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Researchers have been studying transcriptomic and proteomic responses of plants to ranges of reduced gravitational conditions. These include blue and red light in microgravity, circadian rhythms in microgravity, microgravity in different ecotypes, microgravity on suborbital flights, and they have using a variety of experimental equipment. Recent findings have linked microgravity and transcriptomic changes in genes relating to cell wall synthesis and modification, oxidative stress, abiotic stressors, phytohormones, sugar synthesis and metabolism, ribosomal biogenesis, and plant defense to other organisms. Although we have a better-established profile of the transcriptomic response of plants to reduced gravity, some areas of study have not yet been thoroughly investigated. The initial stages and progression of transcriptional responses to microgravity, the responses of additional plant species, and tissue-specific transcriptional responses to microgravity should all be further investigated in order to better develop our understanding of how plants react to a reduced gravity environment. In the near future, advancing technology, rapidly growing databases, and an increasing number of spaceflight opportunities will allow for more research to be conducted to address these and many other related questions in plant space biology.
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INTRODUCTION
The feasibility of long-term space travel is contingent upon humans’ ability to grow plants in space, as they provide oxygen, food, and a psychological benefit for astronauts and future long-term space travelers (Wolverton and Kiss, 2009). In order to make deeper forays into space, we need to ensure that plants can thrive in a reduced gravity environment. We can begin working towards this by studying the ways in which plants respond to microgravity and reduced gravity (e.g., the gravity levels of the Moon and Mars; Kiss, 2014).
Because plants evolved in the conditions on Earth, their growth, development, and responses to stimuli have been refined to be effective in this environment. On Earth, gravity and light are two stimuli which, among other factors, allow plants to determine directionality; sunlight comes from above and gravity pulls downward (Izzo et al., 2022). When plants are grown in the microgravity of space, they do so in the absence of the gravity, which is not only downward directing stimulus but also the force that necessitated the development of plant structural reinforcement.
These deviations from the qualities of their native environment (e.g., altered gravity) are stressors. Plants experience stress from many stimuli: herbivory, wounding and pathogens, drought or flood conditions, deprivation of oxygen or carbon dioxide, excessive or insufficient light, temperature extremes, etc. Plant development and growth are altered when grown in the presence of stressors. Large scale changes in response to stress include reduced growth, biosynthesis of additional pigments, delayed blooming time, thinner leaves, reduced fruit size and number, etc. which are all the result of transcriptomic and proteomic changes (Argueso et al., 2009; Duque et al., 2013; Zhang et al., 2020).
Understanding changes in the transcriptome and proteome that allow plants to react to survive in stressful environments is crucial to our working towards developing crops that will be minimally affected by microgravity. Recently, great strides have been made in pursuit of that goal; the studies in transcriptomic and proteomic response to microgravity have been invaluable steps towards comprehending plant response to microgravity, and many other reviews of plants in space have been published, e.g. Wolverton and Kiss (2009), Ferl et al. (2002), Paul et al. (2013a), and Vandenbrink and Kiss (2016). Here, we reviewed studies published about the -omic response of plants to microgravity, focusing on the last 5 years (but, in some case, looking as far back as 9 years). Studies have been conducted in microgravity, various levels of reduced gravity, different light wavelengths, different lighting cycles, in different life stages, using tissues from different organs and in different species.
MICROGRAVITY AFFECTS TRANSCRIPTOMES
To date, there have been numerous studies of the transcriptomic and proteomic effects of microgravity and spaceflight on plants. One such study endeavored to determine the way in which plants respond to altered gravitational conditions by analyzing and comparing transcriptomes of Arabidopsis thaliana after 5 days in microgravity and in Earth gravity (Fengler et al., 2015). By comparing the transcriptomes of spaceflight plants to those of controls, the authors identified differentially expressed genes (DEGs) and then analyzed them using Gene Ontology analysis (GO analysis) to determine any statistically significant patterns in the functions of the DEGs. This study showed a massive impact on the transcriptional frequency of genes involved in translation. DEGs from the chloroplastic genome were found to all be upregulated, including transcripts encoding ribosomal subunits, which is supported by the upregulation of a nuclear coded translational initiation factor. It was also found that many genes involved in the mitochondrial electron transport chain were differentially upregulated in spaceflight, including subunits of enzymes in the respiratory chain (NADH dehydrogenase), and genes relating to ATP biosynthesis. Genes involved in cell wall modification were also found to be differentially upregulated. The only theme identified amongst the downregulated DEGs was a large group of heat shock proteins (HSPs), which are involved in stress responses, and some specifically function as protein folding chaperones. The study notes that other researchers have found HSPs to be upregulated in microgravity, contrary to their observed results. The authors highlighted the need for an onboard centrifuge to serve as a control in spaceflight (as centrifuges can create a gravitational environment through centrifugal force), in addition to a ground control, due to the significant transcriptomic changes that were observed in the onboard 1g control as compared to the 1g ground control (Figure 1). A 1g control run alongside a reduced gravity experimental group in spaceflight has been made possible by several types of hardware currently available to researchers. These spaceflight hardwares contain centrifuges capable of creating 1g gravity to serve as a control in flight (Figure 1). The value of a control group run in parallel with the experimental group is immeasurable, and is vital in future investigations into the -omic response of plants to reduced gravity (Shymanovich and Kiss, 2022).
