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Abstract

Spaceflight presents a unique environment characterized by microgravity, cosmic radiation, and confined resource
availability, profoundly impacting plant growth, physiology, and productivity. Understanding plant responses to
these conditions is critical for developing sustainable biological life support systems for long-duration space missions
and for ensuring crew health and nutrition. Insights from spaceflight biology also have direct implications for
improving crop resilience, productivity, and food security on Earth. This review synthesizes current knowledge on
plant physiological, molecular, and developmental responses to spaceflight, examines the effects of microgravity and
space radiation on crop performance, and highlights emerging strategies for space agriculture. We discuss how
space-induced adaptations can inform terrestrial agriculture, including stress tolerance, rapid breeding, and
controlled environment farming, ultimately contributing to global food security. Integrating spaceflight research
with advanced crop management and biotechnological approaches offers a roadmap for resilient, sustainable food
systems both in orbit and on Earth.
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1.Introduction

Plants form the foundation of human food systems
and are essential components of life-support
strategies for future long-duration space missions.
However, terrestrial plant evolution has occurred
entirely under Earth's constant gravitational force,
atmospheric composition, and magnetic shielding,
which together shape plant morphology, physiology,
and developmental processes. In contrast, the
spaceflight environment exposes plants to
microgravity or altered gravity, increased levels of
cosmic radiation, limited resource availability, and
confined growth systems. These factors collectively
create conditions that differ dramatically from those
encountered in terrestrial agriculture, prompting
extensive investigation into how plants respond and
adapt to such environments [1]. Spaceflight biology
has therefore emerged as a critical research field
linking plant science, astrobiology, and agricultural
biotechnology. Experiments conducted aboard space
platforms such as the International Space Station
(ISS) have provided unique opportunities to study
plant growth in microgravity, revealing unexpected
changes in gene expression, hormone signaling,
cellular architecture, and metabolic regulation. Such
findings not only inform strategies for growing crops
during lunar and Martian missions but also generate
knowledge applicable to agriculture on Earth,
particularly in the context of climate change, soil
degradation, and increasing food demand [2], plants
in space are expected to serve multiple roles beyond

food production. They contribute to oxygen
regeneration, carbon dioxide removal, water
recycling, and waste conversion within
bioregenerative life-support systems, while also
providing psychological benefits to astronauts living
in isolated environments. Consequently,
understanding plant performance under spaceflight
conditions is vital for designing sustainable human
exploration missions and offers transformative
insights into improving crop productivity and
resilience in controlled agricultural systems on Earth.

2. Effects of Spaceflight on Crop Growth and
Development

2.1 Physiological and Molecular Responses to
Microgravity and Radiation

Microgravity fundamentally alters how plants
perceive and respond to their physical environment.
Under Earth's gravity, roots grow downward and
shoots grow upward due to gravitropic responses
mediated by specialized cellular structures called
statoliths. In microgravity, these orientation cues are
disrupted, leading to modifications in root
architecture, shoot orientation, and nutrient
acquisition patterns. Studies conducted aboard the
ISS using model plants such as Arabidopsis thaliana
have demonstrated that microgravity induces
widespread changes in gene expression related to cell
wall remodeling, oxidative stress responses, plastid
function, and energy metabolism [3]. At the cellular
level, microgravity affects cytoskeletal organization,
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membrane transport processes, and hormonal
signaling networks, including auxin and cytokinin
pathways that regulate growth and development.
Additionally, spaceflight exposes plants to elevated
levels of cosmic radiation, which can cause DNA
damage, oxidative stress, and metabolic adjustments.
Although plants possess efficient repair and defense
mechanisms, prolonged exposure to radiation may
influence long-term growth performance and
reproductive success. These findings emphasize the
need to develop crop varieties capable of maintaining
stable growth and yield under extraterrestrial
environmental stressors.

2.2 Spaceflight Seed Exposure and Crop
Performance

Seed exposure to space conditions has revealed
complex and sometimes unexpected impacts on
subsequent plant development. Seeds stored or
transported in space are subjected to radiation and
microgravity for extended periods, potentially
inducing genetic, epigenetic, or physiological
modifications.

