convective processes, that may influence the correct gas
exchange. It is rather difficult to separate these two types of effects
when analyzing experimental results, although some attempts
have been done using simulated microgravity (Herranz et al.,
2013). These indirect effects can be mitigated with adequate
ventilation and adequate watering systems, as is currently
being done in Veggie and APH facilities on the ISS (Massa
et al., 2016; Monje et al., 2019; Monje et al., 2020).

Moreover, these effects are difficult to overcome since
terrestrial organisms have evolved under a constant gravity
vector (Bizzarri et al., 2015). Although, in principle, terrestrial
organisms do not seem prepared to be confronted with an
environment devoid of the gravity force, and they indeed lack
of a genetic equipment specialized in the response to this
condition, signs of acclimation and adaptation processes have
been found in some species, as a result of their genetic plasticity, a
feature greatly varying between different taxa (Paul et al., 2012;

FIGURE 1 | Images obtained from the spaceflight experiment “Seedling
Growth” at different levels of gravity. Seedlings of Arabidopsis thaliana were
grown in the ISS for a period of 6 days from seed hydration, within the EMCS
facility. Seedlings grew under a white light photoperiod for 4 days and
under lateral red light photoactivation for the last 2 days. The gravity
conditions were constant throughout the entire growth period. The levels
0.3 g (approx. the Mars gravity) and 1 g (Earth gravity) were obtained with a
built-in centrifuge. (A): Images of seedlings in growth chambers (cassettes) at
the end of the growth period. Seedlings grown in microgravity (µg) appear
disoriented, whereas under 0.3 and 1 g seedlings show a conspicuous
gravitropism (the direction of the g vector is indicated at the right). (B):
Confocal microscopic images of the root tips of seedlings of the DII-Venus
reporter line of A. thaliana grown in the same conditions. Yellow fluorescence
corresponds to a negative pattern of the distribution of the phytohormone
auxin. Roots were counterstained with the SCRI 2200 dye (Renaissance
Chemicals, North Duffield, UK) for the visualization of the cell wall in blue.
Roots grown in microgravity show an altered pattern of auxin distribution with
respect to the 1 g control, indicative of some inhibition of the auxin polar
transport. On the contrary, the pattern of roots grown at 0.3 g is basically
similar to the control pattern, indicating that auxin polar transport is not altered
at these partial-g levels.
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Medina et al., 2021). Actually, comprehensive studies on these
processes are still insufficient and it appears that, similar as the
intensity of the gravitational stress, different taxonomic categories
display a different adaptability.

In the particular case of higher plants, gravity is an
environmental factor decisively affecting plant growth, by
means of the process called gravitropism, which modulates the
growth orientation according to the gravity vector, with positive
root gravitropism and negative shoot gravitropism. Nevertheless,
in microgravity, the cue for this tropism (i.e., the gravity vector) is
not present. The consequence is the substitution of gravitropism
by automorphogenesis, a process producing in roots spontaneous
curvatures followed by straight root elongations in random
directions (Hoson and Soga, 2003; Driss-Ecole et al., 2008).
This is accompanied by an intense reorganization of the
transport and distribution of phytohormones, mostly affecting
auxin, but also cytokinin, according to the available data, still
incomplete, obtained in real and simulated microgravity
(Manzano et al., 2013; Ferl and Paul, 2016; Yamazaki et al.,
2016) (Figure 1). This hormonal perturbation is transduced to
meristem, producing the alteration of cell proliferation rate and
ribosome biogenesis during seedling development (Matía et al.,
2010), which could have consequences at the level of the
developmental pattern of the plant, ultimately relying on
meristematic activity. In addition, an observed effect of
microgravity is the induction in the plant of a higher
sensitivity to other environmental cues, such as moisture or
light, that are usually masked by dominant gravitropism
(Manzano et al., 2021).