[image: Figure 1]FIGURE 1 | (A) Diagrams of the spaceflight hardware used in more than one of the plant biology studies in this review. Circles of arrows indicate centrifuge rotation capability. (B) Summary of the hardware, species and sampled tissues utilized in recent spaceflight experiments. LED light locations are indicated with arrows. EUEs in the center of the SimBox centrifuge and in the back arranged in a bracket shape do not spin, and therefore act as the microgravity experimental group in the same space as the 1g control EUEs loaded into the centrifugal ring. Abbreviations are: Biological Research In Canisters with Petri Dish Fixation Unit (BRIC-PDFU), Kennedy Fixation Tubes (KFT), Experiment-unique equipment (EUE), European Modular Cultivation System with Experimental Containers (EMCS-EC), Advanced Biological Research System (ABRS), and Plant Culture Boxes (PCB).
The transcriptomic response of A. thaliana was further investigated by Johnson et al. (2017). By comparing the transcriptomes from spaceflight and ground control plants, DEGs were identified and analyzed via GO analysis. One subset of these DEGs was involved in cell wall and cytoskeletal structures, including genes that support the cell wall of particularly elongate cells, genes involved in cell wall remodeling, and genes involved in cleaving molecules that reinforce the structure of the cell wall (Johnson et al., 2017). GO analysis further revealed that a number of the DEGs were HSPs (which are involved in general stress responses), genes involved in signal transduction, transporters, and developmental processes. An additional set of DEGs was identified as being related to hypoxia. The researchers suspected that the lack of gaseous convection inside the hardware may contribute to seedlings experiencing oxygen deprivation, however oxygen deprivation appeared to be less of a stressor in this study than it had been in previously conducted experiments. It appears that rather than air, it was the lack of convection of water (caused by the nature of microgravity) that proved to be a strong stressor in this study; many DEGs were identified as being involved in plant stress response to water deprivation. This research found that reduced gravitational stimulus affected the growth and development of plants both directly, as seen in the DEGs relating to cell wall modification, and indirectly through changing the nature of other stimuli, as with the DEGs involved in hypoxia and water deprivation.
The effects of spaceflight on the transcriptome of undifferentiated A. thaliana cells were investigated by Zupanska et al. (2017). These researchers sought to determine the role of Altered Response to Gravity 1 (ARG1), a gene that has been shown to be involved in the process by which plants sense gravity (Zupanska et al., 2017). To determine how ARG1 contributes to the gravitropic response as a whole, they studied undifferentiated cells of Columbia (COL) wildtype and ARG1 knockout plants were grown in darkness on Earth and in space, after which their transcriptomes were compared. By comparing the transcriptomes of the two lines of cells in space and the transcriptomes of each on the ground with those in space, genes that were unusually regulated (regulated in a manner that diverged from what was observed in wildtype) without a functional copy of ARG1 were identified and examined further. Of the 78 genes that were found to be differentially regulated in wildtype cells grown on Earth versus in space, the expression of 75 was different in the ARG1 knockout cells, and were therefore identified as genes dependent upon ARG1 for a normal transcriptional response to spaceflight. The most strongly induced of these genes were transcription factors; one involved in responding to light, gibberellic acid, and abscisic acid, the other in pollen development, pathogen defense, and root development. Within the 75 ARG1 dependent genes were 12 genes that were improperly regulated in ARG1 knockout cells both on Earth and in space. These genes were deemed ARG1 required, and many had roles in pathogen defense, with some linked to cell wall processing and auxin signaling. Two further categories of genes were identified: 1) corrected genes, which were dysregulated in the mutant background on Earth but normalized in space, and 2) compensated genes, which may compensate for the lack of ARG1 in the mutant cells. Many of the corrected genes were found to be linked to transport and vesicle transit, and many of the compensating genes were linked to cell wall metabolism, the endomembrane system, and auxin signaling and regulation of cell polarity. The results of this study indicate that the gene ARG1 is necessary for the adaptation of undifferentiated cells to spaceflight, and reinforces the prevalence of the regulation of cell wall metabolic processes which is a function that has been noted in many transcriptomic analyses of spaceflight plants (e.g., Johnson et al., 2017).
