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ABSTRACT

Six decades of biological research conducted in low Earth orbit have transformed space farming from a
speculative concept into one of the most applied sciences of this century. Plants aboard spacecraft or space
stations do more than just supplement crew nutrition, they generate oxygen, process wastewater, and filter
cabin air, making them indispensable to the closed life-support loops that any long-duration deep-space
mission will require. Of the many obstacles involved, microgravity and cosmic radiation remain the most
serious biological threats. Microgravity disrupts gravitropic signalling and root anchorage, while also
altering how water and gases distribute through plant tissues. Radiation induces double-strand DNA breaks,
elevates mutation rates, and generates oxidative stress that cascades through multiple cellular compartments.
Out of these challenges, space breeding has emerged as a novel, productive approach, deliberately harnessing
the genetic variability that spaceflight induces to develop improved crop varieties. Cosmic radiation and
microgravity together drive chromosomal aberrations, altered DNA methylation, and genetic polymorphism
rates 10 to 30 per cent higher than those seen in ground-based controls. Advances in hydroponics, aeroponics,
LED-tuned vertical farming, CRISPR crop engineering and Al-guided environmental management are
progressively narrowing the gap between current capability and what sustainable extraterrestrial agriculture
will demand. Trials on ISS modules, in Antarctic analogue facilities, and within simulated lunar habitats have
confirmed that space agriculture is not theoretical, it is possible and produces measurable results. The
innovations emerging from space agriculture research carry real implications for farming on Earth, like being
more resource-efficient, more resilient, and less dependent on ideal growing conditions.

Key words : Space farming, Microgravity, Seed Germination, DNA methylation, Cosmic radiation, Space
flight, Bio regenerative life support.

Introduction

Space farming is about growing food somewhere
other than Earth, whether that’s inside a spacecraft,
aboard the International Space Station, or eventually on
the surface of the Moon or Mars. What started as a far-
fetched idea has matured into a genuine research priority,
driven by the straightforward reality that resupplying food
from Earth over years long missions would be financially
and logistically unworkable. Beyond producing food, plants
in space show a remarkable range of environmental tasks,
recycling wastewater, generating oxygen, scrubbing the
air, and turning human waste into usable biomass, making
them the self-contained life-support loops that crews
would need to survive independently, and converting

human waste into biomass, thereby contributing to a
closed-loop life-support system essential for autonomous
crew survival (Yadav et al., 2022).

The central goal of this research is to build plant
cultivation systems that are reliable, efficient, and genuinely
self-sustaining, capable of delivering fresh, nutritious food
to astronauts on long missions and to future residents of
lunar or Martian settlements. These systems have to
squeeze every bit of value out of available resources,
operate within tight physical and energy constraints and
make crews progressively less reliant on deliveries from
home. There is an equally compelling secondary goal of
taking what works in space and applying those insights
to make farming on Earth more sustainable.
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Most active experimentation takes place aboard the
ISS, using dedicated plant growth chambers designed for
the orbital environment. The most sophisticated of these
is NASA’s Advanced Plant Habitat, which is a fully
enclosed, highly automated facility packed with more than
180 sensors, high-resolution cameras, and a climate-
control system that researchers can operate from the
ground control system. The APH delivers precisely
calibrated light across multiple wavelengths through LED
arrays, supports plants ina porous clay medium, and uses
controlled-release fertilisers to make sure roots receive
exactly the right balance of water, nutrients, and oxygen.
Temperature, humidity, carbon dioxide levels, and light
cycles are all tightly controlled to keep growth conditions
as consistent as possible. Plant samples, once mature,
are harvested and preserved, then returned to Earth for
detailed physiological and genetic analysis (NASA, 2025).

Space farming is far from straightforward. Plants
must cope with cosmic radiation, reduced atmospheric
pressure, irregular or attenuated light and the ways that
microgravity scrambles how resources are distributed
within tissues. Under weightlessness, water and gases
stop behaving the way they do on Earth instead of moving
directionally, they spread uniformly around the roots,
making it harder for plants to take up what they need.
The limited space inside any orbital or planetary habitat
means crop varieties have to be compact, produce as
little inedible material as possible and convert nutrients
into useful biomass with exceptional efficiency. Energy
efficiency above all in the lighting systems that keep plants
growing is absolutely critical. Designing greenhouses for
extraterrestrial use also demands structural and material
innovations that can shield against radiation without
compromising the light that plants depend on.

Timeline of Space Farming

The story of space farming is interesting, sometimes
surprising, progressing each decade, bringing new
technology and a sharper scientific understanding of what
it actually takes to keep plants alive and humans fed,
beyond Earth. The timeline of space agriculture from
early 1946 to 2025 is illustrated in Fig. 1.

Space Breeding

Space breeding works by deliberately exploiting what
outer space does to living things. The combination of
microgravity, extreme vacuum, cosmic radiation, and the
absence of a geomagnetic field produces genetic
variability in seeds, plant tissues, and whole organisms
that breeders can then screen and select for useful traits.
The space environment triggers cascading changes at
the level of a plant’s form, its physiological processes,
and its underlying genetics. Not every change is beneficial;
some mutations impair fertility or stunt growth, but a
meaningful fraction produce genuinely useful traits like
higher yields, adjusted maturation timing, and greater
tolerance of stress. Those improvements benefit both
space farming and the tougher corners of agriculture back
on Earth (Mohanta et al., 2021).

Historical Roots and Modern experiments

The lineage of space plant breeding runs back to the
very first crewed spaceflights, with early work carried
out on Soviet Salyut and Mir stations and NASA’s Space
Shuttle, and later expanded through China’s seed-return
satellite programme platforms like Shijian-8, before
reaching the ISS and, most recently, deep-space probes.
China has done more than any other country to push this
field forward. Analysis of the resulting seeds has
uncovered altered DNA methylation and transcription
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Fig. 1 : This Figure represents the evolution of space agriculture from early 1946 radiation experiments to the sophisticated
lunar and Mars crop research planned for 2025. It connects historical milestones, such as the first lunar sprouts and ISS
harvests, with the ground-based research that made them possible.
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patterns that affect how plants respond to stress and
metabolism, offering novel breeding opportunities.

