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Introduction 

Mutations are fundamental biological events that generate genetic 

variation in living organisms. Mutants arise due to mutation, which 

is a heritable change in genetic material and serves as a primary 

source of genetic diversity (1). Therefore, a mutation is defined as 

an abrupt, heritable change that occurs in an organism (2). In light 

of this, consider a scenario in which you travel into space and bring 

some crop seeds or germplasm with you. Seeds exposed to space 

conditions often exhibit genetic and phenotypic variations that 

can be exploited for crop improvement (1). This approach is 

known as space breeding.  

Researchers have been examining the effects of cosmic 

radiation, microgravity and other elements of the space 

environment on plant growth and development since the 

commencement of space exploration. Numerous kinds of study 

have been carried out so far to produce better agricultural varieties 

and have some success in the space environment. China's space 

rice breeding operations are leading the world in scientific research 

(3). Due to the cosmic radiation and microgravity that space-grown 

plants have experienced, a variety of crop varieties with distinct 

genotypes and phenotypes resulting from cellular, subcellular, 

genomic, chromosomal and biochemical modifications have been 

produced. Genetic polymorphism and the development of crops 

with altered genetic combinations are mostly caused by DNA 

damage and chromosomal abnormalities brought on by cosmic 

radiation. These modifications can be utilised to create crop types 

of the next generation that can endure a range of environmental 

circumstances (4).  

In-depth space exploration has advanced significantly in 

recent years and space research is currently receiving a lot of 

attention (5–7). Space environments are characterised by 

microgravity, vacuum and high radiation levels (8). It consequently 

absorbs a significant amount of cosmic radiation, the effects of 

which are still poorly understood (9, 10). Furthermore, space is an 

extremely vacuum environment. Numerous laboratory and other 

studies have been carried out in an effort by certain scientists to 

establish life on Mars (11–13). Plant growth on Mars is challenging, 

nevertheless due to a few reasons, including the lack of a magnetic 

field (14, 15). The International Space Station (ISS), launched in 

1998, serves as a platform for plant space biology research (16). In a 

microgravity setting, it has served as a research facility for 

astrobiology studies (17–21).  

This review summarises the principles, mechanisms, 

achievements and future prospects of space breeding. It highlights 

the biological basis, applications and research progress in space 

breeding. 

History of space breeding 

Early observations of natural variation in plants were documented 

in ancient agricultural literature, although the scientific concept of 

mutation was established much later. Hugo de Vries, a Dutch 
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botanist, is credited with originating the concept of mutation when 

he saw changes in Oenothera lamarckiana Ser. (evening primrose) 

plants that were blossoming in Holland during the 1880s. As a 

result, he was named ‘The Father of Mutation’. The term 

"mutation" was first used in 1900 by Hugo de Vries. The Latin word 

"mutare," which is its root, signifies "change" or "alteration." 

 The H J Muller received the Nobel Prize in 1946 for his 
demonstration in 1927 that is external application of X-ray 

mutagens can successfully generate a mutation in Drosophila. 

Eventually, in 1928, L J Stadler demonstrated that the physical 

mutagen X-ray was the cause of gene mutation in barley and 

maize. In India, mutation breeding research was led by scientists 

such as M S Swaminathan at Indian Agricultural Research Institute 

(IARI) and researchers at Bhabha Atomic Research Centre (BARC), 

Mumbai. Globally, more than 3300 mutant varieties from over 240 

crop species have been released through mutation breeding 

programs coordinated by Food and Agriculture Organization (FAO) 

and International Atomic Energy Agency (IAEA) of United States. 

 Chinese scientists initially introduced space breeding, an 

innovative and successful method for agricultural mutational 

development, in 1987. Early studies reported increased mutation 

frequency in seeds exposed to spaceflight conditions compared to 

earth (1). In the early 1960s, researchers from the former Soviet 

Union (Russia) (Union of Soviet Socialist Republics (USSR)) 

conducted the first space breeding experiments on the plant 

wheat, peas and Arabidopsis thaliana (L.) Heynh. (22). China was 

the first country to send sweet pepper cultivar "Dragon Pepper 2" 

into space using high-altitude balloons (Fig. 1) in 1987. China 

started breeding space mutants after discovering a novel kind 

whose fruit weighed more than 250 kg and having risen in yield 

level up to 120 %. So the China is the first ever country to be 

successful in space breeding and designated as pioneer in space 

breeding work. On September 9, 2006, China launched Shiijian-8, 

their first space breeding satellite (23). It included about 2020 plant 

accessions from 152 different plant species. With the ability to 

retrieve (recoverable) satellites, China is currently the third country 

in the world.  

 National Aeronautics and Space Administration (NASA) 

conducted plant experiments in 2014, 2015 and 2017 using 

systems such as the Vegetable Production System (VEGGIE) and 

Advanced Plant Habitat (APH) aboard spacecraft and the ISS 

(International Space Station). Seeds of crops like lettuce, mustard, 

kale, radish, wheat and peppers were planted in growth media 

containing porous clay or arcillite with controlled-release 

fertilisers. Light emitting diode (LED) lighting, temperature, 

humidity and carbon dioxide were regulated automatically. 

