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Human space exploration cannot occur without reliable provision of nutritious and
palatable food to sustain physical and mental well-being. This ultimately will depend
upon efficient production of food in space, with on-site manufacturing on space
stations or the future human colonies on celestial bodies. Extraterrestrial
environments are by their nature foreign, and exposure to various kinds of plant
stressors likely cannot be avoided. But this also offers opportunities to rethink food
production as a whole. We are used to the boundaries of the Earth ecosystem such as
its standard temperature range, oxygen and carbon dioxide concentrations, plus diel
cycles of light, and we are unfamiliar with liberating ourselves from those boundaries.
However, space research, performed both in true outer space and with mimicked
space conditions on Earth, can help explore plant growth from its ‘first principles’. In
this sense, this perspective paper aims to highlight fundamental opportunities for plant
growth in space, with a new perspective on the subject. Conditions in space are
evidently demanding for plant growth, and this produces “stress”. Yet, this stress can
be seen as positive or negative. With the positive view, we discuss whether plant
production systems could proactively leverage stresses instead of always combatting
against them. With an engineering view, we focus, in particular, on the opportunities
associated with radiation exposure (visible light, UV, gamma, cosmic). Rather than
adapting Earth conditions into space, we advocate on rethinking the whole issue; we
propose there are opportunities to exploit space conditions, commonly seen as
threats, to benefit space farming.
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INTRODUCTION

Space Farming as Part of Human Space
Exploration
Space exploration has intrigued humans for decades; with much
of our wonder stemming from the unknown. If human beings
ever visit or live for a prolonged time on another planet, they will
need enough food for the complete journey, produced in a
bioregenerative life support system (BLSS; Figure 1). One
astronaut on a 9-month one-way trip to Mars requires an
estimated 1 tonne of food (Dunbar, 2007). The estimated cost
of preparing, launching, and storing this food is US$50M; a 3-
year round trip would cost substantially more.

Significant limitations for long-term missions include the
limited number of pharmaceuticals/vitamins that adequately
make it to a year of shelf-life due to degradation (Kast et al.,
2017). NASA has spent years perfecting thermo-stabilised or
freeze-dried foods for astronauts on the International Space
Station (ISS), from scrambled eggs to chicken teriyaki. “The
meals are meant to last, but they would not survive the long
journey to Mars”, says Julie Robinson, the chief scientist for the
International Space Station (Koren, 2019). On the ISS, and
proposed mission vehicles, there is very limited refrigeration
present, constraining delivery or storage potential of fresh
foods. Accordingly, sustainable “life-environment crop-growth
ecosystems” need to be developed in conjunction with the science
of how plants grow in space (Figure 1). This provides the
opportunity to propel scientific discovery by interdisciplinary
paradigms such as microgravity, cosmic ray irradiation, and
“Unearth” gas atmospheres, temperatures, and light patterns,
which are referred to as “plant stressors” in this review.

Space farming studies have been made since the early years of
space launches (Harvey and Zakutnyaya, 2011) and have become
steady since the ISS commenced establishment in 1998, which is
humankind’s sole laboratory above Earth at present (Figure 2).
However, this will soon be joined the low Earth orbit Chinese
Tiangong space station currently being assembled in space (Shen
et al., 2018) and the ISS is currently scheduled for staged

replacement by the Axiom Lunar Gateway from Axiom Space
onwards (Ekblaw, 2020). The need for adequate and sustainable
farming systems is a pressing issue as sights are set on upcoming
Mars missions (History and timeline of t, 2019). The importance
of plant growth and development in outer space is critical for
crewed missions, not only from a nutrients’ perspective but also
from a psychological one (Zabel et al., 2016; History and timeline
of t, 2019).

Objective of This Review
This review is conceptualised from an engineers’ perspective
rather than aiming for a complete microbiology and crop
science overview. More precisely, it represents the analysis of
system engineers, who are willing to cross borders, in particular to
plant biology and crop-relevant photochemistry and–physics; all
under the auspices of space stressing. We will give an inventory of
plant stressors and how they may be overcome or utilised in outer
space. We will propose what kind of stress is strictly to be avoided
and requires adequate shielding, and which kind of stress
(stressors) might positively promote plant growth in harsh
space conditions and assist with their domestication for space
(Figure 3). In particular, we focus on the issues surrounding
radiation (e.g., light, UV, gamma, cosmic). These aspects are then
combined to discuss the combination of stressors to which plants
will be exposed to. We will conclude with what opportunities are
provided in space compared to Earth-grown plants, and how
Earth horticulture can be further advanced with such learning,
especially for the harsh environments on Earth, e.g., in the Arctic
and Antarctica.

Tropisms are directional movement responses in plants that
occur in response to a directional stimulus (e.g., gravity, touch,
temperature, light, water, salt, chemicals). The comprehension of
the pathways that control tropisms are at various levels of
maturity, but what its clear is that tropisms are usually
controlled by a network of internal signals including plant
hormones (Weyers and Paterson, 2001). Tropisms can be a
stress response, but equally could be harnessed for benefit

FIGURE 1 | Principal relationships in a bioregenerative life support
system to support human habitation of remote outposts in space. Plants play
an integral role by regenerating the atmosphere and recycling water while
providing food for the crew.

FIGURE 2 | Leafy greens grown on the International Space Station
(Meggs et al., 2010).
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under controlled conditions. Controlled Environment
Agriculture (CEA) can be developed as closed, environmental
systems, to mitigate stress from extreme environments on Earth.
In specialised containers, plant growth functions can be
maintained even in the Arctic, Antarctica, or at high altitudes
in mountains. The aim and perspective given in this review,
however, is not entirely to avoid stress, but to seek opportunities
to use stress to become the standard environment for plant
growth in space. Eustress, in general terms, means beneficial
stress, either being psychological, physical, or biochemical/
radiological. The question then is if plants can adapt
themselves to the stress in space in a positive way to grow
even better; possibly supported by genetic or other alteration.

PLANT-STRESSORS IN SPACE AS
COMPARED TO EARTH

Plant stressors will first be considered in isolation with reference
to previous works before a discussion of the potential effects of
combined stressors on plant performance. Two categories of
plant stress are considered relation to biotic- or abiotic- origin.

Biotic Stress
Biotic stressors on Earth derive from the interaction of biological
vectors with plants, including bacteria, viruses, fungi, or insects,
which result in infection, diseases, damage, or a reduction in
growth (Balachandran et al., 1997). In space, pathogens can be
introduced in different ways. For example, several bacteria
including Pseudomonas aeruginosa, Burkholderia cepacia, and
Erwinia sp., are pathogenic to both plants and animal
(Burkholder, 1950; Starr and Chatterjee, 1972; Goldmann and
Klinger, 1986). However, of these only P. aeruginosa, has been
shown to infect leaves and roots of the model plant Arabidopsis
thaliana resulting in mortality (Plotnikova et al., 2000; Walker
et al., 2004). Similarly, Staphylococcus aureus is carried by
humans and can infect the leaves and roots of Arabidopsis
thaliana resulting in lesions, chlorotic tissue and eventual
mortality (Prithiviraj et al., 2005). Therefore, astronauts can
serve as the host, carrying viruses and bacteria into space

(Barringer and Abadie, 2013). Alternatively, pests and
pathogens may be transported in growth medium, on tools or
receptacles or in the spacecraft from Earth.

The mechanisms to help plants overcome biotic stress may be
based on their natural resilience (as developed on Earth), or
through the maintenance of a clean environment or treatments to
minimise any threat. Plant natural defence mechanisms to biotic
stress can include morphological and structural adjustments,
chemical compounds, proteins or enzyme production (Song
et al., 2021). In space, we may rely on and further developed
human-made defence strategies for plants, i.e., management
practices to limit the severity or even fully prevent biotic
stress. As such, an integrated pest management (IPM)
program is required to prevent, mitigate, and eliminate both
insect pests and disease outbreaks in space-based plant-growing
systems (Schuerger, 2021). This can include measures such as
disinfecting tools and receptacles, cultivating plants in a closed
system, or applying natural predators or chemical repellants.

One of the main mechanisms to minimise biotic stress is the
cultivation in a closed system, which is a doubly closed one, since
a “space greenhouse” will be part of a space station or lunar/
Martian habitat (Kiss, 2014; Wamelink et al., 2021). Yet, that
strategy bears both danger and opportunity. The danger is that if
a biotic stressor is “imported” to a space station or habitat, it will
stay there, potentially propagate, and present a high density (per
space volume) of biotic stressor. Secondly, a closed system may
also present a unique combination of stressors that facilitate
disease spread (Stressors’ Impact on Plants Across Diverse Scales).
The costly, high-tech closed systems of space environments
present an opportunity to be run under with a under
conditions similar to a clean room, facilitated by their
relatively small footprint. Admittedly, such instrumentation is
costly and energy-intensive. Nonetheless, if one manages to keep
biotic stress completely absent, plants might grow in a way not
seen on Earth, focusing their energies used formerly for biotic
shielding now for growth.