Morphogenetic and Cellular responses

At the cellular level, space exposure reshapes plant
biology in ways that are hard to miss. Cells tend to become
rounder in microgravity and chloroplasts show measurable
differences in their starch granule size. Root architecture
shifts too, with more lateral branching and distinctive root
hair patterns emerging under space conditions. Some
species respond with outright developmental stress.
Orchids may suppress flowering entirely, and peas can
develop unusually elongated internodes (Zabel et al.,
2016). Cell division is also seriously affected. Mitosis slows
down, and chromosomal aberrations dicentric fragments,
acentric fragments, ring chromosomes, multicentric
chromosomes become noticeably more frequent, because
the cell’s normal DNA repair machinery cannot keep
pace with the damage inflicted by high-energy ionising
radiation Some of these rearrangements are stable enough
to be passed on to future generations, while the unstable
ones tend to be eliminated as the cell divides which is
why space-induced mutations can be either long-lasting
or fleeting depending on the specific lesion (Manzano et
al., 2016).

Looking even more closely, space-grown plants show
thinner cell walls with reduced cellulose and lignin content,
chloroplasts that lose their normal internal organisation,
mitochondria that appear swollen, and disrupted
endoplasmic reticulum and Golgi apparatus (Mohanta et
al., 2021). Enzyme activity shifts as well. Peroxidase,
which signals that cells are mounting a response to
oxidative stress, tends to be upregulated in plants that
have been in space. When the elemental composition of
plant tissues changes, phosphorus and potassium levels
in shoots tend to rise, while calcium and various
micronutrients decline deficits that appear to compromise
AT Pase activity and drag down photosynthetic efficiency
(Nedukha, 1997).

Genetic diversity and Mutation characterisation

At the genetic level, the degree of variability that
space breeding generates is substantial. Studies using
SSR, RAPD, AFLP, and other molecular marker systems
have tracked a wide range of changes single nucleotide
polymorphisms, insertions, and microsatellite shifts across
space-flown plant lines. Mutant lines consistently show
10 to 30 per cent more genetic variability than ground
controls and the stable chromosomal rearrangements that
arise can persist across successive generations.
Spaceflight trials like Shi Jian-8 yield both improved
germination and survival rates and distinct shifts in

morphology and enzyme activity for species such as
cotton, maize, sunflower, soybean and tomato (Mohanta
etal., 2021).

Zeng et al. (2025) provide comprehensive multi-omic
evidence that spaceflight-induced oxidative stress
generates a heritable memory in rice, transmitted across
five generations. The underlying mechanisms integrate
persistent genomic instability, dynamic epigenetic
reprogramming and flexible transcriptomic and splicing
landscapes. Notably, transposable element methylation
and stable changes in stress hormone signalling and
metabolic pathways form the backbone of this adaptive
response. The findings enrich our understanding of plant
adaptation under extreme environments, have potential
implications for crop improvement in terrestrial agriculture,
and pave the way for cultivating resilient food sources in
space. The integrated multi-omics approach deployed
here is exemplary for unravelling complex
transgenerational stress adaptive mechanisms in plants.
The study *“ Multiomics in rice” by Zeng et al. (2025) is
illustrated in Fig. 2.

Large-scale breeding programs, especially in China,
have resulted in the release of mutant varieties, including
rice, wheat, tomato, pepper, sesame, rapeseed and
lucerne, displaying improved yields, disease resistance,
or salt tolerance. China has developed over 240 approved
varieties of staple crops alone, and more than 1,000 new
varieties total across all crops. These space-bred crops
have achieved significant agricultural value and food
security gains, contributing over 2 billion kilograms annually
to China’s grain output and yielding 100 billion yuan in
economic benefits.

Seed germination

The comparative analysis of plant growth and
reproductive success in microgravity is shown in Table
1.

Spaceflight investigations of seed germination and
plant growth have yielded significant insights into the
physiological and genetic traits that govern plant
development under the unique conditions of microgravity,
cosmic radiation and confined-space habitats. Key
physiological parameters of germination studied in space
environments include germination rate, germination vigour,
seedling establishment time, testa and endosperm rupture
dynamics, seedling morphology, and stress responses such
as oxidative damage and ageing sensitivity. These
parameters have been extensively analysed using species
such as Eruca sativa (rocket), Arabidopsis thaliana,
and rice (Oryza sativa), selected both for their genetic
tractability and their agricultural relevance (Paul et al.,
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2013; Chandler et al., 2020).

One pivotal study, the “Rocket Science” project,
demonstrated that six-month storage of Eruca sativa
seeds aboard the ISS resulted in delayed seedling
establishment and reduced germination vigour compared
to Earth controls, despite no loss in seed viability. This
delay was connected to molecular changes in dry seeds,
primarily transcriptomic alterations indicative of partial
ageing during spaceflight. Genes encoding heat shock
proteins (hsps), DNA repair proteins (such as ATM kinase
and DNA ligase 1), and oxidative stress response factors
showed increased expression, suggesting that space
environmental factors like low-dose cosmic radiation and
microgravity accelerate seed ageing and sensitise seeds
to stress. Physiologically, germination is marked by two
distinct ruptures like testa rupture (exposing the
endosperm) followed by endosperm rupture (allowing
radicle emergence), which were both observed to occur
more slowly post-spaceflight, indicating impaired or
slowed metabolic activation (Chandler et al., 2020).
“Rocket Science” project, which tested how storing seeds
aboard the International Space Station (1SS) for 6 months
affects their ability to germinate back on Earth is depicted
inFig. 3.

At the genetic level, genomic and epigenetic studies
have documented that space conditions induce mutations,
gene expression modulation and epigenetic changes
affecting germination and early growth traits. For
example, Arabidopsis plants grown in microgravity

Transposable element (TE) methylation

—_—
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Fig. 2 : Transgenerational Spaceflight Stress Memory in Rice. Spaceflight stressors trigger ROS-driven oxidative stress,
establishing heritable TE methylation and genomic instability that carry stress memory from MO through M5. This
memory integrates via epigenomic, transcriptomic, and splicing layers to drive the metabolic reprogramming and hormone
signalling essential for adaptation.

M4

developed partially sterile reproductive organs and a
subset of seeds showed reduced germination efficiency
and vigour, while their progeny exhibited some recovery
in later generations but also an increase in recessive
mutations. RAPD and SNP analyses in rice seeds
exposed to space radiation found substantial genetic
polymorphisms (~30%) compared to Earth-grown
controls. These polymorphisms manifested in altered
growth patterns, including shorter plant height and shifted
maturation timing, evidencing that spaceflight can induce
heritable genomic changes that may affect agronomic
traits like germination and development (Zhao et al.,
2007).