Growth parameters, microbial populations, nutrient content and 

plant morphology were analysed (24). The China had launched 22 

recoverable satellites thus far, with just one failure. By the end of 

2017, China had conducted 13 experiments with recoverable 

satellites, several with high-altitude balloons and the Shenzhou 

spacecraft (Fig. 2), resulting in the launch of over 70 different crop 

kinds into orbit. In Shanxi Province, northwest China, a new space 

breeding research centre was opened in 2018. One of its goals is to 

grow superior tree seedlings for the Three-North Shelter Forest 

Program by using space technology. 

 Combined experiments by USA along with other countries 

in 2020 was launched on International Space Station (ISS). 

Experiments such as Plant Habitat-02 used growth chambers with 

controlled light, water and nutrients. Crops such as radish, lettuce, 

wheat and Chinese cabbage were cultivated. Ground control 

experiments were conducted simultaneously on earth under 

identical conditions for comparison. Growth parameters, gene 

expression, nutritional quality and plant physiology were 

evaluated (25). 

 Although the spacecraft's noise level is always high, space 

flight is not particularly silent. Furthermore, live cells may be 

discouraged or damaged by the increased sound frequency. China 

developed space-bred rice varieties (6). China's Chang'e-5 journey 

(mission) to lunar orbit lasted 183 days and 40 g of rice was 

dispatched with it (26). For the first time, a mature plant that 

produces new seeds at the end of its 120-day life cycle which starts 

with a seed hatching into seedlings from grains was finished in 

space. Rice seeds exposed to spaceflight showed genetic variation. 

The rice grains were first produced in a lab and subsequently in the 

field once the lunar mission was over and they returned to Earth 

and at Guangzhou's South China Agricultural University seeds 

were gathered. These experiments demonstrated the potential of 

space breeding for crop improvement (27–29).  

 In November 2022, the International Atomic Energy Agency 
(IAEA) and the Food and Agriculture Organization (FAO) of the 

United States sent seeds of two plant species-Arabidopsis and 

 

Fig. 1. High altitude balloons (A = 28,  B = 29). 
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Sorghum to the ISS, where they are subjected to cosmic radiation, 

extreme temperatures and microgravity. These seeds will be 

planted, nurtured and examined for favourable characteristics 

after they return. The purpose of these investigations is to better 

understand if crops grown under hard space settings, such as 

microgravity and extremely high temperatures, would become 

more adaptable to the harsh growth circumstances on Earth (3).  

 Recently India in 2024 through ISRO germinated cowpea 

seeds successfully in space within about 4 days. The experiment 

was conducted on the POEM-4 (PSLV orbital experiment module) 

platform in microgravity. The module acted like a mini greenhouse 

in space with controlled temperature and environment (31). 

Space breeding  

Cosmic radiation originating from outer space continuously reaches 

the Earth. Research indicates that plants exposed to zero gravity and 

cosmic radiation experience physical, physiological and genetic 

alterations (32, 33).  Cosmic radiation can potentially be used for 

gene modification. Space crop projects have garnered global 

attention for many years and have successfully contributed a wealth 

of biological information (34, 35). This new scientific technique, 

called space breeding, merges space travel technology with farming. 

Space breeding involves exposing plant materials to cosmic 

radiation, microgravity and vacuum conditions to induce mutations. 

Space breeding refers to exposing seeds or strains to cosmic 

radiation and microgravity in space to mutate their genes, so as to 

create new species or varieties with greater performance. Space 

breeding also known as aviation breeding or space technology 

breeding or space mutagenesis.  It is a relatively new development in 

breeding technology that combines biotechnology, modern 

agricultural technology and space technology with farming.  

 Plants exposed to space experience unique conditions 

unlike anything found on Earth. These conditions induce 

mutations and genetic variation. These variations are valuable 

resources for plant breeding. The main factors causing these 

mutations in space include high-energy radiation i.e. cosmic rays, 

weightlessness, unusual magnetic fields, near-perfect vacuum and 

other stresses. Cosmic rays are the primary mutagenic agents in 

space breeding.  

 The crops developed by space breeding also refer as 

cosmic crops or cosmic species. Such crops may also refer as next 

generation crops. These changes can affect how many seeds 

sprout (germination rate), their shape (morphology), the light-

capturing pigments they contain (photosynthetic pigments), the 

structure of their energy-producing organelles (chloroplasts) and 

the activity of enzymes that help fight off damage (antioxidant 

enzyme activity). All of this translates to altered physiological 

(functional) and morphological (structural) characteristics in 

mature crops.  

 The crops have been developed by the technique of space 

breeding assumed to be safe comparatively than transgenic crops. 