Studies have shown species-specific responses, with
some crops exhibiting enhanced vigor, altered
nutrient composition, or improved stress tolerance
after spaceflight exposure, while others demonstrate
reduced germination rates or growth performance
[4]. For example, experiments involving leafy
vegetables and tomatoes have reported changes in
antioxidant content, mineral accumulation, and
growth characteristics in plants derived from space-
exposed seeds. These observations suggest that
spaceflight may influence stress-response pathways
and metabolic regulation, potentially offering novel
opportunities for crop improvement. However,
responses vary among species and cultivars,
highlighting the need for systematic evaluation of
seed storage and breeding strategies for future space
agriculture applications. Understanding these effects
is also relevant for terrestrial seed preservation and
crop improvement programs aimed at enhancing
resilience to environmental stress.

Table. Representative Studies on Spaceflight Effects on Crop Growth and Agricultural Implications

Study / Mission Plant Species / Crop Experimental Condition

Veggie Experiment

{1ss) Lettuce (Lactuca sativa)

ISS

Advanced Plant Arabidopsis, wheat, dwarf
Habitat (ISS) wheat

Controlled microgravity
cultivation

Tomato, lettuce,
Brassicaceae crops

Seed Storage

diati d
Experiments (ISS) space radiation an

microgravity

Plant-microbe interaction
studies in microgravity

Plant Habitat-06
an a. i Arabidopsis
Experiment

Tomato Spaceflight
Seed Study

Tomato (Solanum
lycopersicum)

Seeds stored in space then
grown on Earth

Simulated and actual
microgravity

Microgravity Root

Studies Arabidopsis, rice

Controlled Hydroponic growth systems i
nic growt S| n
Environment Space Radish, lettuce, wheat yarop gorbit Y
Farming

3.Plant Defense, Microbial Interactions, and Crop
Healthin Space

Plant health depends not only on intrinsic
physiological processes but also on interactions with
microbial communities and pathogens. In terrestrial
environments, gravity influences fluid dynamics,
nutrient transport, and microbial behavior, all of
which affect plant-microbe relationships. In
microgravity, these interactions may change
significantly, potentially altering pathogen virulence,
microbial colonization patterns, and plant immune
responses [5]. Experiments conducted in orbital
laboratories indicate that certain microorganisms
exhibit altered growth and virulence characteristics
under microgravity conditions, which may increase
disease risks in closed agricultural systems.
Simultaneously, plants grown in space appear to
activate different immune and stress-response
pathways compared to Earth-grown plants. Ongoing
studies aim to determine how microgravity
influences plant defense mechanisms, including
signaling pathways that regulate responses to
bacterial and fungal pathogens [6]. Understanding
these changes is critical for maintaining crop health in
confined life-support systems, where disease
outbreaks could rapidly compromise food

Microgravity cultivation aboard

Long-term seed exposure to

Major Observations
Normal growth achieved; nutritional
quality comparable to Earth-grown
plants; safe for crew consumption
Altered gene expression, root orientation
changes, stress-response activation

Agricultural Implication

Demonstrates feasibility of fresh
food production in space missions

Identifies stress pathways useful for
crop resilience breeding

Variable germination rates and growth
performance; metabolic changes observed

Useful for studying seed durability
and stress-induced crop variation

Provides insights into crop disease
management in controlled
environments

Modified immune and defense responses
under microgravity

Potential route for crop
improvement and stress adaptation
studies
Helps improve nutrient efficiency in
controlled agriculture systems

Increased antioxidants and yield; altered
flavor and biochemical composition

Root growth patterns altered; modified
nutrient uptake mechanisms

Successful rapid crop cycles achieved in
confined systems

Applicable to vertical farming and
urban agriculture on Earth

production. Insights gained from studying plant
immunity and microbial interactions in space may
also benefit terrestrial agriculture by improving
disease resistance strategies, optimizing beneficial
microbial associations, and enhancing crop resilience
under stressful environmental conditions. Ultimately,
managing plant-microbe interactions effectively will
be essential for both space-based farming and
sustainable agriculture on Earth.