Transcriptomic profiling of seedlings in microgravity
revealed broad differential gene expression related to
hormone metabolism, particularly of auxin, gibberellins,
cytokinins, and ethylene pathways, all crucial regulators
of seed germination and seedling growth. Genes coding
for auxin transporters (e.g., ABC transporter family),
calcium signalling components, and cell wall remodelling
enzymes were significantly altered, explaining observed
changes in gravitropic responses and cell expansion
during germination. Moreover, stress-related pathways
such as heat shock proteins and ROS scavenging
enzymes were activated to mitigate oxidative damage
from the space environment (Paul et al., 2013; Chandler
et al., 2020).

The physiological parameters monitored across space
studies consistently include germination percentage,
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Table 1 : Comparative analysis of Plant growth and Reproductive Success in Microgravity.

Experiment/Location Primary Findings Morphological & Reproductive Reference
& Growth Physiological Viability
Metrics Changes
Salyut 7 Space Station Studied the Hypocotyls (shoots) Disrupted gravitropic | Zabeletal. (2016)
effects of 0.01g, 0.1g | were 8-16% longer than response; geotropic
and weightlessness 1g controls; roots were sensitivity threshold
on lettuce reduced by ~17%. found at2.9 x 103 g.
Fiton-3 First full life cycle of | Successful germination Produced viable Salisbury et al.
Arabidopsis thaliana and growth through seeds with ~42% (1997)
in microgravity. flowering within a biological viability.
micro-greenhouse.
ISS Multi-gen studies Seed-to-seed Secondary branches 92% germination rate Paul et al. (2013)
cultivation over and siliques (seed pods) | for space-grown seeds;
successive generations. grew perpendicular protein bodies were
to the main stem. 55% smaller.
Space Seed Project Cultivation of Observed delayed Successful fully Takatsu et al. (2012)
(Kibo/1SS) Arabidopsis from dry senescence (ageing) closed seed-to-seed
seed in a Plant of rosette leaves. cycle; maturity reached
Experiment Unit. in ~3days post-watering.
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Fig. 3 : Rocket Science Project, Spaceflight Effects on Seed Germination. The “Rocket Science” project tested how storing
seeds aboard the International Space Station (ISS) for 6 months affects their ability to germinate back on Earth. The
plant used was Eruca sativa, common rocket/arugula.
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germination speed, seedling dry weight, hypocotyl and
radicle length, and biomass accumulation, all of which
are commonly reduced or delayed under real or simulated
space environments compared to ground controls
(Chandler et al., 2020). Water uptake dynamics and
oxygen consumption during imbibition are also studied as
critical factors, since microgravity affects fluid distribution
around seeds, potentially influencing germination kinetics
(Maffei, 2024). Light quality and intensity modulate
germination and early growth, with red and blue
wavelengths interacting with gravity signals to regulate
gene networks governing seedling development (Chandler
et al., 2020).

Key germination parameters tested in spaceflight
studies reflect an integrated view of physiological vigour,
stress resilience, gene expression modulation, genetic
polymorphisms, and epigenetic adaptation. Space induces
partial ageing and oxidative stress in seeds, alters
hormone-related gene networks, fosters both transient

S. Gouryetal.

and heritable genetic changes. These factors collectively
influence seed germination timing, uniformity, and seedling
establishment, presenting important challenges and
opportunities for growing plants as a sustainable resource
in long-duration space exploration (Chandler et al., 2020;
Zhao et al., 2007). A detailed picture of how space
constraints affect seed germination physiology, molecular
stress responses, genetic stability, and epigenetic
regulation is provided in Table 2.

Space Stressors Impacting seeds

Space exploration poses a unique set of environmental
stressors that impact seed viability, germination and
subsequent plant growth. Key space stressors
include microgravity, cosmic radiation, temperature
extremes, vacuum conditions, and nutrient limitations, each
exerting multifaceted physiological and molecular effects
on seeds and seedlings. Understanding how these factors
impair or modify seed biology is crucial for developing
sustainable space agriculture capable of supporting long-

Table 2 : Space constraints affect seed germination physiology, molecular stress responses, genetic stability and epigenetic

regulation.
Parameter/Category | Specific Traits/ Genes Studied Findings in Spaceflight Experiments Reference
Germination Germination percentage, germination | Spaceflight often results in delayed Chandler et al.
Physiology speed (t50), seedling establishment | germination and reduced vigour; slower | (2020)
time, testa, and endosperm rupture | testa/endosperm rupture observed
Seedling morphology: hypocotyl Generally, reduced seedling growth and | Chandler etal.
length, radicle length, biomass biomass accumulation in microgravity | (2020)
Water uptake and oxygen Altered fluid dynamics reduce imbibition | Maffei (2024)
consumption during imbibition efficiency and oxygen availability
Genetic and Expression of genes related to DNA | Upregulated stress response and repair | Chandler etal.
Molecular repair (ATM kinase, DNAligase 1), |genes indicate increased molecular (2020)

heat shock proteins (hsps) and
oxidative stress response

damage from radiation and microgravity.

Hormone metabolism and

signalling genes (auxin transporters,
gibberellins, cytokinins, ethylene
pathways)

Chandler etal.
(2020)

Altered expression affects gravitropism,
cell expansion, and seedling growth.

Ribosomal biogenesis and
translation-related genes

Chandler etal.
(2020)

Downregulation impacts protein
synthesis and metabolic vigour post-
spaceflight

Genetic Variation &
Mutation

RAPD and SNP polymorphisms in
DNA sequences, mutation frequency

Significant genetic variations (~30%)
and increased recessive mutations were
observed in space-flown seeds

Zhaoetal. (2007)

Epigenetic modifications (DNA
methylation changes)

Changes modulate gene expression
across generations, influencing
germination plasticity

Zhaoetal. (2007)

Stress and Ageing
Responses

Sensitivity to artificial ageing
treatments, reactive oxygen species
(ROS), and detox enzymes

Chandler etal.
(2020)

Increased ageing sensitivity and
oxidative stress response suggest
accelerated molecular damage.
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Table 3 : Experiments on angiosperm flowering and fruiting in spaceflight.

Species Platform/hardware

Findings

Reference

Arabidopsis thaliana (L.) Heynh.

Arabidopsis thaliana | Salyut 7/ Svetoblok

growth chamber

Seed-to-seed development confirmed;
first demonstration of complete plant life
cycle in orbit.

Salisbury (1991)

ISS/Advanced Astroculture
(ADVASC) growth facility

Arabidopsis thaliana

Seed-to-seed development achieved; second
back-to-back generation completed. Protein
bodies in cotyledons markedly smaller than
ground controls.

