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Introduction:

Generally, space crop production systems are designed to mitigate the risks of inadequate food and nutrition during long duration NASA exploration missions (>3 years). Processed and pre-packaged food loses nutrients during processing and during storage and may not provide the expected nutritional content or have the same taste when consumed. The state-of-the-art (SOA) ISS food system utilizes ambient stored, prepackaged food to deliver ~2-3 kg food crew member-1 day-1. Thus, methods for supplementing the food system with fresh crops supplying bioavailable nutrients (K, Mg; Vitamins B1, C, and K), and antioxidants mitigate the risk of decreased crew performance during long duration exploration missions (Douglas et al., 2021).
Historically, plant growth in space has been studied since the 1960s in multiple small growth plant growth chambers (Zabel et al., 2016). These chambers had little power allocation and were designed for conducting primarily spaceflight biology experiments. New technologies for controlling temperature, humidity, CO2 concentration, and root zone moisture were developed over time (e.g. including the development of LED lighting and optimal substrate based water/nutrient delivery systems) for use in space farming experiments (Monje et al., 2003). However, the biological responses obtained in microgravity were routinely confounded by indirect effects of the spaceflight environment (Stutte et al., 2015). These indirect effects on the biology were caused by the lack of bouyancy-driven convection (causes poor mass and heat transfer to leaves and organs) and capillary-driven moisture redistribution in the absence of gravity, phase separation and lack of sufficient ventilation. The major findings in the 2000-2010 decade were that plant growth, as well as the development of reproductive organs, were similar compared to ground studies when these indirect effects were mitigated by providing sufficient aeration to the root zones, proper ventilation, and adequate CO2 concentration to the shoots of plants during spaceflight (Stutte et al., 2015; Zabel et al., 2016). The chambers utilized low light (100-300 µmol m-2 s-1 PAR) and it was unknown if the plants would develop at similar rates when the light levels were to be increased. In spite of space plants having similar rates of photosynthesis and transpiration compared to 1g plants, there were numerous reports of stress genes being activated as well as cellular changes in response to the spaceflight environment (Monje et al., 2005; Stutte et al., 2005; Stutte et al., 2006).
	The 2011 Decadal Survey stated that understanding how terrestrial biology responds to reduced gravity will reduce exploration risks to crews and enable bioregenerative life support. It identified a need to understand sensory mechanisms in cells, plants and microbes; radiation effects on plants/microbes; characterizing responses to the spaceflight environment, as well as exploring the role of plant/microbiome interactions and their role in life support systems. Numerous studies were conducted, but perhaps the biggest impact to the area of space crop production was the development of the Veggie and the Advanced Plant Habitat (APH) Facilities deployed now on the ISS (Morrow et al., 2016).  These facilities remove previous engineering-imposed environmental stresses, provide constant environment (light, CO2, temperature, RH, moisture), and APH can compensate for physical changes (diffusion, convection, moisture redistribution) that occur during spaceflight. They have been used to demonstrate the growth of 10 pick-and-eat crops, as well as demonstrate the growth of arabidopsis, wheat, radish, and pepper plant canopies (Douglas et al., 2021; Khodadad et al., 2020, Monje et al., 2020). In spite of these successes, these facilities are operated like spaceflight biology experiments, where used root modules are often discarded after a single growout, which is unsustainable for use during long duration exploration missions limited by resupply constraints. For example, scaling the 0.2 m2 APH SOA rooting system to a salad machine producing 13 crops of Outredgeous lettuce per year (365 d/ 28 d growth cycle) produces 5.3 kg of lettuce, but requires the resupply of 52 kg of media and 0.6 kg of fertilizer.