Abiotic Stress
Abiotic stresses known on Earth include cold stress, heat stress,
drought stress, waterlogging/anoxia, salt (salinity) stress, and to a
lesser extent light stress (Figure 4) (Mittler, 2006). These stressors
are expected to also be present in space, yet with potential
differences in severity. There are also abiotic stresses that are
specific for space, and thus not found on Earth including stress
induced by microgravity and radiation (cosmic). Light stress is
primarily considered here as well, since plants are adapted to solar
radiation as filtered through the Earth’s atmosphere. The impact
of those space-specific stressors is less known than for the Earth-
bound stresses. The following sections will discuss each of these
stressors in turn.

Thermal Acclimation to Heat and Cold
Stress
Temperatures in space vary from very cold to hot when
considering the largely fluctuating temperatures on celestial
bodies such as the Moon and Mars. Similarly, environment of

FIGURE 3 | Stress and eustress for plant growth in space, and the role of
modelling to make forecasts.
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a spacecraft may vary, although is expected to remain more stable
relative to the outside environment. As space is concerned, the
scope of temperatures on the surface of the planets within our
solar system is vast, ranging from −230 to 470°C with many of the
planets experiencing their own significant range at varying points
throughout the day and night (Table 1) (Solar System
Temperatures, 2018). For instance, Mars’ surface temperature
ranges from −143 to 35°C (Karnasuta et al., 2007). Similarly,
Earth’s temperature ranges from −89.2 to 59.8°C depending on
the location, time, and season in which temperature was
measured (Court, 1949). Temperature cycles in space do not
follow the day (warm) and night (cold) cycles on Earth. This
raises the question of which temperature settings may give
optimal morphological and developmental responses of
current crops or even new space crops.

Thermal Acclimation on Earth
Plants can only grow within a certain temperature range (Pisek
et al., 1973). Temperature can directly affect plant growth
through metabolic processes such as photosynthesis,
respiration, and transpiration (Holding and Streich, 2013).
Indirectly, temperature can impact soil temperature and air
temperature, altering the absorption and transport of water
and fertiliser through the plant (Hawkes et al., 2008). Under
cold stress, Enzyme activities are reduced and photosynthetic
genes are down-regulated. Cold stress can be exacerbated by
high light to stimulate photoprotection pathways, with
corresponding impact on the cellular function of many
plant species (Demmig-Adams et al., 2012). Additionally,
protein stability and solubility are altered (Eric et al., 2009).
Depending on the species and location, trees and other higher
plants exhibit a lower thermal limit of 5°C for plant growth (for
arctic/Antarctic species; noting they can withstand freezing),
with restricted growth at 6–7°C. As the temperature increases,
plant growth gradually accelerates, and grows fastest at
20–30°C. But if the temperature continues to increase
beyond that, plant growth will gradually slow down or even
stop growing. High or low temperature during the
reproductive phase can often lead to flower abortion,
infertility, and low yield (Blum, 2011).

The optimal thermal range is highly species and
photosynthetic pathway dependent. C4 plants generally
perform better in hot, dry climates and are often more
efficient than C3 in terms of light, water and nitrogen use. By
contrast, C4 plants are generally more susceptible than C3 when it
comes to cold stress (Long, 1983). C4 plants have a 60–80%
reduction in the quantity of the photosynthetic enzyme Rubisco
under cold temperatures, meaning that photosynthesis catalysis is
unable to match the prevailing CO2 levels (Sage, 2002).
Conversely, C3 plants are able to reduce the photorespiration
with decreasing temperature, thus reducing the net energy
required to fix CO2 under cooler conditions (Ripley et al., 2007).

Plants can adapt to differences in temperature, where thermal
acclimation refers to the suite of morphological and architectural
changes induced by variation in temperature. The effect of
temperature stress on plant growth is exemplified via the
physiological changes of Bromeliad seedlings, a large family of
tropical plants, shown in Figure 5. Plant hormones including
auxin, early flowering complex (ELF4), and the precursor
gibberellin 12 (GA12) mediate growth response to ambient
temperature changes. Under exposure to high temperatures
(25–32°C), plants keep their roots at lower temperatures than
the leaves through auxin-regulated thermonasty of leaves and
associated hypocotyl elongation combined with GA12—mediated
root thermomorphogensis. In comparison, plants under cold
stress (10°C) maintain roots at a higher temperature than the
leaves due to ELF4’s mobility, which is increased to modulate root
circadian rhythms under cold temperatures.

Alternative signalling pathways are employed by other species
to respond to high temperature. In many plants, cells perceive
heat in the plasma membrane and utilise signaling pathways
involving ABA and calcium ion (Ca2+) exchange to trigger
thermal acclimation mechanisms. Also, the activation state of
the major photosynthetic enzyme, Rubisco activase, can change
in response to temperature as well as light, CO2 concentration,
and other environmental factors (Parry et al., 2008). Whilst
Rubisco itself is heat stable, Rubisco activase is highly sensitive
to temperature (Eckardt and Portis Jr, 1997). This leads to an
optimal thermal range for the photosynthetic function, with
differences in temperature acclimation between species
(Hikosaka et al., 2006).

One way to avoid temperature stress is a change in the
mechanism of photosynthesis that plants can undergo. The
normal photosynthesis mechanism is performed by C3 plants;
without going here into details of what this denotes.

Thermal Acclimation in Space
Cold stress is an expected threat in space due to the low
temperatures of the solar system. Whilst cold (or heat) stress

FIGURE 4 | Abiotic stresses on Earth and in space. Light stress is
assigned to space, albeit known as well on Earth for reasons given in the
respective text.

TABLE 1 | Range of temperatures on Earth and in space.

Temperature Maximal (°C) Minimal (°C)

Earth +60 −89
Mars +35 −143
Space +470 −230
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is prevalent on Earth, the characteristics of the stress will also
differ. For example, a day on the Moon is roughly equivalent to
27 days on the Earth, of which 13.5 days are daytime, and
13.5 days are nights. On the Moon, the highest temperature
possible is 120°C, under direct sunlight during the day whilst
night-temperatures can be as low as 150°C or even −180°C due to
a lack of atmosphere. Mars also has seasonal changes like Earth
but are approximately twice the length. This highlights the
importance of the stress periods to which plants may be
exposed; with the magnitude and length of stress likely
differing in space relative to Earth. To some extent, thermal
stress in space will be mitigated through engineering solutions to
provide suitable plant growth habitats. However, depending on
energy availability and habitat specification, the exact
temperatures at which these can be maintained may differ
compared to growth habitats on Earth.

Drought Stress
Drought Stress on Earth
Worldwide, drought e.g. lack of water, is one of the major
constraints limiting crop production (Aroca, 2012a). The effect
of drought will depend upon the length of water scarcity, the
available water supply, if any, the developmental stage at which it
occurs and the adaptation of the plant under study. Under
reduced water availability, stomatal closure will reduce
photosynthesis, enzyme activity will be disrupted, cell division
and expansion will be reduced, and membranes or cell structure
may be damaged. There is a range of possible responses to
drought including morphological, molecular, or biochemical
adjustments (Aroca, 2012). An important response of plants is
a decline in shoot growth, which helps to reduce metabolic
demand. Other morphological adjustments include increased
root length, reduced leaf area, or succulent leaves (Farooq
et al., 2009). During prolonged drought stress, protective
compounds will be synthesised to help prepare the plant for

osmotic adjustment and several signalling pathways are activated,
altering gene expression and the plant metabolome (Stagnari
et al., 2016). Due to negative interactions between different
stressors, water stress will also increase the severity of any
other abiotic stressors effecting plants.

Drought Stress in Space
As water is limited in space, the probability of drought causing
water stress can be expected. This indicates that all water
requirements must be supplied for plant growth. Within a
closed-loop agricultural system, water can be recycled by re-
condensing the water lost through transpiration; thus reducing
overall requirements compared to an open growth system
(Maiwald et al., 2021). Closed-loop systems also enable water
to be supplied in appropriate amounts, thus reducing the overall
risk of stress. Thus the potential stress to plants comes more from
obtaining enough water in the first place. The ISS is able to recycle
much of its water in the walls of the spacecraft using chemicals,
however, astronauts still rely on shipments of water from Earth to
provide safe drinking water, and for plant growth. This journey
takes approximately 6 h from Earth to the ISS, whereas a similar
shipment of water to Mars would take ~9 months (O’Callaghan,
2020). Whilst alternative methods to purify and recycle water is
being looked at (e.g., project BIOWYSE) (Guarnieri et al., 2020)
another solution would be to obtain water elsewhere in the solar
system in what NASA term “in situ resource utilisation”. It is
widely accepted that historically there was abundant water on
Mars, however low pressure resulting from a reduced atmosphere
means that under current conditions, surface liquid water is
highly limited (Nazari-Sharabian et al., 2020). As such, the
majority of water exists as ice, with ice also found on the
surface of the Moon. Theoretically, this ice could be converted
into drinking water and as such, future Mars missions are
identifying the optimal landing spot based on location of near
surface water ice (Piqueux et al., 2019). Recent surveys have also
shown the presence of under-ice saltwater lakes at the South pole
of Mars, however, for the water to be in liquid form they are
expected to contain a high concentration of salt (Lauro et al.,
2021). Thus, water retrieved from these under-ice lakes will
require de-salinisation, however, current scientific interest
revolves around the potential for these lakes to harbour life forms.