Linketal. (2014)

Arabidopsis thaliana |ISS/Kibo Plant Experiment
Unit (PEU), Japanese

Experiment Module

Seed-to-seed development in a fully sealed,
automated unit; delayed rosette leaf
senescence observed; germination initiated
~3 days post-watering.

Takatsu et al.
(2012)

Brassica rapa L. cv. Astroplants

Brassica rapa cv.
Astroplants

Mir/ Svet growth facility

Seed-to-seed development and second back-
to-back generation; delay in seed
development noted; starch grains present in
cotyledons of mature seeds.

Musgrave and
Kuang (2001)

ISS/ Biomass Production
System (BPS)

Brassica rapa cv.
Astroplants

Seed-to-seed development with immature
seeds; asynchronous embryo development
and altered embryo morphology; elevated
soluble carbohydrates and starch; suppressed
protein accumulation in embryos.

Kuang et al. (2000)

Brassica rapa cv.
Astroplants

STS-87/ Space Shuttle
Columbia, Plant Growth
Facility

Seed-to-seed development with immature
seeds; reduced protein body size in cotyledons;
increased starch grain density.

Kuang et al., 2000

Triticum aestivum L. cv. Super Dwarf

Triticum aestivum cv.
Super Dwarf

Mir/ Svet growth facility

Formation of sterile spikes; seed-to-seed
development and second back-to-back
generation; reduced size and mass of
caryopses compared to ground controls.

Ekaterinaetal.
(2019)

Triticum aestivum cv.
Super Dwarf

ISS/ Lada growth facility

Seed-to-seed development confirmed;
detailed data on grain reserve substances
not reported.

Ekaterinaetal.
(2019)

Pisum sativum L.

Pisum sativum ISS/ Lada growth facility

Four successive generations were completed
in microgravity; detailed data on grain
reserve substances were not reported.

Zabel et al. (2016)

term human missions. Space Environmental Impacts on
Seed Physiology and Germination are given in Table 3.

Microgravity, the near-weightless condition
experienced aboard spacecraft, profoundly alters seed
germination dynamics and plant physiology. Although
studies, including those on Arabidopsis thaliana grown
from seed to seed in microgravity aboard the ISS,
demonstrated high germination rates (~92%) and
successful seed-to-seed cycles (Paul et al., 2013), the
absence of gravity disrupts cellular mechanosensing and

cytoskeletal organisation, affecting hormone signalling,
cell elongation, and directional growth. Research indicates
that microgravity impairs cytoplasmic streaming and cell
wall rigidity, modifies phytochrome-mediated light
perception, and disturbs root and shoot orientation, which
can delay seedling establishment and alter morphology
(Van Loon, 2024). Moreover, fluid distribution within seeds
during imbibition is affected, potentially changing water
uptake kinetics and oxygen availability critical for
metabolism activation at germination (Maffei, 2024).
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Experimental clinostat and centrifuge studies simulating
altered gravities have shown microgravity lengthens
germination time by slowing testa and endosperm rupture
processes (Saito et al., 1995).

Cosmic radiation presents a major hazard in space
that markedly influences seed DNA integrity and viability.
Seeds exposed to unshielded cosmic rays and ultraviolet
radiation outside the ISS display significantly reduced
germination rates and seedling vigour (Shaoetal., 2017).
For instance, Arabidopsis and tobacco seeds subjected
to low Earth orbit space radiation had ~90% viability when
shielded from short-wavelength UV but showed severe
viability loss when exposed unprotected (Chandler et al.,
2020). Cosmic rays induce DNA strand breaks, nucleotide
modifications, and generate reactive oxygen species that
damage membranes and macromolecules, triggering
stress response genes, including heat shock proteins and
DNA repair enzymes. Such molecular damage can result
in delayed germination, diminished seedling photosynthetic
efficiency, abnormal morphology, and heritable mutations
affecting stress tolerance (Zhao et al., 2007).

Temperature fluctuations and extremes, ranging from
near vacuum-induced cold to possible transient heating,
further impact seed longevity and germination Kinetics.
While dry seeds generally tolerate wide temperature
ranges (from cryogenic -196°C to wildfire-like >1000°C)
on Earth, microgravity experiments confirm that
moderate ambient 1SS temperature (~18-25°C) preserves
seed viability during storage (Chandler et al., 2020).
However, elevated temperatures above optimal
germination ranges can reduce germination percentage
and delay onset, as reported for several species. Vacuum
and anoxic packaging have been shown to sustain seed
quality and extend longevity by limiting oxygen-driven
oxidative deterioration during storage (Groot et al., 2015).

The vacuum of space adds additional stress by
desiccating seeds and exposing them to oxidative damage.
Vacuum-sealed packaging reduces oxygen that fuels free
radicals, thereby protecting seeds from oxidative
degradation and insect pests during storage. On the other
hand, seeds directly exposed to vacuum and UV radiation
without protection suffer molecular damage and near-
total viability loss (Chandler et al., 2020). Thus, vacuum
influences seed survival principally through oxygen
depletion and increased radiation exposure effects rather
than pressure per se.

Nutrient availability in space presents indirect
challenges to germination and early seedling
establishment. Hydroponic or substrate cultivation
environments aboard spacecraft require precise delivery

of mineral nutrients and water, both physically influenced
by microgravity, where fluids behave differently,
complicating uniform root zone distribution (NASA, 2025).
Nutrient limitation delays seedling growth and affects
metabolic recovery post-germination, necessitating
optimised delivery systems and crop species well adapted
to space cultivation conditions. Experimental systems such
as “plant pillows” and closed greenhouses explore these
solutions.

Effects of Microgravity

During a 122 day mission aboard the Mir space
station, Brassica rapa L. plants completed full life cycles
in microgravity, but analyses of the mature seeds revealed
marked differences from Earth grown controls, space
produced seeds had less than 20% of the cotyledon cell
number found in ground controls, retained large amounts
of starch instead of switching predominantly to protein
and lipid reserves, and contained protein bodies 44%
smaller than those in Earth seeds. Supporting Shuttle STS
87 embryo studies showed that 15 days after pollination,
space-grown embryos had abundant starch grains and
no protein bodies, whereas Earth embryos at the same
stage had already formed protein bodies and reduced
starch stores. These results indicate that while gravity is
not essential for any stage of the Brassica life cycle,
microgravity alters late seed development and maturation,
delaying or disrupting normal reserve deposition and
cellular development, which in turn compromises seed
quality despite successful reproduction (Kuang et al.,
2000). The experiments on angiosperm flowering and
fruiting in spaceflight are represented in Table 3.