Future improvements – New Plants and Chamber Subsystems

Several soilless watering technologies are needed to improve the sustainability of the Veggie and APH platforms by avoiding their need for constant resupply of single-use porous media (Monje et al., 2019). Aeroponics has been used to reduce the use of soils for crop production (Zabel et al., 2020), and the Omni-gravity hydroponic system uses recent advances in microgravity fluidics to address challenges for water containment, providing sufficient aeration to roots, and liquid/gas separation issues in microgravity (Mungin et al., 2019). The efficacy of plant growth in a porous tube nutrient delivery system and an on-demand watering systems have been compared to the hydroponic nutrient film technique (Monje et al., 2019). However, the hydroponic systems to grow bigger plants probably because the root morphology of plant roots is different leading to higher nutrient uptake and higher turgor pressure that drives leaf expansion during development. 
Newly identified plant species and cultivars with improved growth habits and contents of antioxidants, vitamins, and minerals when grown at super elevated CO2 concentrations found in spacecraft are needed. Veggie cultivar selection trials found that the growth environment affects seed germination, growth habits, biomass production rates as well as plant nutritional value and even flavor. Plants grown at elevated CO2 grow faster and have less transpiration (Monje and Bugbee, 1998; Monje et al., 2019). Furthermore, growth at elevated CO2 also results in decreased nutrients (zinc, iron, and vitamins; Loladze et al., 2014). These findings suggest that the development of genetically engineered plants (e.g. developed using current synthetic biology techniques) may be needed to improve the nutritional content of crop plants growing in spacecraft. For example, plants with improved accumulation of metabolites (Selma et al., 2021), improved tolerance for growth under salt stress (e.g. as observed in plants grown in urine derived fertilizers) (Medford et al., 2017), having modified plant forms (Brophy et al., 2018) that may be more compatible with soilless watering systems, or using plants with altered levels of root suberin (Baxter et al., 2009).
Improved methods for monitoring plant health and ensuring food safety without continuous crew intervention are also desirable (Monje et al., 2019); Monje et al., 2021). Future food production systems may be outfitted with imaging systems for monitoring crop growth and or food safety in near real-time. The candidate sensors to be evaluated include a range of remote sensing tools including visible to far-infrared, hyperspectral, thermal and fluorescence imaging. These systems may respond by raising alarms when stress due to nutrient deficiencies, drought, flooding, or microbial/fungal infections are detected, thus giving time for the crew to mitigate the problems causing stress and thus ensure food safety. Eventually these systems could become autonomous and incorporate artificial intelligence (AI) for automated responses.
Finally, automated sanitization systems are needed to refurbish the crop production systems after a crop is harvested. Currently, the experiments in Veggie and APH end after the crops are harvested. Automated sanitization systems are needed to maintain the crop production system clean during repeated cropping cycles. A system could be implemented on ISS if/when hydrogen peroxide generation becomes available on ISS (Vijapur et al., 2019). Currently, crop production systems are susceptible to growth from biofilms and cleaning requires crew time.


New Science on New Platforms

Currently, space crop production studies occur in the Veggie and APH facilities on ISS. Ohalo III, a new and larger chamber to be used for testing soilless watering systems on ISS will become available in the next decade (Douglas et al., 2021). Thus, the ISS will allow testing of more sustainable crop production systems in microgravity under the radiation regime found in Low Earth Orbit. 
As Artemis progresses, the Gateway should include a crop production chamber for studying plant responses to microgravity + deep space radiation. Such a platform is needed to investigate how plants respond to deep space radiation. The Gateway may operate at lower atmospheric pressure, so ground studies should be used to determine if low pressure would affect crop responses (e.g. is germination, vegetative growth, flowering, fruit or root formation, yield and palatability) or if the addition of deep space radiation also altered these crop responses. If deep space radiation altered crop growth, then ground studies would be used to find new cultivars that were less affected or even develop genetically modified plants using synthetic biology approaches that were less affected. The size and autonomy of the Gateway crop production facility is unknown, but its requirements should include sensors (imaging or gas exchange – Monje et al., 2020, Monje et al., 2021) to determine crop growth nondestructively, as Gateway is more remote and sample return of plant samples may not be feasible or possible. Thus, the Gateway platform could be more spartan and a more autonomous set of subsystems may be needed. It should also include methods for seeding and for sanitization so that it could still produce multiple crop growouts sustainably and maintaining a suitable level of food security.
As Artemis continues, subsystem testing should be funded to test tech demos in preparation for partial g growth on the lunar surface. Thus, lunar rovers and an eventual lunar surface habitat will be made available to test the Gateway food production system in a partial g + deep radiation environment on the Moon. Although seeds were germinated on the Moon during China’s recent 2019 Chang’e 4 lunar lander mission (cotton seed), plant growth and development under the (partial g x ionizing radiation) environment on the Moon has not been demonstrated. The impact of ionizing radiation on crop plants remains a critical gap in spaceflight radiation research - short-term acute exposures do not mimic chronic low dosage exposures. Ionizing radiation effects include reduced germination and seed viability, as well as the potential for abnormal growth due to DNA damage. In turn, partial g affects plant growth and moisture distribution phenomena.

Goal of Research Campaign: To develop a robust and sustainable space crop production system that enables a manned mission to Mars by supplementing the packaged food system chosen with a palatable, nutritious and safe source of fresh crops.

The approach depicted in the next 2 tables attempts to suggest what, where, and when is to be done during the research campaign to achieve the stated goal. The crops chosen (salad or fruting crops/ microgreens) as well as the technologies developed are to be left open for the engineering / science community to work out. This approach however determines what the campaign must achieve in terms of products - demonstrations of cultivation (multiple growouts) and demonstrations of technologies. The timeline includes the present efforts, the next decade broken out in 3-year cycles, and a post 2030 period. It is envisioned that the resulting space crop production system will only supplement the food system, however as a lunar habitat matures into the next decade then crop testing would begin on caloric food crops. The knowledge gained will benefit crop production on Earth as the data obtained in Monje and Bugbee (1998) was incorporated into a new formulation for vertical farming of wheat in the near-future (Asseng et al., 2020)

Table 1 – Where – What – and When – Demonstrations of Space Crop Production
[image: ]


Table 2 – Where – What – and When – Demonstrations of Space Crop Production Technologies
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