Water shortages could be overcome in part by reducing water
requirements through the growth of plants in aeroponics that
typically needs 98% less water than field-grown plants (Spinoff,
2006), or growing cultivars that have high water use efficiency.
Aeroponics, also have additional benefits of improved nutrient
use efficiency, and higher growth rates due to higher oxygen
availability at roots plus the ability to alter misting frequency and
the nutrient composition to match the optimal conditions for
each plant species (Lakhiar et al., 2018).

Salt Stress
Salt Stress on Earth
Salt stress affects plant growth and yield worldwide due to ionic
toxicity, osmotic stress, plus alterations to the soil ionic balance
and water status (Munns and Gilliham, 2015). Salinity leads to an
increase in the concentration of sodium chloride (NaCl) in the

FIGURE 5 | Temperature distribution of bromeliads exposed to varying
temperatures: (left) exposed to 25–32°C for 7 days, and (right) exposed to
10°C for 10 days. Solid and dashed lines indicate higher and reduced
transmission of signaling molecules: auxin, early flowering complex
(ELF4), and the precursor gibberellin 12 (GA12) respectively, which mediate
growth response to ambient temperature changes (Nievola et al., 2017).
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cytoplasm and chloroplasts of higher plants, affecting growth rate
and energy capture (Bose et al., 2017). When salt in the growing
medium reaches a significant level, which may only be the
equivalent of 3 dSm−1, the chlorophyll content of susceptible
plants, such as potato, tomato, and pea, decreases, limiting the
potential to capture light and photosynthesise, limiting growth
(Parida and Das, 2005). When salt concentrations are high in the
soil, the osmotic potential is larger than that of plant cells, so
limiting the ability of plants to absorb water and minerals such as
K+ or Ca2+. The overall plant function is, therefore, restricted
(Munns and Gilliham, 2015). In comparison, in salt tolerant
plants such as wheat, pearl millet and mustard, chlorophyll
content increases under salt stress (Sudhir and Murthy, 2004;
Acosta-Motos et al., 2017).

Salt stress further impacts photosynthesis through stomatal
limitation, stomatal closure, inhibition of the chloroplast
pigment-protein complex photosystem (PS) II, degradation of
photosynthetic membrane proteins, membrane instability,
decreased electron transport activities, a reduction in the
content of the carbon-fixation enzyme Ribulose-1,5-
bisphosphate carboxylase-oxygenase (Rubisco). This can lead
to a reduction in photosynthetic rate or, in some instances,
complete inhibition of assimilation (He et al., 2014). Salt stress
also enhances the oxygenase activity of Rubisco whilst preventing
carboxylase activity leading to an increase in photorespiration,
reducing the efficiency of energy capture (Sivakumar et al., 2000).

Plants can be classed as glycophytes, halophytes or
euhalophytes depending upon their level and mechanism of
tolerance. Glycophytes, which includes most crop plants, have
low tolerance; their growth is inhibited or even completely
prevented by NaCl concentrations of 100–200 mM, resulting
in mortality even under short-term exposure (Munns and
Termaat, 1986; Hernández and Almansa, 2002). In contrast,
halophytes can survive in the presence of high NaCl
concentrations (300–500 mM) due to adaptive mechanisms
(Parida and Das, 2005; Flowers and Colmer, 2015). This
tolerance occurs through a series of morphological,
physiological and biochemical changes (Acosta-Motos et al.,
2017). Examples include: increases in the root/canopy ratio;
increase in chlorophyll content; salt exclusion, elimination or
storage; plus corresponding to changes in leaf anatomy (Larcher,
2003). These characteristics ultimately lead to preventing leaf ion
toxicity, thus maintaining the water status.

Salt Stress in Space
It is currently unknown what effect salt stress may have in plants
cultivated space. As plant growth will occur in a closed
environment, the level of salt input to the system is likely to
be regulated. However, plant growth will, in part, be dependent
upon recycled water from human waste or from in situ resource
utilisation such as under-ice salt water lakes (discussed above),
and so salt-tolerant plants could be adopted to function as an
osmoticum. Many studies have assessed the potential for using
saline water on conventional crops and forages, however their low
tolerance limits productivity (Jones et al., 2019; Romero-
Trigueros et al., 2020). Thus, water desalinisation or
application of irrigation water with a high salt concentration

requires selection of appropriate species and genotypes (Gómez-
Bellot et al., 2021). For example, Crithmum maritimum (sea
fennel) and Atriplex halimus (Mediterranean saltbush) have
recently been shown to tolerate irrigation by recycled
wastewater and reverse osmosis brine but through differential
accumulation of ions mediated by different hormonal signalling
pathways (Gómez-Bellot et al., 2021). Both species can be of use
for humans but C. maritimum, may be of particular use on space
missions an additional food source, and with leaves exhibiting
aromatic and medicinal purposes as a tonic and diuretic (Ruberto
et al., 2000).

Microgravity Stress- Earth Versus Space
Plants evolved under gravity, and thus all aspects of plant growth,
development, and morphology are affected by this force
(Vandenbrink et al., 2014). In addition, gravity underlies many
physical phenomena like buoyancy, convection, and
sedimentation. In turn, this indirectly determines plant growth
such as gas exchange, cellular respiration, and photosynthesis,
each of which are influenced by changed in buoyancy (Braun
et al., 2018). Plants have a known and consistent response to
gravity (gravitropism). However, gravity is consistent across
much of Earth and does not vary significantly. Mount Everest
is the highest point on Earth at 8,848 m above sea level, and has an
acceleration due to gravity of 9.773 m/s2, relative to an average of
9.800 m/s2 at sea level. Thus, only a 0.3% variation in gravity is
observed on Earth. In comparison, Microgravity is considered to
be the most important of all abiotic stresses in space (Zheng et al.,
2015). Zero gravity refers to the absence of gravity is in space;
significantly different from Earth (May 2017). Gravity is reduced
by 16.5% (1.620 m/s2) and 38.0% (3.721 m/s2) on the Moon or
Mars, respectively (Table 2) (Mosa et al., 2017).

On Earth, microgravity can be simulated in specialty
machinery such as random position machine or clinostat,
which move around a specific, typically random, trajectories in
order to cancel out gravity (Hauslage et al., 2017). Magnetic forces
have also proven to be a useful ground-based proxy for
microgravity (Geim et al., 1999; Hammer et al., 2009). They
can levitate cellular organelles, such as statoliths in roots
(Kuznetsov and Hasenstein, 1996), hypocotyls (Kuznetsov and
Hasenstein, 1997), rhizoids (Kuznetsov and Hasenstein, 2001),
and bacteria (Dijkstra et al., 2011). However, these platforms do
not reduce gravity, per se, but constantly change its direction
(Kiss et al., 2019). This currently allows the investigation of
altered gravity for small samples such as seedlings or
emulsions indicating potential effects of microgravity on plant
growth.

Microgravity can lead to mechanical changes in crops in terms
of their plant growth, cell atrophy, and overall mass and mass
distribution (Zheng et al., 2015; Vandenbrink and Kiss, 2016).
This may cause bending stresses and other non-random
mechanostimulation (John and Hasenstein, 2011), as well as
dynamic effects (Kiss et al., 2019). Further, as there is no
convection in zero gravity, this becomes an issue for gas build
up around tissues leading to issues for gas exchange. An example
of a gravity effect is provided by the stored food (starch) in
Amyloplasts, which are involved in the gravity perception.
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Amyloplasts are denser than the cytoplasm and fall to lower cell
surfaces. Starchless mutants have been prepared which respond
sluggishly to gravity (Figure 6).

Since the 1960s, experiments conducted in space stations and
research rockets have shown that plants can grow normally in
microgravity provided factors such as confinement, lack of
ventilation and elevated radiation levels are controlled.
However, other experiments indicate a plethora of changes of
plants grown under microgravity. This includes changes at the
cell/molecular level, alterations to the cell cycle and the cell wall
structure (Matía et al., 2010; Johnson et al., 2015). Altered gravity
has also been shown to influence gene expression (Correll et al.,
2013; Johnson et al., 2017; Choi et al., 2019) and facilitates altered
phototropic responses (Millar et al., 2010; Kiss et al., 2012;
Vandenbrink et al., 2016). The majority of these studies have
been performed on Arabidopsis and thus the full extent of
microgravity on plant growth for a variety of species is not
known. However, seeds produced in orbit appear to have a
different composition and developmental stages compared to
seeds grown on Earth. In terms of providing a complete diet

on long space missions, hostile space conditions could provide
problems for both performance and nutritional content of space
seeds, and alter the flavour of plants.

To some extent, it may be possible to simulate gravity and thus
reduce the magnitude of gravitational stress. For example,
rotational artificial gravity can be created using centrifugal
force, e.g., via rotating two habitats around each other, as is
envisaged for the Stanford torus system (diameter = 1.8 km, mass
~ 10 million tons), rotating at 1 rpm (Martelaro, 2017).