In experiments aboard the ISS using the Biomass
Production System, Brassica rapa (cv. Astroplants)
grown from seed to immature seed stage under
microgravity showed overall vegetative growth, leaf
chlorophyll, starch and soluble carbohydrate levels
comparable to ground controls, but with notable metabolic
and developmental differences like stems from flight
plants had, on average, 75% higher 3 butenylglucosinolate
content (a secondary metabolite affecting flavor and
potential health properties), and immature seeds produced
in orbit contained more chlorophyll, starch, and soluble
carbohydrates but significantly less protein than Earth-
grown counterparts, microscopy revealed embryo
development in the flight seeds was more variable and
generally less advanced, with storage reserve deposition
lagging behind the uniform premature stage seen in
controls. These findings indicate that while current
hardware can support healthy plant growth in microgravity,
the spaceflight environment alters secondary metabolism
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and seed-filling processes in ways that could affect both
the nutritional composition and sensory qualities of space-
grown produce, with implications for life-support crop
selection and nutritional planning in long-duration missions
(Musgrave et al., 2001).

The Carman et al. (2015) study on the Mir
“Greenhouse 2” Super Dwarf wheat crops underscores
how environmental stressors in weightlessness can
prevent seed formation entirely, thereby blocking any
subsequent germination. In the first Mir crop (123 d), floral
spikes formed, but no viable seeds developed. Ethylene
in the Mir cabin atmosphere was measured at 1.1-1.7
pmol/ mol, well above the physiological thresholds for
sensitive cereals, which, along with high NH, availability
from the Balkanine zeolite substrate, likely disrupted
reproductive development and caused kernel abortion,
as confirmed by ground analogues. The second Mir
crop (41 d) was harvested vegetatively for analysis; while
no seeds were produced, physiological measurements
revealed stress patterns that, had the plants continued to
anthesis and seed fill, would have severely compromised
seed quality and germination potential. These included
hyperhydricity (excess tissue water content in culms,
crowns, and live leaves from poor canopy ventilation in
microgravity), nutrient imbalances (low magnesium and
phosphorus, potentially toxic boron accumulation),
hormone imbalances (low ABAand high cytokinins likely
driven by ethylene suppression of ABA synthesis), and
markers of oxidative stress and ROS triggered autophagy
in mature and senescent leaves.

From a germination perspective, ABA is critical in
seed maturation for inducing tolerance to desiccation and
regulating dormancy; low ABA in parent tissues suggests
seeds, if produced, may have been “green” or immature
physiologically, with reduced storability and erratic
germination. Hyperhydric stresses could limit oxygen
diffusion into developing seeds, impacting embryo
respiration and storage reserve synthesis. Deficiencies
in magnesium (vital for ATP and chlorophyll biosynthesis)
and phosphorus (key in energy metabolism) could further
limit the biochemical readiness of seeds to germinate
vigorously. Additionally, oxidative stress late in seed fill
can damage cellular structures and macromolecules,
impairing both viability and uniform emergence.

The germination of cotton seeds on the Moon during
China’s Chang’e-4 mission in January 2019 marked the
first successful biological growth outside Earth’s orbit.
Seeds were housed within a sealed mini biosphere
maintaining controlled temperature, humidity, air, and
nutrient supply. Despite this, the lunar environment posed

severe constraints, intense cosmic radiation, microgravity
equivalent to one-sixth of Earth’s gravity, and extreme
temperature fluctuations. Cotton seeds sprouted
successfully, but seedling vigour was markedly reduced
compared to Earth controls, attributable to radiation
damage and suboptimal canister conditions. Other seeds,
including potato and Arabidopsis, failed to germinate.
The experiment ended when the onset of lunar night drove
temperatures to approximately -52°C, incompatible with
seedling survival. These findings confirm the technical
feasibility of lunar surface germination while underscoring
the substantial environmental engineering required for
sustainable cultivation beyond low Earth orbit (Xieetal.,
2024).

In genetic studies related to spaceflight, Arabidopsis
thaliana has served as the primary model organism for
elucidating molecular responses to space stressors.
Transcriptomic analyses aboard the 1SS revealed broad
alterations in hormone signalling pathways, particularly
auxin transport, gibberellin biosynthesis, cytokinin
signalling, and ethylene synthesis with downstream
consequences for root growth directionality, cell
elongation, and germination-related stress adaptation
(Kruse et al., 2020).

The table documents nine spaceflight experiments
conducted across four angiosperm species, tracking how
plants performed when grown through complete life
cycles in microgravity. Four plants were selected, each
representing a different agricultural category:
Arabidopsis thaliana as a genetic model organism,
Brassica rapa as a leafy crop, Triticum aestivum as a
cereal grain and Pisum sativum as a legume. This spread
ensured findings were not species-specific. Experiments
were distributed across Salyut 7, Mir, the ISS, and the
Space Shuttle, spanning roughly four decades of
spaceflight. The progression from simple Soviet growth
chambers to the fully automated ISS facilities reflects
how rapidly the technology has evolved. Platform/
hardware identifies where and on what equipment each
experiment was conducted, the spacecraft or space
station (e.g. Mir, ISS, Space Shuttle Columbia) paired
with the specific plant growth unit used onboard (e.g.
Svet facility, ADVASC chamber, Lada growth facility),
since different hardware provides different levels of
environmental control and directly influences the
experimental outcomes. Three patterns emerge
consistently across all species. First, seed-to-seed
development is achievable in microgravity, which is the
critical proof of concept for self-sustaining space
agriculture. Second, seed quality is reliably compromised
when protein bodies are smaller, starch grains accumulate
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abnormally and embryo development becomes
asynchronous, meaning space-grown seeds are
nutritionally and structurally different from Earth controls.
Third, developmental timing is disrupted, delays in seed
maturation, sterile spikes in wheat, and altered senescence
patterns suggest that microgravity interferes with the
hormonal and gravitropic signals that normally coordinate
plant development.

Future Prospects

Microgravity is probably the single most pervasive
obstacle facing space agriculture. It interferes with nearly
every physical process that plants depend on: roots lose
reliable anchorage, water and nutrients distribute
unpredictably, and gas exchange becomes irregular. In
weightlessness, water clings to surfaces instead of
draining, which can deprive roots of oxygen and nutrients
poorly distributed in the growing medium. Hydroponic
and aeroponic systems, often combined with precision
environmental chambers, are being refined to address
these limitations, but only if supported by sophisticated
automation and robust engineering, neither of which is
trivial to maintain in an orbital or planetary habitat.