The transcriptomes of Oryza sativa, rice, seedlings were also analyzed after spaceflight (Jin et al., 2015). The transcriptome of plants grown in microgravity revealed a number of roles common to groups DEGs, including a set of transcription factors. Over 70% of the differentially expressed transcription factors were downregulated in response to spaceflight. An additional group of identified DEGs were found to be related to hormone metabolism; four DEGs related to auxin metabolism, one DEG involved in gibberellic acid synthesis was downregulated 4-fold, a negative regulator of cytokinin signaling was upregulated 4-fold, and one DEG was related to ethylene metabolism. A significant number of auxin transporters were identified as being differentially regulated, including ABCs (an auxin transporter-like protein), and potassium transporters which have been linked to auxin transport in A. thaliana. An additional group of microgravity-induced DEGs were involved in cell signaling; eight DEGs related to calcium signaling (four up and four downregulated), receptor kinases (all but four upregulated DEGs were downregulated), and G-proteins which are involved in signal transduction (three downregulated and two upregulated). Further investigation revealed DEGs related to the cell wall; two downregulated secondary cell wall DEGs, four upregulated primary cell-wall-modifying DEGs, two cell wall reorganization DEGs, and four upregulated genes involved in cell wall structure. DEGs related to sugars were identified; two upregulated DEGs involved in starch synthesis, and six involved in the TCA cycle (three up and three downregulated). A group of DEGs was shown to be involved in secondary metabolism, which influences auxin transport and, thereby, alters gravitropism. The final investigated set of DEGs were involved in protein degradation (all but three were downregulated). The results of this study indicated that transcriptional responses to microgravity included modified transcription of genes involved in regulating the structure of the cell wall, the TCA cycle, metabolism, signal transduction, protein modification and degradation, metabolism of phytohormones, and calcium regulation and signaling. Several of these DEG functions have been observed in the response of A. thalina to microgravity.
The previous study investigating the transcriptomic effects of microgravity on rice seedlings was expanded upon by Jin et al. (2018). Transcriptomic analysis of seedlings in microgravity revealed DEGs involved in several different processes and roles, including those in cell wall, stress and water related functions (Jin et al., 2018). Within the DEGs related to the cell wall, three downregulated genes were involved in cell wall degradation, and five upregulated genes were involved in cell wall modification (through loosening the bonds in the cell wall and allowing for expansion and other modifications). The water related DEGs were those of the aquaporin family, which create channels in the cell membrane through which water can flow in and out of cells, facilitating water transport. Of these 17 DEGs, all but two were upregulated when comparing the spaceflight transcriptome with that of the spaceflight 1g control. This study identified water transport and cell wall modifications as the primary ways in which plants respond to the stress of microgravity. They propose that changes in the cell wall and water transport are working together to maintain the structure of an entire plant in microgravity through the changed cell wall configuration and turgor pressure within the cells.
WILDTYPE ECOTYPES AND MICROGRAVITY
Most plant research is conducted using the model organism Arabidopsis thaliana, however, the wildtype line used in research varies between labs. The most commonly used wildtype lines include Columbia (COL), Wassilewskija (WS), Landsberg (LER), and Cape Verde Islands (CVI). Though these lines are all wildtypes, they differ genetically, as well as in their phenotypes and responses to stimuli (Kiss et al., 2000). To determine which responses to altered gravitational stimulus were unique and which were common to these ecotypes, Choi et al. (2019) analyzed and compared the transcriptomic responses of COL, WS, LER and CVI grown in microgravity. Analysis of the transcriptomes of the four wildtype lines showed that several genes encoding Heat Shock Proteins (HSPs) involved in oxidative stress response and temperature stress response were upregulated in microgravity conditions (Choi et al., 2019). Differentially expressed peroxidase genes were found to be downregulated across the different ecotypes in microgravity, though the specific genes and number of genes affected differed between the lines. Using GO analysis, the researchers learned that genes involved in the response to high light, to temperature and high heat, and to ROS and hydrogen peroxide were significantly downregulated across all wildtype ecotypes. They determined that all four lines exhibited unique transcriptional responses to exposure to microgravity, including responses to drought and flood conditions, to cell wall remodeling, to high light and plastid-related responses.