No foreign genes are introduced during space breeding. These 

changes happen faster in space but are ultimately the same kind of 

thing that happens over time on Earth. Continuous and multi-step 

testing confirmed that the material did not contain any traces of 

space radiation; therefore, it does not pose any risk to Earth’s biota 

and was subsequently released for cultivation (1). 

The main objectives of space breeding are as follows  

• Boost crop resilience : Increase resilience to harsh conditions 

such as biotic and abiotic stressors.  

• Boost yield : Create high-yield crops to aid in space 

exploration. 

• Genetic variability : Investigate novel genetic mutations and 

variants to promote genetic diversity. 

Procedure to induce space breeding 

The procedure of space breeding is illustrated in Fig. 3 and 4. Space 

breeding starts with subjecting the biological materials like seeds, 

cuttings or microbes or any biological material into the lower orbit 

of the Earth where the cosmic radiations are travelling. The 

subjection of biological materials is carried out by using the 

recoverable satellite, space aircraft or high-altitude balloons. In 

space, the materials are exposed to microgravity, cosmic radiation 

and vacuum conditions. These conditions induce genetic, 

physiological and biochemical mutations. Later on, the subjected 

materials bring back to the Earth for growing and analysis and test 

 

Fig. 2. Shenzhou spacecraft.  Source : Image: Courtesy of China News Service, Courtesy of Wikimedia Commons (30).  
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Fig. 3. Procedure of space breeding showing exposure, mutation induction and selection. 
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Fig. 4. Schematic representation of mutation induction and selection in space breeding (4).     
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for traces of radiation as well as any mutant. Alternatively, another 

scenario also like seeds can be sprouted in space and the resulting 

plants brought back to Earth for analysis. The testing will result in 

identification of mutant with desirable characters. Scientists use 

various tools to identify plant materials with promising mutations 

caused by space travel. Molecular markers such as Amplified 

Fragment Length Polymorphism (AFLP), Random Amplified 

Polymorphic DNA (RAPD) and Simple Sequence Repeats (SSR) are 

used to detect genetic variation. Once a plant shows desirable 

traits, advanced DNA sequencing can pinpoint the genes likely 

influenced by the space environment. With this knowledge, 

scientists can employ molecular breeding techniques to create 

crops with these beneficial traits. Selected mutants are evaluated 

and released as improved varieties.  

Modifications brought about by biological materials being 

exposed to space environment 

Exposure to space environments induces several cellular, 
physiological and genetic changes in plants, as described below.   

Cell shape 

Space exposure alters cell structure and morphology. For instance, 

in case of pine tree cotyledon shows round shape cell also the in 

meristematic tissues of roots of Crepis and maize shows same. It is 

possible that the increased surface tension combined with lower 

mechanical pressure in microgravity is responsible for the 

observed decrease in cell attachment (36). Funaria hygrometrica 

moss cultivated in space for 96 days exhibited a higher frequency 

of pear-shaped and dumbbell-shaped cells in comparison to 

identical moss grown under terrestrial conditions in space for 96 

days had more pear- and dumbbell-shaped cells (37). 

Size of cell and proliferation/differentiation pattern 

Space exposure affects cell size and structure (37). The roots of 

Crepis, maize, peas and wheat were shown to have bigger cells        

(38–40). Wheat and maize seedlings have been shown to exhibit 

increased cell elongation (36, 40). Anise (Illicium verum - 

Chakraphul) seeds were cultivated for somatic embryogenesis on 

shuttle flight D-1 and it was discovered that the somatic embryo 

cells differentiated more quickly in space. This suggests that 

whereas differentiation on Earth takes 6 days, it occurred in 4 days 

in space. 

 It has been observed that orchid plants grow and develop 

more slowly in space. The flowers experienced serious damage 

stopped growing and eventually died once the space mission 

began (41). Even after 6 months, the orchid plants' roots, stems 

and leaves did not show any signs of blossoming (42). The growth 

of Arabidopsis plants was markedly delayed in space compared to 

the control group. It took twice as long for these plants to reach the 

rosette stage and 8 days longer to begin flowering (43). Carrot 

somatic embryos were shown to have a wider differentiation zone, 

which led to longer roots (36). It is possible that the space-grown 

plants produced chlorophyll prior than the ground-grown plants 

because they received more sunshine (44). Early root hairs formed 

close to the tips of the roots as a result of the cells' early 

differentiation due to abnormal elongation (43). Growing oat 

seedlings in the SL-2 spacecraft revealed more lateral roots, 

possibly as a result of the root tips exhibit slower rate of cell 

division causing growing lateral roots. When compared to the 

control, the internode of pea seedlings cultivated in space was 

seen to be incredibly extended (41).  

Division of cell 

Space environment has been found to induce a universal mutagenic 

response in plants, characterised by rising chromosomal 

abnormalities and a subsequent decline in mitotic cell division when 

compared to terrestrial conditions (45). 