Space radiation is a separate serious problem. Beyond
its well-documented effects on DNA, elevated mutation
rates and reduced germination success, radiation can
suppress crop yields and degrade nutritional content.
Researchers are pursuing structural shielding using
regolith or water, alongside genetic approaches including

conventional breeding and CRISPR editing to develop
radiation-tolerant crop varieties. It is worth stating clearly,
however, that no current crop variety has been
demonstrated to be fully radiation tolerant under realistic
deep-space exposure levels. This remains an open and
unsolved problem.

The scarcity of resources in any spacecraft or
planetary outpost compounds these difficulties. Water is
precious, nutrient supplies are finite and closed-loop
recycling systems operate under tight constraints.
Bioregenerative life-support designs that recover and
reuse air, water, nutrients, and organic matter continuously
are a top research priority. Engineered microbial
communities and Al-driven precision agriculture tools are
being integrated into these designs, though the
performance of such systems under multi-year operational
stress has not yet been validated at scale. A conceptual
illustration of an orbital growth module is given in Fig. 4.

Practical and economic realities shape the field’s
trajectory as much as the biology does. Growing space is
inherently limited in any habitat, which means farms must
be compact, modular, and vertically layered to extract
the maximum edible biomass from every cubic metre.
The cost of launching equipment and biological payloads
into space remains high, resupply windows are infrequent,
and the regulatory landscape for extraterrestrial biological
systems is still evolving. The growing commercial space
economy may help change this calculus. Public-private

Fig. 4 : A conceptual illustration of an Orbital Grow Module depicting six hydroponic grow bays illuminated by multi-spectrum
LED arrays within a pressurised space habitat, with an Al-driven satellite monitoring unit overhead and a Mars-like
planet in the background, representing the integration of bioregenerative life support systems for sustainable space

farming.
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Partnerships and international collaborations are already
accelerating both innovation and investment.

The technological picture is encouraging in places.
Miniaturised growth systems on cubesats and the ISS
have generated valuable data on plant responses to low
gravity and radiation, giving breeders and engineers better
targets for selecting stress-tolerant, metabolically efficient
crops. CRISPR and related genome editing tools now
make it possible to engineer crops specifically for
particular mission profiles, though deployment of
genetically modified organisms in closed space
ecosystems raises regulatory and ecological questions
that have not been resolved. Dense sensor arrays,
automated phenotyping platforms, and Al-managed
resource systems can help keep environmental conditions
optimised while reducing demands on crew time (NASA,
2025).

The decisive experiments for the next decade will
likely be the first long-duration Artemis lunar missions,
where the actual performance of plant cultivation systems
under real lunar radiation levels and gravity (1/6 g) will
provide data that no Earth-based simulation can
substitute. Whether current cultivation hardware and crop
varieties are adequate for that environment or whether
fundamental redesign is required remains an open
question.

Conclusion

Space farming has come a long way from its origins
as a speculative idea on the margins of aerospace science.
From the first tentative germination tests on Soviet
spacecraft to the fully automated Advanced Plant Habitat
on the ISS with its 180-plus sensors and precise control
over light, humidity, and gas exchange, decades of careful
experimentation have demonstrated unambiguously that
plant growth, reproduction and multigenerational
development are achievable beyond Earth’s gravity.

That achievement should not obscure how much
remains to be solved. Microgravity undermines
physiological processes that plants have refined over
hundreds of millions of years. Gravitropic signalling breaks
down, auxin redistribution goes awry, root-zone hypoxia
emerges from aberrant fluid dynamics, and cell wall
architecture becomes thinner and less organised. Cosmic
radiation inflicts double-strand DNA breaks, raises
reactive oxygen species to damaging levels, and sets off
epigenetic reprogramming that, as multi-omics work on
rice has now shown, can be transmitted as heritable stress
memory through successive generations. These are not
minor engineering inconveniences, they represent deep
incompatibilities between plant biology as it evolved on

Earth and the conditions that prevail in space.

Perhaps the most significant single finding of recent
years is the Zeng et al. (2025) demonstration that
spaceflight-induced stress memory is transmissible across
five rice generations through integrated epigenomic,
transcriptomic, and metabolic mechanisms. This finding
changes the way we should think about space-bred crop
development, not as a one-generation intervention, but
as a multigenerational process with complex and not fully
predictable outcomes.

The most promising approaches are emerging at the
intersection of genomics, controlled environment
agriculture, and closed-loop systems biology. CRISPR-
engineered cultivars built for radiation and microgravity
tolerance, Al-integrated phenotyping platforms, and
bioregenerative life-support architectures that weave crop
production into atmospheric management and nutrient
recycling are all advancing, though none have yet been
validated under operational deep space conditions. The
knowledge generated by this research does not flow in
only one direction. Advances in precision resource
management, compact vertical growing systems and the
physiology of stress-resilient crops are already producing
measurable benefits for food production on Earth.

Whether space agriculture ultimately succeeds in
sustaining a permanent human presence beyond Earth
will depend on sustained investment, genuine
interdisciplinary collaboration and critically, a willingness
to treat the unresolved problems honestly rather than to
oversell current capabilities.

Acknowledgement

The present study was supported by Kerala
Agricultural University, Thrissur.

Funding Competing interest : The authors declare
no competing interests.

References

Arena, C., De Micco V. and Aronne G. (2014). Morpho-
anatomical changes and photosynthetic activity in plants
grown in altered gravity environments. Life Sci. Space
Res., 2, 38-48.

Barcenilla, B.B., Kundel 1., Hall E., Hilty N., Ulianich P., Cook
J., Turley J., Yerram M., Min J.H., Castillo-Gonzalez C.
and Shippen D.E. (2024). Telomere dynamics and
oxidative stress in Arabidopsis grown in lunar regolith
simulant. Front. Plant Sci., 15, 1351613.

Bunchek, J.M., Hummerick M.E., Spencer L.E., Romeyn M.W.,
Young M., Morrow R.C., Mitchell C.A., Douglas G.L.,
Wheeler R.M. and Massa G.D. (2024). Pick-and-eat space
crop production flight testing on the International Space
Station. J. Plant Interactions, 19(1), 2292220.



1074 S. Gouryetal.

Califar, B., Kiss J.Z., Wyatt S.E., Paul A.L. and Ferl R.J. (2020).
Root skewing-associated genes impact the spaceflight
transcriptome of Arabidopsis. Front. Plant Sci., 11, 239.