The difference between the wildtype lines Columbia (COL) and Wassilewskija (WS) wildtypes has been attributed to the gene phyD, of which, unlike COL, WS does not have a functional copy (Paul et al., 2017). In order to determine if the photosensor PhyD is the cause of differing responses to microgravity observed in COL and WS, a line with the gene phyD mutated in the COL background was grown alongside WS and COL in microgravity and their transcriptomes were compared. The genes that were differentially expressed consistently across the ecotypes were involved in light signaling, defense and in cell wall modification, but most genes were not commonly differentially expressed. DEGs that were expressed uniquely among the ecotypes included defense, response to ROS, cell wall metabolism, hormone metabolism and signaling (auxin, gibberellic acid, and abscisic acid), responses to biotic and abiotic stresses and the pathogen defense response. These researchers determined that the COL transcriptome was altered to a greater degree in microgravity than were those of phyD and WS, but that the latter two did still differ in their transcriptomic responses. The results of this study show that the differences between COL and WS are not solely due to the mutation of the PhyD gene, and that the COL transcriptome is more reactive to altered gravitational conditions than was that of WS.
TRANSCRIPTOMIC EFFECTS OF MICROGRAVITY IN SUBORBITAL FLIGHTS
Most research in microgravity is conducted on spacecrafts and the International Space Station (ISS), however, there are alternative means of attaining microgravity environments. Suborbital flights (those which do not reach escape velocity or become artificial satellites around Earth) can provide a reduced gravitational environment for a short time (i.e., a few minutes). Plants were flown on several different types of suborbital flights to determine how their transcriptomes were affected in each environment as compared to those on Earth and in microgravity (Califar et al., 2021). The flights tested included parabolic flights, the Virgin Galactic and Blue Origin suborbital flights, and the F-104 Starfighter flight, all of which create different cycles of hypergravity and microgravity along their flightpath. Transcriptomic analyses showed that there were unique links between specific types of suborbital flight and DEGs with roles in: response to stimuli, light reactions and photosynthesis, reactions to toxins, reactions to dugs/antibiotics, response to iron ions, metal sequestering and homeostasis, regulation of ubiquitination, oligomerization, cell wall organization or biogenesis, callose deposition, sugar metabolism, response to sulfur, and response to nitrogen containing compound. Because these roles were only associated with one type of suborbital flight, they are considered responses to unique characteristics of those flights. Analysis showed that, although specific genes were rarely similarly differentially regulated across them, GO analysis showed that there were DEGs with roles common to all flights, such as hypoxia, oxidative stress, regulation of central carbon and nitrogen metabolism, and regulation of amino acid degradation. These responses were proposed to be the result of suborbital flight and as the authors noted, some do overlap (oxidative stress and hypoxia) with those transcriptomic effects found in microgravity.
LIGHT CONDITIONS AND REDUCED GRAVITY
Light and gravity are closely linked, as on Earth, they serve as orienting stimuli, indicating directionality for plants. Because reactions to these stimuli are intertwined in plants, the connections between their signals and responses have been investigated. Vandenbrink et al. (2019) investigated how light and gravity stimuli interact by exposing A. thaliana to either 1g or microgravity in blue light. By comparing the transcriptomes of plants grown in microgravity and those grown at 1g, they found that DEGs that were upregulated in microgravity were related to ribosomes, oxidative phosphorylation, and to pathways previously associated with responses to light (light perception and response, starch metabolism, and carotenoid synthesis; (Vandenbrink et al., 2019). Other biological processes in which DEGs are involved include response to an abiotic stimulus, the respiratory electron chain, and generation of energy and metabolites. Further investigation was conducted using pathway analysis, by which the researchers discovered that many downregulated DEGs were related to photosynthesis and photosynthetic machinery. These include DEGs encoding subunits of both PSI and PSII, photosynthetic electron transport, a subunit of APT-ase, and all but one of the subunits of the light-harvesting chlorophyll protein complex (Figure 2). These downregulated DEGs suggest that plant responses to microgravity influence the plant response to blue light. Using pathway analysis provided great insight into the ways plants respond to microgravity and blue light.