 Plants grown in Biosatellite II have been exhibit declined in 

cell division (46, 47). Cell division rates were lower in pea (Pisum 

sativum L.) and hawkweed (Crepis capillaris (L.) Wallr.) seedlings 

cultivated aboard spacecraft during Soviet space flights (40, 41, 48) 

10 % less dividing cells were found in Helianthus annuus L. plants 

cultivated on Shuttle missions SL-2 and STS-3 and in oat seedlings 

grown on SL-2 than in ground-control plants (43, 49). Sunflowers, 

mung beans and oats exhibited decreased mitotic cell division 

during the anaphase and telophase stages. Since the cell cycle was 

predominantly halted at metaphase, prolonged space travel 

might have led to a more significant reduction in cell division (41). 

On the other hand, the majority of lettuce cells were halted in the 

telophase when cell division was inhibited.   

Changes in chromosome number and arrangement 

(Chromosomal aberration) 

Space radiation attacks cellular DNA, inducing damage that 

manifests as single nucleotide errors, single-strand fractures or 

brake and double-strand fracture (50). Double-stranded DNA 

breaks are a primary and severe form of DNA damage. To maintain 

genomic integrity, cells activate various repair mechanisms. 

However, if these breaks are not repaired accurately, it can lead to 

cell death or premature aging (50). Due to the severity of DNA 

damage inflicted by alpha rays and other high-energy radiation, 

the non-homologous end joining pathway is insufficient for repair 

(51).  

 To address DNA damage in these situations, the cell employs 

the homologous recombination machinery. As previously stated, 

space-based plant cultivation is often associated with the 

development of chromosomal anomalies. The unstable 

chromosomal abnormalities categorized as ring, rearranged 

acentric and multicentric chromosomes, which they found to be 

consistently unrepaired (50). Unstable chromosomal abnormalities, 

characterised by broken DNA ends, missing telomeres and faulty 

distribution mechanisms, are usually lost in the process of cell 

division. The presence of 2 centromeres makes dicentric 

chromosomes, the most frequent type of unstable chromosomal 

aberration and it is easily distinguishable (50–53). Monocentric 

chromosomes, indicative of stable chromosomal aberrations, can 

be inherited by daughter cells and serve as a reliable indicator of 

previous exposure to cosmic radiation. 

 Seedlings of Crepis and P. sativum from Soviet Union space 

missions have been observed to contain multiple nuclei and 

aneuploidy (2n-1=33) in root cells was found in a sample of 

sunflowers cultivated on STS-2 spacecraft (54). The microspores of 

Tradescantia paludosa E.S. Anderson & Woodson were similarly 

shown to exhibit mitotic abnormalities, including aberrant nucleus 

movement (55, 56). On a similar vein, chromosomes were grouped 

during metaphase rather than found on the equatorial plate. The 

abnormal cellular behaviour in T. paludosa, including irregular 

chromosome distribution, incomplete chromatid separation and 

atypical mitotic spindle (55).  
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 This kind of misaligned chromatid separation may result in 

the aneuploid genome seen in sunflowers. Studies on 

Tradescantia have revealed fused embryo sacs in plants with 

either clumped or dispersed nuclear configurations. One possible 

reason for this could be a spindle organisation issue. Moreover, 

Tradescantia root tips were characterised by the presence of cells 

with multiple nuclei, abnormal nuclear structures and disturbed 

spindle organisation (57). Root tip cells were more susceptible to 

chromosomal abnormalities. These abnormalities were 

exacerbated in C. capillaris, while A. thaliana experienced a 

significant decline in seed quality and germination. Spaceflight 

conditions induced abnormal reproductive development and 

seed formation in Arabidopsis, leading to reduced germination, 

survival and fertility (41).  

 Chromosomal abnormalities in meristematic stem cells 

were identified as the root cause of the observed occurrences. 

These cells, unlike dormant seeds are metabolically active and 

thus more susceptible to the damaging effects of cosmic radiation 

encountered during space travel. Crepis seeds exposed to space 

radiation for 3 to 234 days exhibited a higher frequency of 

chromosomal aberrations compared to those germinated on 

Earth after similar radiation exposure (58). Despite the application 

of radioprotective agents like 5-methoxytryptamine, aminoethyl 

isothiourea and cysteine, chromosomal abnormalities caused by 

space radiation in barley have persisted (59, 60). 

Changes occur in cellular components level  

The plants cultivated in weightlessness experienced significant cell 
wall alterations (61, 62). Compared to ground-based controls, 

these cell walls were reduced by approximately two-thirds in 

thickness. Mung bean seedlings grown in space for 24 days 

showed an 18 % decrease in lignin content, while their cell walls 

contained 54 % less cellulose (41). Previous research has indicated 

that space-grown seedlings exhibit lower protein and enzyme 

levels (63). Furthermore, while we have observed reduced 

chromosomal abnormalities and mitotic activity in space-grown 

plants, these organisms also display altered cellular structures. 