Carletti, G, Fricano A., Mazzucotelli E. and Cattivelli L. (2025).
A new phenotyping method for root growth studies in
compacted soil validated by GWAS in barley. Plant
Methods, 21(1), 93.

Carman, J.G, Hole P., Salisbury F.B. and Bingham GE. (2015).
Developmental, nutritional and hormonal anomalies of
weightlessness-grown wheat. Life Sci. Space Res., 6, 59-
68.

Cerda, G.A., Gavifio J., Pavez M. and Zufiiga G.E. (2023).
Autonomous plant growing incubator miniaturised for
CubeSat applications. Adv. Space Res., 72(5), 1264-1275.

Chandler, J.0., Haas F.B., Khan S., Bowden L., Ignatz M.,
Enfissi E.M.A., Gawthrop F., Griffiths A. and Fraser P.D.
(2020). Rocket science: The effect of spaceflight on
germination physiology, ageing and transcriptome of
Eruca sativa seeds. Life (Basel), 10(4), 49.

De Micco, V., Arena C., Aronne G, Pignalosa D. and Tomeo S.
(2014). Morphological and physiological acclimations
of plants to space-like growth conditions. Acta
Astronautica, 104(1), 380-389.

De Micco, V., Arena C., Pignalosa D. and Aronne G (2014).
Combined effects of microgravity and radiation on plant
growth in space: strategies for blast-off. Life Sci. Space
Res., 2, 52-62.

De Micco, V., Aronne G, Arena C. and Pignalosa D. (2009).
Morpho-anatomical traits for plant adaptation to
microgravity: implications for crop cultivation in
bioregenerative life support systems. Adv. Space
Res., 44(2), 101-110.

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

Baranova, E.N., Levinskikh M.A. and Gulevich A.A. (2019).
Wheat space odyssey: “From seed to seed”. Life, 9(4),
8l.

Ferl, R.J. and Paul A.-L. (2011). Arabidopsis gene expression
in response to spaceflight environments: insights from
the International Space Station. Plant Biol., 13(s1), 1-7.

Fu, Y., Liu H., Liu D., Hu D., Xie B., Liu G, Yi Z. and Liu H.
(2025). A case for supporting human long-term survival
on the moon: “Lunar Palace 365” mission. Acta
Astronautica, 228, 131-140.

Gitelson, I.1., Terskov I.A., Kovrov B.G., Lisovskii G.M.,
Okladnikov Yu N., Sid’ko F.Ya, Trubachev I.N., Shilenko
M.P., Alekseev S.S., Pan’kova I.M. and Tirranen L.S.
(1989). Long-term experiments on man’s stay in biological
life-support system. Adv Space Res., 9(8), 65-71.

Giuliani, L.M., Hallett P.D. and Loades K.W. (2024). Effects of
soil structure complexity to root growth of plants with
contrasting root architecture. Soil Tillage Res., 238,
106023.

Groot, S.P.C., de Groot L., Kodde J. and van Treuren R. (2015).

Prolonging the longevity of ex situ conserved seeds by
storage under anoxia. Plant Genetic Resources:
Characterisation and Utilisation, 13(1), 18-26.

Hummerick, M.E., Khodadad C.L.M., Dixit A.R., Spencer L.E.,
Romeyn M.W., Wheeler R.M. and Massa G.D. (2021).
Microbiology of Space-Grown Red Romaine Lettuce and
Mizuna Mustard. Front. Plant Sci., 12, 646327

Jin, K., Shen J., Ashton R.W., White R.P., Dodd I.C., Parry
M.A. and Whalley W.R. (2017). Shaping an optimal soil
by root-soil interaction, Trends Plant Sci., 22(11), 937-
951.

Kitaya, Y. (2004). Effects of air velocity on photosynthesis of
plant canopies in space. Adv. Space Res., 34(8), 1734-
1740.

Kordyum, E. and Hasenstein K.H. (2021). Plant biology for
space exploration — building on the past, preparing for
the future. Life Sci. Space Res., 29, 1-7.

Kruse, C.P.S. (2020). Spaceflight induces novel regulatory
responses in Arabidopsis seedlings. Scientific Rep., 10,
14539.

Kuang, A., Xiao Y., McClure G. and Musgrave M.E. (2000).
Influence of microgravity on ultrastructure and storage
reserves in seeds of Brassica rapa L. J. Plant Physiol.,
85(6), 851-859.

Land, E.S., Doherty C.J., Sheppard J. and Perera 1.Y. (2024).
Conserved plant transcriptional responses to
microgravity from two consecutive spaceflight
experiments. Front. Plant Sci., 14, 1308713.

Link, B.M., Busse J.S. and Stankovic B. (2014). Seed-to-seed-
to-seed growth and development of Arabidopsis in
microgravity. Astrobiology, 14(10), 866-875.

Maffei, M.E., Balestrini R., Costantino P., Lanfranco L.,
Morgante M., Battistelli A. and Del Bianco M. (2024).
The physiology of plants in the context of space
exploration. Commun. Biol., 7, 1311.

Manzano, A.l., van Loon J.J.W.A., Herranz R., Medina F.J.
and Manzano A. (2016). Early effects of altered gravity
environments on plant cell growth and cell proliferation:
characterisation of morphofunctional nucleolar types in
an Arabidopsis cell culture system. Front. Astron. Space
Sci., 3, 1-10.

Marzioli, P., Cimino L., Curiano F., Delfini A., Piergentili F.,
Santoni F. and Volpini F. (2020) CultCube: Experiments in
autonomous in-orbit cultivation. Acta Astronautica, 172,
95-102.

Massa, G.D., Wheeler R.M., Morrow R.C. and Levine H.G.
(2016). Plant pillows for the Veggie plant growth system.
Gravitational Space Res., 4(1), 41-51.

Meinen, E., Dueck T., Kempkes F., Stanghellini C., Van leperen
W., Marcelis L.F.M. and Hogewoning S.W. (2018).
Growing food crops beyond Earth: cultivation
of Raphanus sativus under controlled environment
conditions for space missions. Life Sci. Space Res., 19,
12-24.

Merkys, A.J., Laurinaviéius R.S. and SvegZdiene D.V. (1984).
Plant growth, development and embryogenesis



The Orbital Revolution: The New Age Space Farming 1075

during Salyut-7 flight. Adv. Space Res., 4, 55-63.

Mohanta, T.K., Mishra A.K., Mohanta Y.K. and Al-Harrasi A.
(2021). Space breeding: The next-generation crops. Front.
Plant Sci., 12, 771985.