Atmospheric Stress—low Pressure or
Atmospheres of Different Composition
To the best of our knowledge, atmospheric pressure has not been
practically exploited so far on Earth but may be a valid addition to
promote plant growth in space. In space or on celestial bodies, the
atmosphere is either of a different composition (regarding the
proportion of the gases) to Earth or completely lacking. On the
Earth, the total atmospheric gas pressure at sea level is
approximately 101 kPa, with partial pressure of oxygen at
21 kPa (Zhou et al., 2017). As elevation increases, the
atmospheric pressure decreases, reaching 0 kPa at an altitude
of approximately 30,000 m. However, on Earth, low pressure
stress, known as hypobaria, co-occurs with low-oxygen stress,
known as hypoxia, since the relative pressure of O2 is consistent
in the atmosphere. A pressure of 50 kPa can be considered as a
boundary of moderate and severe hypobaria, and represents the
natural terrestrial limit (Paul et al., 2004; Richards et al., 2006).
Controlled studies that manipulate pressure and oxygen
composition independently indicate altered gene expression
under hypobaric conditions, which is only partially alleviated
under normoxia (Zhou et al., 2017). Understanding plant growth
under hypobaria is relevant to space agriculture, where hypobaric
environments may reflect a favorable engineering choice for plant
growth habitats, and in terrestrial crop breeding, enabling
expansion of cultivation into marginal terrain and
environments (Corey et al., 2002; Paul and Ferl, 2007;
Wheeler, 2010).

Current evidence suggests that alteration in pressure generally
has little effect on plant development. Under laboratory
conditions, hypobaric environments can be created
maintaining amenable temperature, humidity, and gas
composition. Generally, as long as temperatures are
maintained above freezing and there is sufficient water
availability, higher plants appear to physiologically adapt well
to hypobaric environments. However, the specific response varies
greatly depending on the composition of the atmosphere and the

TABLE 2 | Gravity on Earth, Mars and Moon.

Temperature Gravity acceleration (m/s2) Relative value (%)

Earth, sea level 9.800 100
Earth, Mount Everest (8,848 m) 9.773 99.7
Earth, (2,650 km distance) 0.49 50.0
Mars 3.721 38.0
Moon 1.620 16.5

FIGURE 6 | Schematic of cell-internal structure in the root tip of a normal
plant with gravity-sensing Amyloplasts containing starch (A) and root tip of a
starchless mutant plant under microgravity (B) (Kiss, 2000; Morita, 2010).
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plant species (Paul et al., 2004; Corey et al., 2002; He et al., 2003;
Andre and Massimino, 1992). For example, hypobaric stress was
applied to radish, wheat, and lettuce with a reduction from 98 to
5 kPa for 5 min or 1.5 kPa for 10 min (Wheeler et al., 2011). The
temperature and humidity were managed to maintain at 22°C and
65% relative humidity respectively. The plants showed almost no
visible effects and sensitivity analysis indicated survival following
30 min in the low-pressure vacuum-like environment. In another
study, the total pressure was reduced and as well the oxygen
partial pressure. Normal plant growth was observed down to
50 kPa total pressure (Figure 7A), yet reduced plant growth was
found when the oxygen partial pressure was too low (2.5 kPa)
(Figure 7B) (Martelaro, 2017).

Similar to hypobaric stress on Earth, under space-atmospheric
conditions, hypoxia is common due to the lack of natural
convection. Similarly, waterlogging decreases the oxygen
available to roots. Indeed, under hypobaric conditions on
Earth, hypoxia is a major contributor towards plant stress and
symptoms (Ferl et al., 2002). An oxygen partial pressure of
10.3 kPa in 50 kPa constitutes mild hypoxic stress, and results
in no obvious change in vegetative growth of Arabidopsis plants
in soil (Ramonell et al., 2001). Under more severe stress, hypoxia
physiologically inhibits respiration and oxidative
phosphorylation, ultimately resulting in an energy deficit in
plant cells (Drew, 1997; Mustroph et al., 2010). In such
conditions, plants exhibit symptoms including a decrease in
protein body size (44–80% smaller for the case of brassica),
abnormal vacuole appearance, and embryo degeneration
(Stankovic, 2018).

Carbon dioxide (CO2) is the main phytonutrient, which affects
the growth rate, development, and final yield of plants. Earth’s
atmosphere is composed of approximately 0.041% CO2 by

volume, equal to 410 ppm. In comparison, the majority of the
Martian atmosphere is CO2, comprising 95.3% CO2, 2.7%
nitrogen, 1.6% argon, and a small amount of O2. Studies on
Earth indicate the benefits to yield arising from increases in CO2

concentration (Ainsworth and Long, 2005). The leaves of most
plants thicken, which changes the photosynthesis, gas exchange,
evaporative cooling, and sugar storage of plants [98]. This
changes the carbohydrate and nitrogen metabolism of plants
(Wang et al., 2009). In addition, high concentrations of CO2 will
inhibit photorespiration; the wasteful process of oxygenation,
mediated by Rubisco.

Ozone (O3) can also influence plant growth, both directly or
indirectly dependent on position and composition. On Earth, O3

acts as a pollutant at ground level but at high altitudes in the
stratosphere, it forms an essential protective layer against harmful
solar ultra-violet radiation (see below). As a pollutant, O3

increases Reactive Oxygen Species (ROS), induced through
stomatal closure (Ainsworth et al., 2012). Transient exposure
to high O3 induces a brief stomatal closure (3–6 min), with fully
recovery within 30–40 min (Kollist et al., 2007; Vahisalu et al.,
2010). However, longer exposure can lead to a significant, and
often irreversible, reduction in stomatal conductance, leading to a
decrease in CO2 uptake and impacting on the ability of the guard
cells to close in response to further stress (Eamus et al., 1990;
Morgan et al., 2003; McLaughlin et al., 2007). Both Venus and
Mars are known to have atmospheric O3 layers, though weaker
than that of Earth’s (Montmessin and Lefèvre, 2013). Whilst
ground-based O3 pollution has not been reported, O3 exposure
cannot be completely ruled out for future space missions.

Radiation Stress
Radiation is a form of energy that is emitted in the form of rays,
electromagnetic waves, and/or particles. Plants and animals are
exposed to radiation every day on Earth, and exposure is
unavoidable. Travelling on an airplane, speaking on the phone,
or even heating food can expose an individual to various doses of
radiation (Radiation sources and dos, 2019). However, radiation
composition and severity differs greatly between Earth and Space
(Table 3). In space, and on Mars, the radiation environment
consists of the solar electromagnetic spectrum plus a diverse array
of charged particles from both within and outside the solar system
(Nelson, 2016). This results in three kinds of radiation: particles
trapped in the Earth’s magnetic field; particles shot into space
during solar flares (solar particle events); and galactic cosmic rays
(GCRs). Due to shielding by the Earth’s magnetosphere and
atmosphere, terrestrial and low Earth orbit environments are
largely shielded from these sources. In fact, the ionising radiation
from galactic cosmic rays are so powerful that they even penetrate
through highly-engineered spacecraft (Perez, 2019). Radiation in
space can ultimately disrupt the typical function at a physiological
and micro-level (Ionizing Radiation and Hu, 2018). The amount
of radiation is dependent on three main factors: the altitude above
Earth (higher altitudes = less protection from the Earth’s
atmosphere), the individual susceptibility and physiological
makeup (individual response to radiation), and the solar cycle
(Perez, 2019). While non-ionising radiation is damaging, it can
easily be shielded out of an environment (see below). Ionising

FIGURE 7 | The growth status of wheat in low pressure environment:
50 kPa total pressure 10.4 or 5.0 kPa oxygen partial pressure (A), and 50 kPa
total pressure 2.5 kPa oxygen partial pressure (B) (Guo et al., 2008).
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radiation, however, is much more difficult to avoid as it has the
ability to move through substances and alter their composition.

Examples of ionising radiation include alpha particles (a
helium atom nucleus moving at very high speeds), beta
particles (high-speed electrons or positrons), gamma rays,
x-rays, and GCRs. Each of which are of a different energy and
intensity (see Table 3) (Reitz, 2008). Examples of non-ionising
radiation include radio frequencies, microwaves, infrared, visible
light, and ultraviolet (UV) light. More damage can also be created
by secondary particles that are propelled into motion by the
primary radiation particle. Extraterrestrial, high-energy gamma
rays include the gamma-ray background produced when cosmic
rays (either high speed electrons or protons) collide with ordinary
matter, producing pair-production gamma rays at 511 keV.
Alternatively, secondary radiation (bremsstrahlung) is
produced at energies of tens of MeV or more when cosmic-
ray electrons interact with nuclei of sufficiently high atomic
number. GCR are heavy, high-energy ions of elements that
have had all their electrons stripped away as they journeyed
through the galaxy at nearly the speed of light. While non-
ionising radiation is damaging, it can easily be shielded out of
an environment, as given for UV radiation.