Physiological and cellular alterations are related to changes in
gene expression, which have been identified by transcriptomic
studies from space and ground experiments (Paul et al., 2012;
Kwon et al., 2015; Johnson et al., 2017; Paul et al., 2017; Choi et al.,
2019; Herranz et al., 2019; Kamal et al., 2019; Vandenbrink et al.,
2019; Kruse et al., 2020; Villacampa et al., 2021a). In some cases,
complementary proteomic studies were also performed (Kruse
et al., 2020). Other than real or simulated microgravity, the
environmental conditions of these experiments were far from
homogeneous, which complicated direct comparisons. To
overcome this inconvenience, an important effort of data
sharing and harmonizing has been undertaken in the NASA-
led initiative called GeneLab (Ray et al., 2018). This effort has
allowed the identification of some common responses, often
related to general mechanisms of defense against stress, such
as the system of heat shock genes producing Heat Shock Proteins
(HSP), which are molecular chaperones acting to protect and
refold proteins in response to cellular damage. In addition, the
oxidative stress pathways, involving the production of Reactive
Oxygen Species (ROS), the cell wall remodeling system,
cytoskeleton alterations and plastid genes, including those
regulating photosynthesis, were included in the core set of
functions appearing affected by spaceflight environment
(Correll et al., 2013; Zupanska et al., 2013; Kwon et al., 2015;
Johnson et al., 2017; Choi et al., 2019; Kruse et al., 2020). In none
of these transcriptomic studies, specific genes for the response of
plants to microgravity, or to the spaceflight environment, were
found. For some authors these differentially expressed genes

(DEGs) represent alterations caused by the gravitational stress
(Johnson et al., 2017; Choi et al., 2019), whereas other
interpretations highlight the fact that DEGs were found from
viable samples, indicating that they reflect the mechanism of
physiological adaptation of plants to spaceflight (Paul et al., 2012;
Paul et al., 2017).

In any case, whether due to or despite genetic and
physiological alterations, plants are capable of acclimating to
the environmental change, since they survive and fulfill their
entire life cycle in the microgravity environment of spaceflight
(De Micco et al., 2014; Karahara et al., 2020; Khodadad et al.,
2020). Most likely, plants could trigger an early and primary
acclimation response to the environmental change from Earth to
space, to overcome the early alterations that have been repeatedly
detected in seedlings. In more advanced developmental stages,
more stable adaptive responses could be produced, including
genetic and epigenetic changes capable of being transmitted to the
offspring, allowing the survival of plants in the space
environment throughout successive generations. Many
uncertainties on these mechanisms still remain and they pose
a fundamental challenge for space plant biology, now and for the
coming years.

GROWTH OF PLANTS IN FRACTIONAL
GRAVITY. STUDIES IN SPACE AND IN
GROUND BASED FACILITIES
In contrast with the body of research acquired dealing with plant
growth and development in microgravity, the number of studies
investigating plant response to fractional or partial levels of g is
considerably reduced. Prior to the assembly and operation of ISS
only a few studies were carried out using partial-g levels, with the
specific interest of the determination of thresholds for gravity
detection (Kiss, 2014). On board of the American shuttle
Columbia, using a centrifuge microscope, the orientation of
the unicellular motile algae Euglena in water at different levels
of gravity (gravitaxis) was followed. The threshold capable of
triggering a gravitactic response was determined to be around
0.16 g (Häder et al., 1996). In other experiment, the gravitropic
statolith system of the rhizoids of the green alga Chara was
investigated in sounding rockets and also in parabolic flights
using an on-board centrifuge. Acceleration of 0.14 g resulted in a
displacement of statoliths toward the cell wall in the periphery of
the cells, while acceleration of 0.05 g did not result in statolith
movement (Limbach et al., 2005).