4. Space Agriculture and Bioregenerative Life
Support Systems

Sustainable human presence in space requires the
development of efficient systems capable of recycling
essential resources while minimizing dependence on
Earth resupply missions. Bioregenerative life support
systems (BLSS) represent an integrated solution in
which biological processes, particularly plant
cultivation, contribute to oxygen production, carbon
dioxide removal, water purification, and food
generation. Plants therefore serve as multifunctional
components of future space habitats, supporting both
physiological and psychological needs of astronauts
[7]. Space agriculture experiments aboard the
International Space Station have demonstrated that
crops such as lettuce, radishes, wheat, and dwarf
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tomatoes can be successfully cultivated in
microgravity using controlled growth chambers.
These systems employ hydroponic or aeroponic
nutrient delivery, LED lighting optimized for
photosynthesis, and automated environmental
monitoring to regulate humidity, temperature, and
nutrient availability. Importantly, crops grown in
space have generally shown nutritional profiles
comparable to Earth-grown counterparts, supporting
their suitability for astronaut consumption.

Beyond nutritional benefits, plant cultivation
contributes to crew well-being by providing fresh
food and offering psychological comfort in confined
and isolated environments. However, challenges
remain in optimizing crop productivity, managing
plant growth without gravity-driven orientation, and
ensuring reliable seed-to-seed reproduction cycles in
space. Continued research is needed to develop crop
varieties and cultivation systems capable of
supporting long-duration missions to the Moon,
Mars, and beyond, where resupply opportunities are
limited or nonexistent.

5. Implications for Earth's Agriculture and Food
Security

Research conducted in space environments provides
valuable insights that can be translated into
terrestrial agricultural systems, particularly as global
food production faces challenges related to climate
change, population growth, and resource limitations.
Spaceflight studies expose plants to multiple stresses
simultaneously, offering a unique platform for
understanding how crops respond to environmental
extremes such as drought, radiation, nutrient scarcity,
and altered atmospheric conditions [8]. One major
benefit of spaceflight biology lies in identifying
genetic and molecular pathways associated with
stress tolerance. Plants exposed to microgravity often
activate protective responses related to oxidative
stress, metabolic adjustment, and cellular repair,
many of which are also involved in responses to
drought and heat stress on Earth. Understanding
these mechanisms can guide breeding or genetic
engineering strategies aimed at developing crops
resilient to changing climatic conditions,
technologies developed for space-based crop
production have direct applications in controlled
environment agriculture on Earth. Innovations in LED
lighting, automated irrigation, hydroponics, and
environmental monitoring are already contributing
to advances in vertical farming and urban agriculture,
enabling crop production with reduced water use,
minimal pesticide input, and year-round cultivation.
These approaches are increasingly important for
enhancing food production in densely populated or
environmentally constrained regions [9], studies of
seed exposure to space environments may accelerate
crop improvement by revealing mechanisms of
genetic and epigenetic variation that can be
harnessed for plant breeding. Ultimately, knowledge
gained from space agriculture research can support
sustainable food systems capable of meeting future
global demands.

@agricullure
iyt
6.Challenges and Future Directions

Despite significant advances in spaceflight plant
biology, multiple scientific and technological
challenges must be addressed before reliable large-
scale crop production in space becomes feasible.
Microgravity continues to complicate water and
nutrient delivery, root anchorage, and gas exchange
within plant growth systems. Ensuring uniform
nutrient distribution without gravity-driven fluid
movement requires carefully engineered cultivation
technologies [10]. Radiation exposure remains
another concern, as prolonged exposure beyond
Earth's protective magnetosphere may impair plant
growth and reproduction or induce genetic
instability. Developing radiation-resistant crop
varieties or protective cultivation modules will be
necessary for missions beyond low Earth orbit.
Furthermore, achieving consistent seed production
and multigenerational plant growth cycles in space is
essential for sustainable agriculture during extended
missions [11]. Future research directions include
integrating genomic, transcriptomic, metabolomic,
and physiological data to identify traits enabling
plants to thrive in space conditions. Advances in gene
editing technologies, such as CRISPR-based
approaches, may allow targeted improvement of
crops for both extraterrestrial and terrestrial
applications. Artificial intelligence and automated
plant monitoring systems are also expected to
enhance crop management in remote or autonomous
agricultural environments, agricultural scientists,
and biotechnology industries will be critical in
developing robust plant systems that function
efficiently in space while contributing to agricultural
sustainability on Earth.