Radiation effects in space are an issue of prominence and
presents one of the main factors determining success of space
travel (Mousseau and Møller, 2020). Manned space travel will
require safe transit of astronauts plus the cultivation of a plant-
based under conditions of prolonged exposure to ionising
radiation. Although there are a significant number of studies
concerning the effects of acute high dose rate exposures on plant
genetics, growth, and development, much less is known
concerning the effects of chronic low dose irradiation. This is
particularly the case for high energy protons and heavy ions that
are prevalent in space. Studies on Earth in regions of low dose
irradiation, such as Chernobyl, Fukushima, and areas of India,
indicate plants sustain high levels of mutation, genetic damage,

reduced growth rates and reduced pollen and seed viability under
a mix of alpha, beta and gamma exposure (Mousseau and Møller,
2020). However, the severity of symptoms is highly taxa specific
and the actual response to the radiation environment in space is
largely unknown.

The following sections will discuss different forms of radiation
stress and indicate where radiation has been altered tomanipulate
plant growth.

Visible Light Stress
PAR refers to the spectral range of solar radiation that can be used
by plants; between 400 and 700 nm, and constitutes visible light.
This is often referred to as the photosynthetic photon flux density;
or PPFD, with each quantum of light called a photon. Leaf
photosynthesis responds non-linearly to changes in PAR.
Under highly heterogeneous light environments, PAR
intensities will vary from limited to excessive. As the most
variable environmental driver PAR imposes a two-fold
challenge; the need to efficiently utilise as many photons as
possible whilst simultaneously preventing harm caused by
excess radiation. Achieving the optimal balance between these
two states is critical to maximise both productivity and mitigate
radiation-induced damage (Demmig-Adams et al., 2012). Visible
light stress is common on Earth where intensities in excess of
those required for photosynthesis lead to a buildup of excitation
energy in the photosynthetic membrane, which leads to damage
of the sensitive PSII (Murchie and Niyogi, 2011). Plants can
regulate the amount of light they intercept through changes in
leaf area, leaf angle or chloroplast movement, or on a molecular
level, through acclimatory adjustments in light harvesting
complex antenna size (known as state transitions). However, if
excess energy has been absorbed, it can be dissipated via a
number of different routes, broadly termed photoprotection.
This includes the harmless dissipation of excess energy as heat
in a process called non-photochemical quenching (Murchie and

TABLE 3 | Radiation characteristics on Earth and space at different distance from Earth.

Radiation Earth, surface Inner
radiation

belt

ISS Outer radiation
belt

Space (moon,
mars)

Galactic cosmic rays 75 mSv (ISS) 14 mSv (moon-Apollo 14, peak)
79 mSv (Shuttle, peak) 1,000 mSv (Mars)
77.6 μGy d−1 (Hodkinson
et al., 2017)

2,500 mSv (astronaut limit, 35a) (Charles
and Lloyd, 2021)

Proton 700 MeV 30–150 MeV 0.4–7 MeV (Vernov et al.,
1965)

2 ×
104 cm−2 s−1

567 μGy d−1 <102 cm−2 s−1

Beta 10 MeV a few MeV 0.1–10 MeV
2 ×
109 cm−2 s−1

average: 278 μGy d−1 1 × 1011 cm−2 s−1

peak: 28,840 μGy d−1

Gamma 511 keV
Several tens keV
(large nuclei)

Solar energy particle Peak: 5,251 μGy d−1

Secondary particle
radiation

2.2 mSv yr−1 a few μGy d−1
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Ruban, 2020). The PAR intensity that causes damage depends
upon the species or variety as well as the local environmental
conditions (see below). Whilst high-light adapted plants
including rice or maize can tolerate relatively high PPFDs
(Foo et al., 2020), lettuce-type crops grown at PPFDs above
600 μmol m−2 s−1 will exhibit destruction of the photosynthetic
apparatus in their upper leaves and decrease in total crop biomass
(Zhang, 2016).

Photosynthetic acclimation (also termed photoacclimation)
presents another subset of morphological and biochemical
adjustments by which plants use to adapt to prevailing PAR
conditions; whether an increase in intensity or a decrease
(Walters, 2005; Grouneva et al., 2013; Tikkanen and Aro,
2014; Maksimov et al., 2017; Townsend et al., 2018).
Photoacclimation can be broadly split into two different
mechanisms: developmental acclimation and dynamic
acclimation (Allakhverdiev and Murata, 2004; Kono and
Terashima, 2014). Developmental acclimation refers to
changes occurring during leaf development which are largely
irreversible whereas dynamic acclimation is the ability for fully
developed leaves to change their photosynthetic capacity
(Tikkanen et al., 2011; Tikhonov, 2014). The extent of the
propensity to acclimate will depend on the plant’s genotype,
which will, to a greater or lesser extent, match the environment to
which it is adapted through evolution.

The processes of photoprotection and photoacclimation will
interact together and thus the actual productivity of a plant will
depend upon the balance between different states. For example,
exposure to excess light levels may lead to the enhancement of
photoprotective mechanisms and in turn photoprotection may
place an upper limit on the capacity to acclimate (e.g., Demmig-
Adams et al., 2012 (Demmig-Adams et al., 2012)). Whilst the
balance between these two states can be hard to discern under
natural conditions, cultivation of plants under controlled
conditions affords the ability to manipulate the light
environment and thus alter plant growth.

Photoengineering of Visible Light
The most important characteristics of the lighting regime for
plants are the PPFD (Bykov, 1970; Knight and Mitchell, 1983;
Knight and Mitchell, 1988; Fu et al., 2012; Weaver et al., 2019),
photoperiod (Koontz and Prince, 1986; Lefsrud et al., 2006; Ali
et al., 2009; Yakovtseva et al., 2015; Fukuda et al., 2019; Elkins and
van Iersel, 2020; García-Caparrós et al., 2020; Hwang et al., 2020),
light spectral composition (Goins et al., 1997; Lillo and
Appenroth, 2001; Tamulaitis et al., 2005; Ohashi-Kaneko et al.,
2007; Wu et al., 2007; Stutte et al., 2009; Lin et al., 2013; Ouzounis
et al., 2015; Ptushenko et al., 2015), and lighting mode (pulse or
continuous) (Olvera-González et al., 2013; Dong et al., 2015)
(Figure 8).

Ample literature exists on the impact of he use of light emitting
diodes (LEDs) for manipulation of these light traits. The design of
lighting systems to obtain the optimal photosynthetic photon flux
density (PPFD) remains a topic of ongoing research.

Effect of Photosynthetic Photon Flux Density. The light intensity,
or PPFD, required for optimal plant growth is highly species and

variety specific and is partly dependent upon the local
environmental conditions in which a plant is grown. For
example, a plant growing closer to the equator will be
acclimated to higher PPFD (2000 μmol m−2 s−1). The
maximum value strongly depends on the photosynthetic
pathway employed (e.g., C3 versus C4) plus the leaf area (or
biomass density) of the crop (Knight and Mitchell, 1983; Knight
and Mitchell, 1988). For C4 species such as Maize (Zea mays),
2000 μmol m−2 s−1 is required for full photosynthetic saturation;
whereas Chinese cabbage, Brassica chinensis, can reach full
saturation at 672 μmol m−2 s−1 (Bykov, 1970). The optimal
PPFD also depends upon season and latitude. For example,
romaine lettuce (Lactuca sativa L.) requires a PPFD of
400 μmol m−2 s−1 for optimal growth during the winter (in a
greenhouse), whereas 600 μmol m−2 s−1 is optimal late spring and
early autumn (Fu et al., 2012). The PPFD can be fine-tuned: leaf
area can increase at low dose and short times (150 μmol m−2 s−1;
20 h), while decreasing in the opposite direction
(200 μmol m−2 s−1; 24 h) (Cho et al., 2020).

Effect of Photoperiod. The photoperiod is an integral value of the
daily dose of crop irradiation. It is often referred to as daily light
integral (DLI). It affects biomass accumulation, as well as
accumulation of secondary metabolites in many crops; the
latter mediate ecological interactions, to produce a selective
advantage in terms of plant survivability or fertility. Most
crops require a circadian rhythm (“sleep–wake cycle”) with a
specific day length for flowering, without which, yield will not be
produced. Yet, there are also crops that are more flexible to the
photoperiod, and we will report about them here.

Duration of Lighting. An extension of the photoperiod at
constant radiation intensity can increase the growth: the
weight of loose-leaf lettuce (Lactuca sativa L.) almost
doubled when increasing the photoperiod from 16 to 24 h
(Koontz and Prince, 1986). A DLI of 12 mol·m−2·d−1 was
provided in a greenhouse over 12, 15, 18, or 21-h
photoperiods using adaptive lighting control. Similar effects
are given for the individual plant parts, e.g. increase in shoot dry
mass of Rudbeckia fulgida (30%), root dry mass (24%), plant
height (14%), leaf area (16%), and chlorophyll content index
(48%) when irradiated for 21 instead of 12 h (148). Further,
increased lightening impacts the shape of plant parts (leaves
become broader) and molecular functions such as the

FIGURE 8 | Characteristics of the lighting regime relevant for crop
growth.
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antioxidant capacity and light use efficiency of lettuce (Cho
et al., 2020).