Once the ISS was assembled, the European Modular
Cultivation System (EMCS), which was installed and actively
operated from 2008 to 2018, made possible a significant progress
in our knowledge of the plant response to spaceflight conditions
by offering a reliable and versatile control of different
environmental parameters related to plant growth, by
overcoming some of the aforementioned unwanted side-effects
of the microgravity environment, such as those affecting
convection and watering. In addition, for the specific case of
studies at fractional gravity levels, it provided the ability to apply
different g-forces in space by means of a built-in centrifuge
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(Brinckmann, 2005; Kittang et al., 2014). An intelligent and
effective policy of cooperative agreements between agencies
regarding the use of this facility multiplied the outcomes of
the experiments performed in it. As an outstanding example,
the NASA-ESA “Seedling Growth” series of experiments was
executed in this hardware to test the influence of blue and red
light photostimulation in the plant response to the reduced
gravity stimuli (Kiss et al., 2014). In a first experiment,
different gravity levels were applied (microgravity; 0.1 g; Moon;
Mars; near-Earth g-level; 1 g) to blue-light stimulated Arabidopsis
thaliana seedlings grown for 6 days and demonstrated a
replacement of gravitropism by blue-light-based phototropism
signaling at microgravity level (Vandenbrink et al., 2019), but a
striking stress response was found at 0.1 g. Different components
of the transcriptional response to the lack of gravity were
determined as the g-gradient was progressively reduced
(Herranz et al., 2019). In a successive experiment, three g-
levels (microgravity, Mars gravity level and 1 g ground
reference run) were applied and photostimulation was with
red light. In this case, the analysis was carried out by
combining morphological and molecular approaches (confocal
and electron microscopy, and transcriptomics). Fundamental
novel findings were obtained from this experiment. Firstly,
seedlings grown under Mars gravity exhibited a conspicuous
root gravitropic response, and, consequently, a balanced
distribution of the phytohormone auxin throughout the root,
indicative of a regular auxin polar transport (Figure 1).
Furthermore, microgravity and partial gravity were found to
trigger differential responses. The microgravity environment
activates hormonal routes responsible for cell proliferation and
cell growth and upregulates plastid/mitochondrial-encoded
transcript expression, even in the dark. In contrast, the Mars
gravity level inhibits these routes and activates responses to stress
factors to restore cell growth parameters, only when red
photostimulation is provided. This response is accompanied
by upregulation of several transcription factors (TFs), such as
the environmental acclimation-related WRKY family
(Villacampa et al., 2021a). WRKYs are a family of numerous
TFs, many of them involved in both abiotic and biotic stress
responses, related to hormonal signaling and in acclimation
processes (Phukan et al., 2016). This is a strong indication of
the triggering of a transcriptional adaptive response to the new
environment. Further validation of all transcriptomic results was
obtained by comparison to other transcriptomic data obtained
from A. thaliana seedlings grown during spaceflights and
available in the GeneLab database (Ray et al., 2018).

Other studies in ISS have looked further into the
determination of the threshold of gravity perceived by roots. A
g-value of 2.0 × 10−3 g, estimated punctually at 1.4 × 10−5 g, was
found enough to trigger some motion in statoliths, although the
participation of the actomyosin system in this motion was
considered essential (Driss-Ecole et al., 2008).

In parallel to the works carried out in space facilities, some
studies have used terrestrial devices to reproduce Moon or Mars
gravity levels and study their biological effects in experiments
performed on Earth. An outstanding case of such these
experiments consisted of the use of the Random Positioning

Machine (RPM) and the incubation of A. thaliana seedlings in
this device for the biological validation of the terrestrial analog of
the partial-g conditions (Manzano et al., 2018). The RPM was
originally designed to simulate microgravity, but an adaptation of
this device was developed to expose living samples to simulated
fractional levels of gravity. For this purpose, two different
paradigms were used, one by implementing a centrifuge on a
nominally operating RPM (RPMHW), and the other by applying
specific software protocols to driving the RPM motors, thus
changing the nominal mode of operation of the facility
(RPMSW). Both approaches produced similar results, but the
RPM software version showed an ideal working range at
0.05–0.4 g, while the RPM hardware version may work better
at gravity levels above 0.3 g. The effects of the simulated partial
gravity were tested in plant root meristematic cells, a system with
known response to real and simulated microgravity. Cell
proliferation appeared increased and cell growth was reduced
under Moon gravity, compared with the 1 g control. The
difference with control was even higher at the Moon g level
than in simulated microgravity, indicating that meristematic
competence (balance between cell growth and proliferation)
was also affected at this gravity level. However, the results at
the simulatedMars g-level were close to the 1 g static control. This
suggests that we can separate the levels of gravity capable of being
sensed at a molecular level by different intracellular mechanisms,
from the gravity threshold capable of triggering a response in the
root, visually detectable in the form of a defined growth direction
according to the gravity vector. This threshold requires a level
intermediate between Moon and Mars gravity (Manzano et al.,
2018).