Specifically, Arabidopsis and pea plants cultivated in space have 

shown condensed chromatin within statenchyma cells and 

irregular nuclear placement in their root systems (64). Pine cells 

cultivated in space exhibited a reduction in nucleoli count, 

contrasting with wheat seedlings that demonstrated a significant 

increase in nuclear volume. Seven-day-old seedlings showed 

diminished starch granules and plastid reticulum within the 

amyloplast, accompanied by a more defined stroma. In contrast, 

space-grown cells displayed a haphazard arrangement of 

amyloplasts in the root cap. After 18 days, most plastids contained 

a single central starch granule, although some had minimal or no 

starch granules (65). Maize seedlings exhibited reduced starch 

levels in columella cells at the age of 4.8 days compared to control 

plants on Earth. Pea plants grown in space showed signs of 

chloroplast damage after 29 days, including disrupted grana 

structures, swollen intergrana regions and condensed grana 

stacks. Additionally, the formation of electron transport vesicles 

was observed (41). 

 The endoplasmic reticulum (ER) cisternae in columella 
cells of space-grown Arabidopsis, cucumber and pea seedlings 

exhibited decreased electron density (41). In contrast to the 

complete disappearance of rough ER and ribosomes reported in 

Funaria protonema, other cases have demonstrated a shrinkage 

and rounding of the ER cisternae (65). Space-grown maize 

seedlings displayed abnormal ER morphology, characterised by 

spherical and elliptical ER structures clustered at the cell periphery. 

In contrast, maize seedlings germinated on Earth and 

subsequently grown in space exhibited normal ER distribution 

within columella cells (66). This illustrates how gravity affects the 

ER's distribution and integrity. Root cap cells of Arabidopsis, maize 

and pea seedlings exhibited swollen mitochondria with dense 

internal structures and disorganised membranes under 

microgravity conditions, (36, 67). In pea root meristems, 

weightlessness induced structural changes in Golgi apparatus 

(dictyosomes), leading to a significant reduction in their size within 

the root cap's protective layers (calyptrogen, columella and 

peripheral cells) compared to ground controls (68). Concurrently, 

mucilage secretion was markedly decreased in pea and maize 

seedlings grown in space (68, 69). Interestingly, peroxidase activity 

was elevated by 18 % in space-grown lucerne seedlings relative to 

their terrestrial counterparts (70). 

Changes occur in mineral element composition 

Space environments induce multifaceted changes in plants, 

affecting their molecular, cellular, genomic and physiological 

processes. Consequently, the elemental composition of plant 

cells can be significantly altered. For instance, pea plants grown 

in the unique conditions of the Salyut space station displayed 

marked variations in mineral content, with decreases in calcium, 

iron, magnesium, manganese and zinc, but increases in 

phosphorus and potassium within their shoot systems (61). 

Reduced root growth is likely linked to deficiencies in essential 

elements. The decline in calcium levels, a crucial signalling 

molecule, may account for decreased metabolic, cellular and 

physiological functions within the plant (71–75). Manganese 

deficiency directly correlates with impaired photosynthesis due 

to its essential role in the water-splitting process. Furthermore, a 

decrease in calcium, magnesium and potassium levels in 5-day-

old pea seedlings under microgravity conditions led to reduced 

ATPase activity. Consequently, inhibited ATPase function in 

plasmodesmata resulted in diminished protein content. The 

primary cause of ATPase dysfunction is likely a substantial 

decline in calcium-dependent ATPases. While calcium was 

present in plasmodesmata and the plasma membrane of control 

plants, it was redistributed to the plastid, endoplasmic reticulum, 

Golgi apparatus and nuclear membrane in the experimental 

group (76). The results imply an increased propensity for cellular 

calcium to bind to membranes under low-gravity conditions. 

Moreover, membrane phospholipases are regulated by 

alterations in calcium ion concentration. Therefore, the 

diminished ability of the calcium pump to utilise ATP results in 

disturbances to both active and passive calcium transport 

processes (76). 

Morphological variation 

Spaceflight environments can significantly impact plant growth 

and development. In a study involving Arabidopsis plants, 

cotyledon-stage seedlings were successfully launched into space 

and reached the flowering stage. However, despite normal 

external appearance, the reproductive organs, the androecium 

and gynoecium, were infertile and degraded. These findings 

suggest that the unique lighting conditions in space induced 

sterility in the reproductive structures without affecting overall 

plant morphology (58, 61, 67, 77). Upon return to Earth, the 
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plants completed their flowering cycle. However, their 

subsequent offspring exhibited reduced germination rates, a 

higher incidence of genetic mutations and lower reproductive 

capacity (77, 78). Despite being grown to maturity under space 

conditions, Arabidopsis plants showed growth abnormalities 

such as shortened stature, fewer leaves and a decreased number 

of smaller siliques (41). The F1 seeds produced in space exhibited 

reduced seedling vigour, as evidenced by smaller hypocotyls and 

cotyledons, which negatively impacted their germination 

success. Despite these challenges, 42 % of these seeds 

developed into mature plants. However, the subsequent F2 

generation displayed normal growth patterns, indistinguishable 

from ground-based controls (41, 79).  