Number of Cycles.Another parameter is the number of light-dark
cycles in a given photoperiod. For example, an increasing number
of cycles from 18 h (light)-6 h (dark) to 9 h (light)-3 h (dark) to
6(light)-2(dark) within 24 h altered the chemical composition of
tomato and cucumber seedlings (García-Caparrós et al., 2020).
Leaf proline content showed the highest value in the treatment
with 18 h of light and 6 h of dark. The same result was found for
strawberries (Yakovtseva et al., 2015). A too-short exposure (cycle
time), may cause restriction in flowering or seed abortion; thus,
defining a critical photoperiod threshold that must be reached to
initiate developmental stages (Jackson, 2009).

Supplemental Lighting. In addition, the photoperiod may be
manipulated in the dark cycle by overnight supplemental
lighting (OSL). While this is known to increase the growth of
some crops (Okushima et al., 2012; Yao et al., 2021), it also
induces physiological stress, in the example of lettuce, resulting in
a reduction of photosynthetic efficiency by 10% (Fukuda et al.,
2019). Similarly, the light cycle may be altered: exposure to
monochromatic light can be identified (misinterpreted) by
plants as a high-intensity white light, since the photosynthetic
apparatus and the system of specific photoreceptors are sensitive
to different spectral regions.

Effect of Light Spectral Composition. The light spectral
composition affects plant’s growth and development
(Figure 9) (Ouzounis et al., 2015). The spectral composition
can also affect taste components such as the aromatic intensity in
coriander (Coriandrum sativum L.) (McAusland et al., 2020). As
such, many horticultural-focused studies aim to determine the
optimal light “recipe” (Smith et al., 2017). Changes in metabolic
and signalling pathways can arise when supplying different
spectral compositions to plants. Phytohormone content, the
ratio of their active and inactive forms, and regulation of
hormone transport plus the activity of key metabolic enzymes
such as nitrate reductase can increase or decrease. Light has a
complex effect, and this happens by changes of so-called
transcriptional, translational, and post-translational levels, with
further details given in (Lillo and Appenroth, 2001).

Typically, red light (600–660 nm) and blue light (400–490 nm)
wavelengths are most effectively absorbed by chlorophylls and are
required as the main energy sources for photosynthesis (Goins
et al., 1997; Son and Oh, 2013). The function of red and blue light
differs. Red LED generally induces plant growth by increasing
fresh and dry plant weight, plant height, and leaf area as well as
pest stability (Wang et al., 2009; Heo et al., 2012). In comparison,
blue LED influences photosynthetic function, chlorophyll
formation, and chloroplast development and can influence
pest and disease prevalence (Wang et al., 2009; Johkan et al.,
2010). The synergetic effect of both blue and red LEDs is known
to enhance the growth of various herbs and vegetables. Combined
narrow-band red and blue light stimulation of growth is most
pronounced low PPFD levels, below 200 μmol m−2 s−1

(Ptushenko et al., 2015). Some crops show strong positive

effects in response to unilateral red light (Millar et al., 2010).
Addition of far-red light (730 nm) to red light shows reduced
growth and bioprotective compounds in the example of lettuce
but is associated with shade avoidance strategies (Stutte et al.,
2009).

Monochromatic light usually is unable to ensure normal plant
growth (Goins et al., 1997). This can lead to a decrease in CO2

absorption rate and therefore reduced plant biomass
accumulation, as shown for monochromatic red light
irradiation (640 nm) (Tamulaitis et al., 2005). Exceptions to
this are known; Komatsuna spinach produced higher biomass
by monochromatic irradiation from red fluorescent lamps, as
compared to control experiments with white bulbs (Ohashi-
Kaneko et al., 2007). Stem length and seedling weight might
increase for some plants grown under monochromatic blue light
(Wu et al., 2007). A few plants grow well with dichromatic

FIGURE 9 | Effect of light wavelengths on chrysanthemum (A), tomato
(B) and lettuce (C). The light absorption maxima of the intact leaves are in the
bands of 400–490 nm and 660–680 nm, which is close to maximum
absorption bands of a chlorophyll extract (420–460 nm and
640–660 nm) (Mortensen and Strømme, 1987).
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(red-blue) light, while others need a combination of more
spectral bands.

Green light (500–600 nm) is also able to promote plant growth
(Smith et al., 2017). This can be attributed to the greater
penetration of green wavelengths through the leaf and canopy
profile, contributing to carbon gain and signalling in lower
cellular and canopy layers (Smith et al., 2017). In addition, the
green light has been proposed to be beneficial for human-based
diagnostics of biotic stress. The absence of green light may give
plants unhealthy appearance. Previously NASA studies of leaves
grown in bioregenerative life-support systems for space under
dichromatic red and blue LEDs have grey/black appearance,
which are reported to be difficult to discern any colour-related
stress symptoms (Kim et al., 2005). Similarly, green LED light
benefits human health through the generation of a nicer working
environment (Smith et al., 2017).

Effect of Lighting Mode. The lighting mode, i.e., whether the
radiation is applied continuously or pulsed, has an influence on
plant performance because light-absorbing molecules in
chloroplasts become inactivated after absorbing a light
quantum (Tennessen et al., 1995). Therefore, continuous
lighting can only be 100% efficient if operated below the value
required to saturate photosynthesis. Pulsed lighting can be used
to moderate the excitation of the photosynthetic membrane
whilst simultaneously saving light energy and enhancing crop
energy efficiency. Essential for the latter is to find a dark-light
cycle optimisation; which will be species and light intensity
specific.

For several crops, short (≤100 µs), high-intensity light pulses
interspersed with dark periods could fulfill the energy needs at
relatively low PPFD levels and can result in a higher quantum use
efficiency, as compared to continuous lighting. For example,
lettuce plants grown under pulsed lighting with a period of
100 ms and duty cycle (the ratio between the duration of
light-on to the total light-on plus light-off period) of 50%
showed higher biomass and photosynthetic rate (Kanechi
et al., 2016). Similar results were also seen in potato seedlings
(Jao and Fang, 2004). Pulsed LED irradiation of lettuce could save
energy at a plant growth similar to that under continuous light
(Son et al., 2016). In comparison, a parametric study on the duty
cycle effect on the photosynthetic characteristics and productivity
of wheat resulted in negligible or reduced crop yield (Dong et al.,
2015). Optimal pulsed lighting may be achieved by synchronising
the light frequencies to the fluorescence emission characteristics
of chlorophyll, such as maximum fluorescence, minimum
fluorescence, the fluorescence emission in steady-state, and
maximum efficiency of the photosystem [example: 0.1 Hz to
100 kHz; 50% duty cycle, (Jao and Fang, 2004)].

UV Light Stress on Earth Versus Space
Ultraviolet (UV) radiation (100—400 nm) can cause plant
growth stress. UV radiation will differ in space compared to
Earth and affects plant’s growth dependent on its exact spectral
profile, i.e. presenting short or long wavelength spans. UV
radiation can be split into three different categories based on
wavelength, each of which has a differential effect on plant

growth. UV-A refers to wavelengths from 315 to 400 nm; UV-
B from 280 to 315 nm; and UV-C from 100 to 280 nm. That
Earth-bound protection against damage via UV radiation, does
not exist in space; providing a very different UV signature. UV-C
rays are almost completely absorbed by Earth’s atmosphere,
whilst UV-B rays are absorbed ~95% by the ozone layer. UV-
A rays account for 95 percent of UV radiation that reaches the
Earth’s surface.

Whilst UV-A and -B mainly affect morphogenesis and
phototropism, UV-B and -C trigger secondary metabolite
production and are strongly absorbed by nuclear,
mitochondrial and chloroplastic DNA (Robson et al., 2015;
Vanhaelewyn et al., 2020). The exact response to UV stress is
species specific. Exposure to UV-B over several days, results in
increased damage to seedlings of bean (Phaseolus vulgaris)
relative to barley (Hordeum vulgare) and radish (Raphanus
sativus), while corn (Zea mays) was hardly influenced at all
(Escobar-Bravo et al., 2017). In all plant species, the fresh
weight, the leaf area, the amounts of chlorophylls, carotenoids,
and the galactolipids of the chloroplasts were reduced under UV-
B exposure (Murakami and Yamada, 1988). The fresh weights fell
proportionally with the chlorophylls and carotenoids. All UV-B
irradiated plants showed a rise in their protein content compared
to the control plants as well as in the flavonoid content (for barley
and radish by about 50%). The effects are more pronounced with
increasing UV-B intensity. At the highest UV-B fluence rate, the
flavonoid content of barley leaves rose reached 180% of the value
in the control plants. Scorching appeared in the form of bronze
leaf discoloration at the highest UV-B intensity (Lizana et al.,
2009). Deformations on supramolecular structures such as
organelles and membranes are observed as well as visible
macroscopic changes on parts of the crop plants (leaves)
(Tevini et al., 1981). Embryonic evidence suggests that by
proper crop selection negative effects can be diminished: less
leafy vegetables/plants are less damaged.

UV-C rays are generally considered to be one of the most
harmful factors, causing damage to epidermal andmesophyll cells
of plants (Kara, 2013). However, UV-C light can increase
branching in some plants while reducing final, plant height.
This effect may avoid the need to pinch off plant shoot tips or
to apply plant growth regulators (Bridgen, 2016).