The RPMHW system was also used to incubate in vitro cell
cultures of A. thaliana for a detailed study of the effects of
simulated Mars gravity on the regulation of cell cycle
progression and cell growth. Different times of exposure
were tested. The effects observed at the Mars gravity levels
were qualitatively similar as those caused by microgravity, but
quantitatively less intense. Alteration in cell cycle regulator
mechanisms associated to changes in the levels of some
selected factors was detected, leading to changes in the
duration of cell cycle phases, according to flow cytometry
data. Nucleolar activity for ribosome biogenesis was reduced
progressively with the exposure time and epigenetic
mechanisms involved in chromatin remodeling were also
altered (Kamal et al., 2018). Cell cultures were also exposed
to partial-g levels by using parabolic flights and a clinostat
(Fengler et al., 2016). It is worth noting that the reliability of
the results obtained with these procedures is questionable. In
the case of the parabolic flight, the alternation of the exposure
of the biological samples to different levels of gravity in the
same parabola complicates the attribution of specific effects to
defined causes; in the case of the clinostat, fast clinorotation
has been shown to produce unwanted side effects and
additional forces that complicate the determination of the
actual g-force sensed by the biological sample (Villacampa
et al., 2021b; Herranz et al., 2021). Transcriptomic data
obtained from the exposed cell cultures show a lower
number of DEGs than in the case of microgravity and an

Frontiers in Astronomy and Space Sciences | www.frontiersin.org September 2021 | Volume 8 | Article 7291544

Medina et al. Plant Growth in Reduced Gravity

https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


enrichment of DEGs in the cell wall metabolism and
remodeling category (Fengler et al., 2016).

An interesting alternative for the study of the response of
living beings, and particularly plants, to hypogravity is to make
use of the Reduced Gravity Paradigm (RGP). It is based on the
premise that adaptations expected or seen going from a higher to
a lower gravity level are similar as changes seen going from 1 g to
microgravity or partial gravity (Van Loon, 2016). The paradigm is
not focused on the absolute acceleration values, but rather on the
responses generated due to the delta between two gravity levels
and it can be put in practice by using centrifuges for incubation of
plant samples. In a typical experiment, the plant sample is
incubated at the 2 g level until it shows a stable, steady state
physiology. Then the acceleration of gravity is reduced and the
plant will respond to this reduction. The hypothesis is that the
adaptation e.g., from 2 to 1 g is similar to the adaptation from 1 g
to microgravity. The magnitudes of the responses might be
different, but the directions of the response would be the same
(Van Loon, 2016).

FUTURE PROSPECTS

In the long term, studies on plant growth and development at
fractional g-levels will pave the way to understand the molecular
mechanisms to improve the cultivation conditions of plants on
different planets. These discoveries can be applied in the design of
bioregenerative life-support systems and space farming. Regarding
the use of ground based facilities, further research is needed,
especially around and beyond Mars g-levels, to better
understanding the differences and constraints in the use of these
facilities for the space biology community. However, the most
important effort should be invested in incorporating plants to the
coming initiatives of deep space exploration. The cis-lunar space
considered for the Gateway project should be efficiently used for
incorporating plants (both model and crop species) to a research
platform that will be a fundamental tool to fill this gap in knowledge
(Paul and Ferl, 2018). This will be crucial for further exploration
initiatives, such as an extended mission to Mars.
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