Genetic variation 

Space travel can induce genetic alterations in crop plants. So, the 

depiction of such genetic variation is necessary to evaluate new 

diverse genetic loci. To uncover these changes, researchers 

analysed 201 rice varieties grown from seeds exposed to 

spaceflight conditions using RAPD markers. These analyses 

revealed a significant 30.2 % increase in genetic variation 

compared to ground-based controls, suggesting that the space 

environment can induce substantial genetic mutations in rice. 

Despite the challenges of spaceflight, all plant specimens 

returned to Earth exhibited normal growth and reproductive 

capabilities. Ground-based control plants maintained their 

typical growth patterns. Genetic analysis using 24 random 

primers identified a total of 189 genetic markers, with each 

primer revealing between 4–15 loci. There were 400–2000 base 

pair fragments in the amplicon reported (80).  

 Genetic analysis of rice seeds I-B11 using the OPS-19 

primer identified at least 12 single nucleotide polymorphisms 

(SNPs) compared to control samples. Previous research also 

reported SNPs in other rice varieties (80). To further investigate 

genetic changes across generations, I-B11 and I-B15 rice seeds 

were examined using 29 random primers. A total of 121 

polymorphic loci were detected. Comparative analysis revealed 

significant genetic differences between space-grown rice, their 

offspring and ground-based controls. Specifically, 9 new 

polymorphic loci appeared in the first generation of I-B11, with 

an additional 9 identified in subsequent generations (80). Plants 

with space-bound seeds grew shorter than their wild type 

counterparts, QHZ, according to the field study. On the other 

hand, the second-generation progeny of I-B11 headed 8-10 days 

ahead of the control QHZ. 

 Analysis of 3 Oryza sativa L. restorer lines (R998, Gui99 

and Hanghui No. 7) exposed to spaceflight conditions identified 

at least 2538 polymorphic loci using 104 pairs of SSR primers. 

Small-scale DNA mutations, such as deletions or insertions, 

accounted for 9.85 % of the observed genetic variations (81). 

Among 56 primer pairs used for AFLP analysis, 32 combinations 

produced amplifiable fragments. Sequencing of these fragments 

revealed a similarity to the expressed sequence tag gi33771201 

from a maize sperm library (81). The third chromosome contains 

the DNA sequence AC187265 (81). Lucerne seedlings cultivated in 

space exhibited an 18 % increase in peroxidase activity 

compared to ground-based controls. This elevated enzyme 

activity might be attributed to the accumulation of reactive 

oxygen species induced by spaceflight conditions. Additionally, 

peroxidase gel electrophoresis revealed distinct band patterns in 

space-grown seedlings, indicating altered protein profiles (70). 

Achievements  

China, the United States and Russia are the leading countries in 

space breeding research, with China developing more than 741 

mutant crop varieties. More than 741 mutant varieties of crops 

such as rice, wheat, cotton, tomato, sesame and pepper have been 

developed and released in China through space breeding 

programs. The mutants were high-yield, high-quality and multi-

resistant crop varieties (82).  Several countries have successfully 

developed superior crop varieties, as presented in Table 1. For 

example, A high-yielding and stress-tolerant rice variety (Fig. 5) 

developed through space breeding by China, demonstrating 

enhanced productivity and adaptability. Also, super hybrid giant 

pumpkin (Fig. 6) with exceptionally large fruit size was successfully 

developed through space breeding, demonstrating enhanced 

growth potential and yield (1).  

 Russia experiments concluded that wheat (Triticum 

aestivum L.), peas and Arabidopsis successfully germinated and 

grew in microgravity conditions. However, growth abnormalities 

such as reduced biomass, disoriented root growth and delayed 

reproductive development were observed. In one experiment with 

Super dwarf wheat, plants grew for about 90 days but did not 

produce grain due to limited light and environmental stress. These 

experiments demonstrated that plant growth in space is possible 

but requires optimised environmental control (22). The NASA 

demonstrated that several crops including romaine lettuce, 

mustard greens, kale, radish and chilli peppers were successfully 

grown in space. Some vegetables were harvested and consumed 

by astronauts and microbial tests showed that the produce was 

safe for human consumption (24). The ISS mission said that radish 

and leafy vegetables successfully completed their growth cycles in 

microgravity (25). The ISRO studies showed that exposure to space 

conditions can alter seed germination, growth rate and genetic 

variability in cowpea (31, 83). 