Alpha Radiation Stress
Alpha (α) particles have a positive charge and are identical to
helium nuclei, consisting of two protons and two neutrons. They
result from the radioactive decay of heavy elements such as
radium, thorium, uranium, and plutonium. Because of their
double-positive charge, α particles have great ionising power,
but their large mass results in very little penetration. Alpha
irradiation, simulated by Earth nuclear sources, has
pronounced effects on Arabidopsis thalina seedlings, both
morphologically and physiologically (Biermans et al., 2015). At
a low dose rate, the redox balance is controlled and the biomass is
stable, whereas at a high dose rate crop growth, transfer, and
redox balance decline. With more detail on the dose-dependency,
effects on roots and shoots have been monitored. At up to
1910–2,400 μ Gyh-1, α radiation leads to significant reactive
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oxygen scavenging and DNA repair response. The roots can
maintain normal redox balance in 1 week when exposed to
α-radiation, given that the dose rate is within mGyh−1.
However, if the dose rate is increased by approximately 10-
fold, the redox balance will decrease. Shoots can control redox
balance and photosynthesis with a dose rate of up to 145 μ Gyh-1

(Biermans et al., 2015).

Proton Radiation Stress
Proton Radiation Stress in Space
Proton radiation is, with varying intensity, found in the Inner and
Outer Belt in the near-Earth related space (Table 3). Proton
irradiation, simulated by Earth nuclear sources, showed a
significant morphological effect on the germination of soybean
growth, as well as on survival and growth of the seedlings
(Figure 10) (Im et al., 2017). Although germination rate
increased with the increase of proton dose rate, the survival
rate decreased significantly. From a dose of 100 Gy onwards,
not only the plant height but also the root and shoot weight
declined significantly Figure 10). Also, abnormal branch stem,
leaves, and even chlorophyll mutations have been found in plants
grown under proton radiation.

Beta Radiation Stress
Beta Radiation Stress in Space
Beta radiation is, found with varying intensity in the Inner and
Outer Belts in the near-Earth-related space. Simulated by Earth
nuclear sources, beta radiation stimulates the growth of Phaseolus
vulgaris at a low dose, but damages roots and shoots, decreases
the number of branches and leaves significantly, at high dose rates
(Marcu et al., 2013).

Gamma Radiation Stress
Occasionally, giant explosions called solar flares and coronal mass
ejections (CME) occur on the surface of the Sun and release
massive amounts of energy out into space in the form of x-rays,
gamma rays, and streams of protons and electrons called solar
particle events (SPE) (Jan et al., 2012). They are absorbed in the
Earth’s surface but will be present in space.

Gamma rays are not necessarily detrimental to crop growth.
Seedlings exposed to relatively low doses of gamma rays (1–5 Gy)
developed normally (Wi et al., 2007). Yet at higher doses, the
destructive nature of gamma rays becomes evident. Exposure to
gamma radiation is used as mechanism to mutagenise the genetic
code of plants for breeding (Beyaz and Yildiz, 2017). It is possible

that radiation doses in the cosmos could be used to select for
better space adapted lines to improve the suitability of crop
cultivars grown in space. However, current plant species are
often sensitive to gamma radiation-induced damage. At a dose
of 50 Gy, the crop growth ias significantly inhibited and cell walls
and their constituents become deformed (Figure 11).
Chloroplasts are extremely sensitive to gamma irradiation
compared to other cell organelles, particularly resulting in
swelling to thylakoids.

Stressors’ Impact on Plants Across Diverse
Scales
Plant stress leads to plant changes on diverse levels of scale
(Figure 12). It is relevant to transform the knowledge of stressor-
induced plant changes into physiological targets for plant growth
in space across these scales. Depending on the stressor, some
scale-relevant changes are better documented than others
(Table 4). On Earth, heat-, drought-, salt- and visible-light-
induced stressors are well documented; the same holds for
micro-gravity-induced stressors in space. The role of other
radiation stressors than visible light, or of gas composition is
less documented.

Combined Effects of Stressors
As space-based plant-growing systems get more complicated,
maintenance of the stability of growth conditions becomes more
difficult to achieve. In general, whilst closed-loop systems may be
easier to maintain, size or other constraints may necessitate the
transition to more open systems. This increases the probability of
both abiotic and biotic stressors as open systems are exposed to
microbial disease outbreaks due to interactions between the crew-
habitable modules and the plant-growth modules (Schuerger
2021). Thus space farming requires consideration of multiple
combined stressors as well as the identification of which stressors
may be tolerated and which must be limited.

Plants on Earth are exposed to a complex set of biotic and
abiotic stressors and, in response, have developed a complex
set of responses. Interactions of stressor effects common,
however whether the response is additive or a result of
more complex behavior, e.g. synergistic, plus the magnitude
of damage and/or symptoms experiences, dependent upon the
stressors and species in question. For example, the effect of salt
stress will vary depending on climatic conditions, light
intensity, plant species or soil conditions (Tang et al.,

FIGURE 10 | Abnormal phenotypes of proton beam-irradiated soybean cultivars. (A) Abnormal leaf (239 Gy), (B) abnormal stem (117 Gy), (C) variegated leaf
(365 Gy), (D) bright green leaf (239 Gy) (Im et al., 2017).
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2015). Salt stress and CO2 concentration show interactive
effects. In the halophyte Aster tripolium L. combined salt
and CO2 stress was shown to affect plant growth,
photosynthesis, water relations, and chemical composition
(Geissler et al., 2009). Visible light and CO2 concentration
also show interactive effects. The light saturation point of
cucumber changes with temperature and CO2 concentration
[102]. Similarly, there are interactions between radiation and
other environmental stressors (e.g., temperature, drought,
heavy metals) that may play important roles in determining
susceptibility to radiation induced stress (Mousseau and
Møller, 2020). Photoprotective processes and light-induced
damage become enhanced under thermal stress, particularly
under chilling stress (Demmig-Adams et al., 2012). The extent
of combined chilling and radiation stress on photosynthetic
efficiency is species specific, with plants performing C4

photosynthesis affected to a greater extent (Osborne et al.,
2008). Even within one stressor class, such as radiation
(Radiation Stress), combined effects of measures are found.
For example, when increasing both PPFD and DLI, different
parameters of the plant growth display linear or saturating-
curve relationships (Hwang et al., 2020).

Certain stressors are likely to occur in combination and elicit
similar symptoms. Water deficit or drought stress restrict growth
processes directly via turgor loss but also affect CO2 assimilation
through stomatal closure and by reducing transpirational cooling,
increasing leaf temperature (Tardieu et al., 2018). High
temperatures commonly act in combination with drought,
high light intensities and an increased water vapour deficit
(Grossiord et al., 2020). Hypobaria and hypoxia generally
occur in combination (Atmospheric Stress—low Pressure or
Atmospheres of Different Composition).

FIGURE 11 | Schematic drawn from transmission electron micrographs of cell wall structures of Empire apples, showing the transition from fresh unirradiated cells
towards gamma ray-irradiated cells (1 kGy) then stored for 6 weeks (Kovács and Keresztes, 2002).

FIGURE 12 | Macroscopic, mesoscopic and microscopic classification of changes of plants when exposed to various kinds of plant stressors.
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In space, the combination of stressors will likely differ than
those on Earth. Plants grown under microgravity are subject to
combined abiotic stressors which may promote microbial growth
and thus disease severity. Aboard an 8-day mission on the NASA
shuttle, Discovery, Wheat (Triticum aestivum cv. Super Dwarf)
developed girdling of leaf sheaths, chlorosis and necrosis of leaf
and root tissues as a result of infection by fungal pathogen

Neotyphodium chilense (Bishop et al., 1997). However, on
Earth, symptoms were only exhibited following 4 + days
growth in closed containers, plus corresponding infection was
witnessed in other cereals (wheat cv. Malcolm, orchard grass,
barley and maize) when grown together. Similarly, restricted
airflow contributed to the development of the root fungal
pathogen Phytophthora sojae on soybean plants (Glycine max

TABLE 4 | Stressors impacts on plants–investigated parameters on different scales.