7.Conclusion

Spaceflight biology is reshaping our understanding of
how plants respond to environmental extremes and
revealing new opportunities for advancing crop
science. Research conducted in microgravity and
radiation-rich environments has demonstrated that
plants can adaptto conditions far removed from those
encountered on Earth, offering critical knowledge for
future human exploration missions, discoveries
arising from space-based plant research are directly
relevant to terrestrial agriculture, providing insights
into stress tolerance, controlled environment
farming, and sustainable resource management. As
humanity confronts challenges related to climate
change, food insecurity, and environmental
degradation, innovations derived from space
agriculture may play an increasingly importantrole in
ensuring resilient and efficient food production
systems.

Acknowledgement

International Innovation Program for Post-Doctoral
fellow, Eudoxia Research University, USA and India. ID
No.: ERU/IIP-PDF/REG/2024/293

05.

https://academicsociety.org/agri/


https://academicsociety.org/agri/
https://academicsociety.org/agri/
https://academicsociety.org/agri/

Jelangjelku D. Sangma., / Agriculture Reviews: An International Journal (2025)

Agriculture
Reviews ..

References

1.

De Pascale, S., Arena, C., Aronne, G., De Micco, V.,
Pannico, A., Paradiso, R., &Rouphael, Y. (2021).
Biology and crop production in Space
environments: Challenges and opportunities. Life
Sciencesin Space Research,29,30-37.

Maiwald, V., Schubert, D., Quantius, D., & Zabel, P.
(2021). From space back to Earth: supporting
sustainable development with spaceflight
technologies. Sustainable Earth, 4(1), 3.

De Micco, V., Aronne, G., Colla, G., Fortezza, R., & De
Pascale, S. (2009). Agro-biology for
bioregenerative life support systems in long-
term space missions: general constraints and the
Italian efforts. Journal of Plant Interactions, 4(4),
241-252.

Carillo, P, Morrone, B., Fusco, G. M., De Pascale, S.,
&Rouphael, Y. (2020). Challenges for a
sustainable food production system on board of
the international space station: A technical
review.Agronomy, 10(5), 687.

Douglas, G. L., Wheeler, R. M., & Fritsche, R. F
(2021). Sustaining astronauts: Resource
limitations, technology needs, and parallels
between spaceflight food systems and those on
Earth. Sustainability, 13(16),9424.

6.

11.

Sarma, M. S., &Shelhamer, M. (2024). The human
biology of spaceflight. American Journal of
Human Biology, 36(3),e24048.

Mazhar, M. W,, Ishtiag, M., Magbool, M., Mahmoud,
E. A, Almana, F. A, &Elansary, H. 0. (2025).
Exploring the potential of plant astrobiology:
adapting flora for extra-terrestrial habitats: a
review. Biologia Futura, 76(1),1-18.

De Micco, Veronica, Giovanna Aronne, Nicol
Caplin, EugénieCarnero-Diaz, Raul Herranz, Nele
Horemans, Valérie Legué et al. "Perspectives for
plant biology in space and analogue
environments." npj Microgravity 9, no. 1 (2023):
67.

Haveman, N., Paul, A. L., &Ferl, R. (2022). Plant
biology and a new approach to space farming.
In-Space Manufacturing and Resources: Earth and
Planetary Exploration Applications, 67-87.
Mortimer, J. C., &Gilliham, M. (2022). SpaceHort:
redesigning plants to support space exploration
and on-earth sustainability. Current Opinion in
Biotechnology, 73,246-252.

Dayanandan, P. (2011). Gravitational biology and
space life sciences: current status and
implications for the Indian space programme.
Journal of biosciences, 36(5),911-919.

06.

https://academicsociety.org/agri/


https://academicsociety.org/agri/
https://academicsociety.org/agri/
https://academicsociety.org/agri/

	Page 1
	Page 2
	Page 3
	Page 4