Institutions involved in space breeding research 

Several leading Chinese institutes are actively engaged in the field 

of space breeding, contributing significantly to the development of 

novel crop varieties and the advancement of agricultural 

biotechnology. The Space Breeding Research Centre of China 

serves as a central hub for coordinating and implementing 

experiments related to crop mutation and genetic improvement 

under spaceflight conditions. The Chinese Academy of Agricultural 

Sciences (CAAS), through its specialised divisions such as the 

Institute of Crop Sciences, plays a pivotal role in studying genetic 

variations induced by space environments and translating them 

into practical breeding outcomes. Furthermore, the Innovation in 

Space Breeding Technology and Development of New Crop 

Varieties Program focuses on integrating space-induced mutations 

with modern genomic tools to enhance crop productivity, stress 

tolerance and nutritional quality. Complementing these efforts, 

regional institutions like the South China Agricultural University 

and the Fujian Academy of Agricultural Sciences are also 

contributing to applied research, germplasm improvement and 

field evaluation of space-bred cultivars. Collectively, these 

institutions underscore China’s strategic commitment to utilising 

space biotechnology for sustainable agricultural innovation. 
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Fig. 6. Super hybrid of giant pumpkin having large size, (1). 

Fig. 5. Space rice (Chinese rice from heaven), (1).  

Table 1. Space-Bred crop varieties developed by different countries 

Sl. No Crop Variety Developed characteristics Country 

1 Wheat 

Luyuan 502 
   
  
  

SP 8581, SP 0225 and SP 798 
  
  

SP 8724 and SP 2290 
  
  
  

Tian Kong 5, Tian Kong 6, Long Fu Mai 15, Long Fu Mai 
17 and Hang Mai 96 

High yield (11 % more than local 
variety), Highly stable, Tolerant to 

drought and key diseases. 
  

Early maturity, disease resistance and 
strong gluten 

  
Large spike dwarf wheat with spike 

lengths over 15 cm 

China 
2 Rice Space rice (Rice from heaven) Resilient to diseases and climate 

change 

3 Rice 

Te You Hang 1, II You Hang 1, Hua Hang 1, II You Hang 
148, II You Hang 2, Liang You Hang 2, Pei Za Tai Feng, Pei 

Za Hang 7, Sheng Ba Si Miao, Jin Hang Si Miao, Hua 
Hang Si Miao, Yue Hang 1, Zhe 101, Zhong Zao 21, Zhong 

Zhe You 1, Hang Hui 8, R8007 and Hang Tian 36 

Restorer lines with broad 
compatibility, strong restorative 

ability, high combining ability, good 
blast resistance and excellent grain 

quality 
4 Giant pumpkin Giant pumpkin super hybrid Large size fruit 

5 Mushroom (Edible) Nongtou-1 Stronger fragrance and higher yield 
than local mushrooms 

6 Cotton Zhong Mian 42 and Zhong Mian 50 - 
7 Sesame Zhongzhi 11 and Zhongzhi 13 - 

8 Green pepper 
Yu Jiao 1, Yu Jiao 2, Yu Jiao 3, Yu Jiao 4 and Longjiao 9 

  
  

  
  
- 

9 Tomato Yu fan 1 and Yu fan 2 - 

10 Alfalfa Nong Jing 11 High-yielding, cold-tolerant alfalfa 
variety 

Characteristics of some mutant cultivars not disclosed yet (82). 
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 The NASA and its research facility Kennedy Space Centre 

have played an important role in space breeding by conducting 

plant growth and genetic studies under microgravity conditions 

using plant growth systems on the ISS. In Russia, the Russian 

Academy of Sciences and the Institute of Biomedical Problems 

have carried out pioneering experiments on seed germination, 

plant physiology and mutation induction in space. In Europe, the 

European Space Agency along with the German Aerospace Centre 

conducts several plant biology and space agriculture experiments. 

Similarly, the Japan Aerospace Exploration Agency performs plant 

cultivation and genetic research in the Kibo laboratory module of 

the ISS.  

 In India, crop improvement via non-conventional mutation 
and space-biology pathways is gaining traction through 

collaborative efforts between the ISRO and agricultural research 

bodies such as the Indian Council of Agricultural Research (ICAR). 

The ISRO’s modular experiment called the Compact Research 

Module for Orbital Plant Studies demonstrated the germination of 

black-eyed pea (cowpea) seeds in orbit, indicating the viability of 

plant life cycles under micro-gravity and controlled environmental 

conditions (83). 

 Together, these agencies contribute significantly to the 

advancement of space breeding and the development of crops 

suitable for long-term space missions and future space agriculture. 

Advantages 

1. Improves the quality of agriculture products in less time. 

2. Produced some mutations with potentially breakthrough 

impacts on important economic traits such as crop yield and 

quality.  

3. Leads to producing new types, traits and genes that are rare 

in nature or difficult to obtain by conventional methods.  

4. It produces numerous high-quality sources, effectively 

addresses the issue of food scarcity and offers unlimited 

benefits to the world. 

Disadvantages/Limitation 

1. The chance of detrimental mutation in an organism's DNA 

which could negatively affect other cultivated plant varieties. 

2. Implementation of programme is very costly. 

3. Require high technological assistance that many other 

nations are either unable or unwilling to provide. 