Stressor Macroscopical Mesoscopical Microscopical Target function

Heat Soil temperature and air
temperature

Photosynthesis, respiration,
and transpiration

Synthesis and transportation of organic
matter

Plant growth

Absorption and transport of water and
fertiliser

Cellular function

Metabolic processes

Drought Metabolic processes Shoot growth
Absorbing water and minerals Plant growth

Salt Photosynthetic pigment loss and activity Chlorophyll content
Stomatal processes
Membrane instability

Microgravity Mechanical changes Interactive effects Chlorophyll content
Overall mass and mass
distribution, including bending
stresses

Atmospheric Morphology Vacuole appearance or
embryo degeneration

Protein mass Oxygen starvation
Thickening
Growth and development Metabolic processes

Visible light Plant growth and development Transmembrane and light-
harvesting complexes mass

Chlorophyll content Photoinhibition growth

Morphology Sugar and proline content Antioxidant capacity
Plant weight CO2 absorption rate Light use efficiency
Plant height Enzyme function (nitrate reductase) Productivity
Leaf area Metabolic processes Photosynthetic function, Chlorophyll

formation, and Chloroplast
development

Biomass Protein content Taste aromatic intensity
Flowering Deformations on supramolecular structures

such as organelles, membranes and
epidermal structures

Photosynthetic rate

Seed abortion Biomass allocation Energy input
Seedling weight Amounts of chlorophylls, carotenoids, lipids

and galactolipids
Protein/nutrient content

Growth Value components (proteins, lipids) Timing of developmental phases
Weight Deformations on supramolecular structures

such as organelles and membranes
Leaf surface and area
Visible macroscopic changes
Plant form

Gamma
radiation

Growth Chloroplasts and organelles mass

Alpha
radiation

Growth Reactive oxygen scavenging
DNA repair response
Redox balance and photosynthesis

Beta radiation Growth
Root/Shoot Development
number of branches and leaves

Proton
radiation

Morphology Germination rate Chlorophyll mutations
Branch stem, leaves
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cv. ‘Williams 82’) aboard the shuttle flight STS-87 (Ryba-White
et al., 2001). In late 2015 aboard the ISS in the Veggie growth
system, an outbreak of the fungal pathogen Fusarium oxysporum,
affected the growth of Zinnia hybrida cv. ‘Profusion’ (Schuerger
et al., 2021). Plants developed chlorosis, leaf curling, damaged
leaves and stems plus necrosis. Pathogenicity assays on Earth
indicated that symptoms matched those in situ when plants were
stressed with high-water exposure, as experienced in veggie, and
that Fusarium oxysporum was able to act as an opportunistic
pathogen on high-water stressed plants. Together, these studies
indicate the importance of combined abiotic and biotic stressors
on plant growth and mortality, and the potential implications of
closed systems containing pathogens with a large host range.

Whilst many of the stressors discussed in this review can be
managed so as not to limit plant growth in space, large-scale
tests for food production in reduced gravity are still lacking.
Furthermore, a number of viable technologies for space
agriculture need to be developed including optimised
lighting; efficient irrigation and nutrient-delivery; and
precise atmospheric controls for temperature, humidity and
gas composition. Whether necessary growth resources are
obtained via in situ resource utilisation or must be
transported from Earth will also determine the overall
design of future plant-growth habitats. Selecting the right
crops to grow in space is also essential. Given the limited
amount of room available on board a spacecraft, plants with
reduced size but high yields need to be developed: for example,
dwarf varieties of wheat, cherry tomato, rice, pepper, soybean
and pea have been successfully grown in orbit and in simulated
planetary habitats. The following section will discuss adaptive
mechanisms and engineering approaches by which we can
reduce plant stress.

ENGINEERING AND ADAPTIVE
MECHANISMS TO REDUCE STRESS–FOR
EARTH AND SPACE
A key question of this review is, can space stressors be used
positively for plant growth, or do we have to accept that space is a
hostile environment? With the view that stressors usually have a
negative impact, and that a positive Eustress still needs to be
developed, the question is how to mitigate the threat of stressors.
One way is shielding by construction material, both by outer
shielding of a space habitat and inner shielding by means of a
biogenerative life-support system. Such shielding has been
achieved to a certain degree for existing spacecrafts. For
example, while the International Space Station (ISS) is able to
mitigate stressor impacts by heat, air, and other control
management systems, this nonetheless does not come to a
zero level. Thus, conditions on the ISS and other spacecraft
still differ from those on Earth.

Yet, there is some indication that some of the space stressors
can be used as Eustress, or have negligible impact on plant
growth as long as other conditions are maintained as witnessed
for hypobaria (Atmospheric Stress—low Pressure or Atmospheres
of Different Composition). This can be conceptualised with

examples from radiation, the features of which differ greatly
in space compared to Earth (Radiation Stress). One solution
would be toeliminate radiation entirely via shielding, with
growth radiation applied via LEDs. An alternative approach
would be to explore how to modulate the existing space
radiation to stimulate plant growth, e.g. concerning certain
stages of development, earlier flowering, and lateral bud
development (Molas and Kiss, 2009). The best solution will
be to use the solar and visible irradiation “as is”—meaning to
rely on different photoperiods, different intensities, and
different spectral compositions. Plants have been shown to be
flexible to adapt to this. Additional technology opportunities of
modern horticulture may assist such as pulsed lightening. This
may require filtering parts of the irradiation that are
detrimental, and leaving parts that are considered beneficial
(Baldwin et al., 2009). Nonetheless, the use of screening
materials to manipulate light spectral quality can be further
advanced, also known as climate screens. These materials are
typically used inside greenhouses to control humidity and
temperature or remove harmful wavelengths of light
(Kotilainen et al., 2018). Dependent upon the type of screen
used, a large difference can be seen in both the fraction of global
irradiance, which can pass through the screen and the spectral
irradiance of the resulting environment. This suggests the
potential for engineering appropriate screens for space
conditions.

Another solution is that the plant itself may acclimate to the
new conditions or stress-related signalling pathways may be
altered to improve resilience. The signalling of a stress event,
whether abiotic or biotic has been well established and this
normally takes the form of calcium, ROS, hydraulic signals
(Fichman andMittler, 2020). ABA is also involved in ROS/Ca2+
associated closure in response to very high light on both a local
and long-distance scale, activating stomatal closure at a systemic
level (Takahashi and Shinozaki, 2019). A considerable amount
of evidence has shown that phytohormones are signals
connecting root and shoot, triggering responses to external
stress (Llanes et al., 2014). Pools of polyamines in plants,
particularly a major group called putrescines, could be
manipulated in space and on the ground to reduce stress
reactions (Llanes et al., 2014). Alternatively to stress
pathways, control of plant function can also serve to improve
plant growth in diverse habitats. Co-ordination between distal
plant parts is well known, for example the synthesis of ABA in
roots in response to drying soil that leads to stomatal closure
when sensed by guard cells (Takahashi and Shinozaki, 2019).
Strigolactones, microRNAs, Jasmonic acid (JA), peptides and
cytokinins all are involved in some form of shoot–root
communication (Ko and Helariutta, 2017). Similarly,
developmental and dynamic acclimation (see above) is
subject to influence from systemic signals to light and CO2

(Coupe et al., 2006; Kangasjärvi et al., 2009).
These signalling mechanisms can be exploited or improved to

maximise productivity under space conditions. Modern gene
manipulation may have a pivotal role for photoprotective
pathways to increase the speed of response to changes in light
intensity and to increase the crop yield, as shown in the examples
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of Tobacco (Nicotinia) and rice (Oryza sativa) (Kromdijk et al.,
2016; Hubbart et al., 2018).

CONCLUSION

Plant stressors will happen in space in a way we cannot
predict,yet, we must rely on Earth experiences as the first
and best approximation. Here, Earth stressors and known
Space stressors have been summed up, and perspectives for
translation to plant growth have been given. We have aimed to
provide insight to above space stressor problem from the
standpoint of both biologists and system engineers. Much is
known about common stressors on Earth such as visible light
stress, thermal stress, drought and salinity. Many of these
known stressors can be mitigated by proper systems
engineering towards a biogenerative life-support system in
space. The unknown impact is the effect of cosmic radiation,
including alpha, beta, gamma, and x-ray irradiation unknown
on Earth. We discuss ways in which the combination of these
stressors may influence plant growth and the signalling and
metabolic pathways involved in stress perception and response.
Finally, we propose potential targets to engineer and manipulate
the genetic composition of plants to improve adaptation to
stress in space. As a first step, it might be sufficient to select
those plants which are able to do best in space, based on the
limited current knowledge from the wide selection of Earth
plant varieties. It might be good to expose those plant species in
a large experimental test on Earth over several years to the plant
stressors expected for a Moon habitat and spacecraft travel to
Mars. The plants that best resist the stress may be selected, and
we may use those mutated species for our space journeys and
exploration.

OUTLOOK: “SPACE COOKING” AND NOTE
BY NOTE COOKING

Space farming will finally produce new crops, meaning
modifications not seen on Earth. The food need of
astronauts in deep space explorations and long-term stay on
extraterrestrial planets will likely be different from Earth. The
‘Moon cantina’ will not rely on Earth dishes such as pizza,

steak, or Sushi. Thus, space farming will finally lead to a new
type of cooking and dishes.

One way to consider that change would be based on cooked
food supply from the first instance. On Earth, revolutionary
cooking concepts have been proposed such as the Note-by-Note
Cooking (NBN).Note byNote cuisine is a style of cooking based on
molecular gastronomy (This, 2006; Rossi-Wilcox, 2007; This,
2007). Dishes are made using pure compounds instead of using
animal or plant tissues. There is a big advantage in terms of water
requirements, as there is no need to transport it when using NBN
cooking. In principle, it can fully replace traditional food, as has
been shown for coma patients in hospitals. In practical terms, NBN
may rely on the cultivation of pulses, and extraction of proteins and
polysaccharides (starch), followed by transfer of remaining plant
residues to insects, so that they can make other proteins. This may
be facilitated by the cultivation of genetically modified plants in
order to produce the right cocktail of nutrients, in higher
concentrations, supporting the NBN cooking.
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