Mortimer, J.C. and Gilliham M. (2022). Spacehort: Redesigning
plants to support space exploration and on-earth
sustainability. Curr. Opin. Biotechnol., 73, 246-252.

Musgrave, M.E. and Kuang A. (2001). Reproduction during
spaceflight by plants in the family Brassicaceae. J.
Gravitation. Physiol., 8, 29-32.

NASA (2025). Astronauts plant seed pillows in new space
agriculture study. NASA Science. Available at: https://
science.nasa.gov/directorates/smd/astronauts-plant-
seed-pillows-in-new-space-agriculture-study/

Nedukha, E.M. (1997). Effects of microgravity on the structure
and function of plant cell walls. Int. Rev. Cytol., 170, 39-
77.

Nie, H., Zhou W., Zheng Z., Deng Y., Zhang W., Zhang M.,
Jiang Z., Zheng H., Yuan L., Yang J. and Wang H. (2025).
Exploring plant responses to altered gravity for
advancing space agriculture. Plant Commun., 6(6),
101370.

Olanrewaju, G.O., Paul A.-L., Ferl R.J., Naldrett M.J. and Wyatt
S.E. (2023). Integrative transcriptomics and proteomics
profiling of Arabidopsis thaliana elucidates novel
mechanisms underlying spaceflight adaptation. Front.
Plant Sci., 14, 1260429.

Pandith, J., Neekhra S., Ahmad S. and Sheikh R.A. (2023).
Recent developments in space food for exploration
missions: A review. Life Sci Space Res., 36, 123-134.

Paradiso, R., Arena C., De Micco V., Buonomo R., Cuomo A.,
De Pascale S. and Aronne G. (2014). Plant-based life
support for long-duration space missions: assessing
psychological and physiological aspects of plant—crew
interactions. Life Sci. Space Res., 2, 1-7.

Paul, A. L., Amalfitano C.E. and Ferl R.J. (2012). Plant growth
strategies are remodelled by spaceflight. BMC Plant
Biol., 12, 232.

Paul, A.-L., Zupanska A.K., Schultz E.R. and Ferl R.J. (2013).
Spaceflight transcriptome analysis of Arabidopsis reveals
interaction with gravity and radiation. BMC Plant
Biol., 13, 258.

Saito, H., Takahashi K. and Hoson T. (1995). Growth responses
of Adiantum capillus-veneris to clinostat rotation and
hypergravity. Adv. Space Res., 16(9), 145-149.

Salisbury, F.B. (1991). Soviet plant growth experiments in
space: a review of studies aboard Salyut 7. Adv. Space
Res., 12(5), 121-126.

Salisbury, F.B., Gitelson J.I. and Lisovsky GM. (1997). Bios-3:
Siberian experiments in bioregenerative life support.
BioSci., 47(9), 575-585.

Shao, H., Chen L., Zhang Y. and Wang Y. (2017) Effects of
spaceflight-associated radiation on plant DNA and seed
viability. Front. Plant Sci., 8, 1016.

Takatsu, Y., Watanabe N., Kobayashi M., lzumi K., Kurimoto
K., Shindo K., Noguchi H., Kasuya S. and Daimon H.

(2012). Japan space seed project: Recovery and breeding
of seeds exposed in space. Acta Astronautica, 71, 117-
123.

Van Loon, J.J.W.A. (2024). Space science and plant biology.
Environ. Sci. Eur., 36(1), 1-10.

Wang, T., Yu L., Wang Z., Yang C., Dong F., Yang D., Xi H.,
Sun Z., Bol R., Awais M., Yang L. and Fu H. (2025). Effect
of simulated acidification on soil properties and plant
nutrient uptake of eggplant in greenhouse. Front. Plant
Sci., 16, 1558458.

Wheeler, R.M. (2017). Agriculture for space: People and places
paving the way. Open Agric., 2(1), 14-32.

Wheeler, R.M., Mackowiak C.L., Sager J.C., Knott W.M. and
Hinkle C.R. (2003). Crops for human life support in space:
from basic research to the CELSS Breadboard
Project. Adv. Space Res., 31(1), 65-75.

Xie, G, Ding J., Zhang Y., Ren M., Qiu D. and Wang X. (2024).
The first biological experiment on lunar surface for
humankind: Device and results. Acta Astronautica, 214,
216-223.

Yadav, A. and Yadav A. (2022). Space farming. Int. J. Res.
Anal. Rev., 4(8), 151-153.

Yano, S., Kasahara H., Masuda D., Tanigaki F., Shimazu T.,
Suzuki H., Karahara I., Soga K., Hoson T., Tayama I.,
Tsuchiya Y. and Kamisaka S. (2013). Improvements in
and actual performance of the Plant Experiment Unit
onboard Kibo, the Japanese experiment module on the
International Space Station. Adv. Space Res., 51, 780-788.

Yao, X.-D. (2019). First seed germination experiment on the
Moon: Chang’e-4’s biological module. Science
Bull., 64(13), 945-949.

Zabel, P., Bamsey M., Schubert D. and Tajmar M. (2016). Review
and analysis of over 40 years of space plant growth
systems and lessons learned. Life Sci. Space Res., 10, 1-
16.

Zeng, D., Cui J., YinY,, Dai C., Yu W.,, Zhao H., Guan S., Cheng
D. and Sun Y. (2025). Generational genetic mechanism of
space mutagenesis in rice based on multi-omics. Rice
Sci., 32(3), 400-425.

Zeng, D., Cui J,, Yin Y., Dai C., Zhao H., Song C., Guan S.,
Cheng D., Sun Y. and Lu W. (2022). Combining
proteomics and metabolomics to analyse the effects of
spaceflight on rice progeny. Front. Plant Sci., 13,
900143.

Zeng, D., Cui J,, Yin Y., Xiong Y., Liu M., Guan S., Cheng D.,
Sun Y. and Lu W. (2021). Metabolomics analysis in
different development stages on SPO generation of rice
seeds after spaceflight. Front. Plant Sci., 12, 700267.

Zeng, D., Zhang Y., Sun Y. and Lu W. (2020). Effects of space
flight on expression of key proteins in rice leaves. Rice
Sci., 27(5), 423-433.

Zhao, J., Guan S., Wei L., Sun Y. and Mei M. (2007). Genomic
polymorphism in consecutive generation rice plants from
seeds on board a spaceship and their relationship with
space HZE particles. Front. Biol. China, 2(3), 297-302.