4. Some peoples having ethical concern about product 

generated by space breeding like transgenic crops. 

5. Long distance may create communication problems. 

Objective of space breeding 

Space breeding accelerates mutation frequency by exposing 
plant materials to cosmic radiation and microgravity. This 

technique relies on natural cosmic rays instead of human-made 

radiation like X-rays or ionic beams. Usually, Earth's atmosphere 

is a protective covering to the living things, but seeds in space are 

constantly bombarded by such high-energy rays. This can 

sometimes lead to beneficial changes, like plants that grow 

faster, need less water, or resist harsh conditions. Scientists are 

looking for these rare gems - mutations that make crops 

stronger, more productive or hardier. Harness the much more 

and other maximum potential of space by merging advance 

technology in agriculture advancement. While creating plants 

that can flourish in space is a valuable scientific pursuit, there's a 

risk of unintended consequences.  

Challenges in space breeding 

Maintaining optimal environmental conditions such as 
temperature, humidity, light intensity, carbon dioxide 

concentration and nutrient availability in spacecraft is technically 

challenging and directly influences plant growth, development 

and mutation stability. Microgravity alters plant physiological 

processes such as water uptake, root orientation, cell division and 

hormone signalling, making normal growth difficult. Space-

induced mutations caused by cosmic radiation and microgravity 

may be unstable across generations, therefore multi-generation 

screening and molecular characterisation are required to ensure 

genetic stability and heritability of desirable traits (4). Limited 

spacecraft space, strict payload capacity and the high cost of 

launching biological materials restrict the scale of crop 

experiments. Space experiments are also constrained by restricted 

availability of water, nutrients and energy resources, as well as 

limited experimental duration. Operational challenges include 

maintaining sterile conditions, preventing microbial 

contamination and ensuring reliable automated monitoring 

systems. Furthermore, most mutations induced by space 

exposure are neutral or deleterious, making the identification, 

isolation and stabilisation of beneficial mutants through 

phenotypic screening and genomic analysis extremely difficult. 

Addressing these technical, genetic and operational challenges is 

essential to improve the efficiency and reliability of crop space 

breeding programs (57).  

 

Conclusion  

Space breeding represents an important approach in modern crop 

improvement. It enables the generation of novel genetic variation 

useful for crop improvement that wouldn’t be possible on Earth. 

Advances in space technology have supported mutation breeding 

under extra-terrestrial conditions. This is a giant leap forward for 

humanity's future in space agriculture and it will significantly 

improve traditional farming practices. But space breeding not only 

just about practical applications but also incredibly important for 

scientific understanding of how space affects living things. We 

need to delve deeper into the practical uses of space-induced 

mutations, even though it requires significant funding and 

advanced technology. To understand the genetic changes caused 

by space radiation, we should sequence both the genome and 

transcriptome (the set of RNA molecules). Additionally, studying 

SNPs (single nucleotide polymorphisms) and conducting genome-

wide association studies can help identify genetic markers linked 

to successful space breeding programs. The successful seed 

breeding of plants and their generation alternation in space are 

essential to ensure that human beings have the ability to survive in 

extra-terrestrial space for a long time. 

 Thus, it is unclear how society might respond to genetically 
modified crops grown in space. To comprehend the genetic 

alterations brought about by space radiation, scientists ought to 

examine these crops transcriptome and genome. The impact of 

space on the crop's protein and metabolite composition requires 

more research. Scientists can expedite space breeding projects by 

finding genetic markers linked to desired qualities using genome-
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wide association and SNP research. Once a useful gene has been 

identified, other crop kinds can benefit from its application. This 

information can be used to model and forecast the consequences 

of space breeding on various crops, along with information on 

mutations and chromosomal alterations.  

 For better understanding of how genes interact with the 

environment, large amounts of environmental data can be analysed 

with the aid of sophisticated statistical algorithms. Space breeding 

tactics can be optimised by the integration of genetic, phenotypic 

and environmental data. Researchers can select for desired features 

and increase crop yields by modelling the impact of space on crop 

genetics. To find advantageous features, a complex statistical model 

might integrate genetic data from several crop species. This strategy 

can hasten the creation of novel crop varieties with enhanced traits.  

This work essentially emphasises the potential of space breeding as 

a tool for agricultural improvement, but in order to fully realise its 

benefits, extensive research and sophisticated statistical techniques 

are required.   

Future perspectives of space breeding 

Scientists have been working to emulate space settings on Earth to 

reproduce the fast mutations seen there. Ground-based efforts to 

create "space simulation" breeding methods have been on-going 

for some time. Only microgravity, though, has been effectively 

replicated and experiments in this area have been carried out. 

Space simulation breeding methods are still under development 

Advances in space technology are expanding opportunities for 

plant research and space agriculture. Space breeding has potential 

to improve crop productivity and agricultural sustainability. Space 

breeding may contribute to future crop improvement programs.   
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