[image: Figure 2]FIGURE 2 | A diagram of PSI and PSII indicating the differential repression observed in microgravity and blue light. The brighter the green coloration, the more strongly the gene encoding the subunit was repressed. Modified from Vandenbrink et al. (2019).
Microgravity has been shown to affect the cell cycle, altering cellular growth and proliferation as well as ribosomal biosynthesis. In order to investigate the effects of microgravity on the cell cycle without the confounding ribosomal effect, Manzano et al. (2020) studied the transcriptomes of nucleolin mutants nuc1 and nuc2 grown in microgravity. Nucleolin is crucial to ribosomal biogenesis and is the most common type of protein in the nucleolus, which allowed for the individual study of effect of microgravity on the cellular cycle in red light (Manzano et al., 2020). Nucleolin mutants experience delayed development and reduced growth as well as disorganization of the nucleolus. Transcriptomic analysis showed that in red light and microgravity, the upregulation of DEGs involved in photosynthesis, drug catabolism, pathogenesis, cell wall modification and the biotic stress response as well as the downregulation of genes involved in the response to temperature, hypoxia, oxidative stress, and abscisic acid were similar between the nucleolin mutants and wildtype. These observations suggest that these nucleolins are not necessary for the proper regulation of these responses to red light and microgravity. These researchers showed, however, that in microgravity and red light, wildtype and nuc1-2, but not nuc2-2, genes involved in cold acclimation, hormone metabolism and karrikin, were downregulated. These observations indicate that NUC2 is necessary for the normal regulation of these processes in red light and microgravity. Conversely, nuc2-2 and wildtype similarly regulated genes involved in response to drugs, antibiotics, salicylic acid, and wounding, however, nuc1-1 mutant did not regulate these genes comparably, indicating that NUC1 is necessary for the proper regulation of these responses in these conditions. In dark conditions, it was found that NUC2 could compensate for the loss of NUC1 in regard to regulation of responses to red light, UV, ionizing radiation, gravity, and auxins, but that NUC2 could not do so in regard to developmental processes, mRNA quality regulation, response to temperature and the immune system. In red light conditions, it was concluded that NUC2 has a larger role to play in response to lighting and gravitational conditions. The results of this study illustrate the dynamic interaction of plant responses to light, light quality, and microgravity.
LIGHT CONDITIONS AND RANGE OF GRAVITY CONDITIONS
Understanding the -omic changes that plants experience when grown in microgravity could be elucidated by examining their responses to gravity conditions between microgravity (µg) and 1g. By studying the various levels of gravity, the responses of transcriptomes and proteomes could expose how the response to microgravity progresses in a plant. While we know a great deal about how plants function in microgravity, we have little knowledge of how plants function in reduced gravity conditions (those between µg and 1g), such as those found on the surface of the Moon and Mars (Kiss, 2014).
As gravity and light are closely linked stimuli, several studies investigating a range of gravitational conditions (between µg and 1g) have paired gravitational levels and light wavelengths as experimental variables (Valbuena et al., 2018; Herranz et al., 2019; Villacampa et al., 2021). The interaction of blue light and gravity was further explored by analyzing the transcriptomes of blue light-grown plants which were grown in 1 g (Earth), reduced Earth gravity (0.57 g), Mars gravity (0.36 g), gravity of the Moon (0.18 g), low gravity (<0.1 g) and microgravity (µg) (Herranz et al., 2019). These researchers determined that in microgravity, low gravity, and lunar gravity, the alterations to transcriptomes of A. thaliana were similar, which they hypothesized was due to the strength of the photostimulus overwhelming the gravitational stimulus. A stronger gravitational stimulus, that of Mars and reduced Earth gravity, resulted transcriptomes very similar to that of the plants grown at Earth gravity, which suggests that the gravitational stimulus was great enough to overwhelm the effects of the photostimulus. GO analysis showed that DEGs of plants grown in the gravitational conditions of the microgravity, low gravity, and the gravity of the Moon, were related to responses to chitin, to organonitrogen compounds, to a nitrogen compound, to organic and substance, to drugs and to stress. The analysis showed that microgravity and low gravity also shared downregulated DEGs related to response to oxygen containing compounds, to stimuli, and to chemicals. However, these were not present in the transcriptome of plants grown in lunar gravity. GO analysis of the upregulated DEGs in microgravity, low gravity and lunar gravity showed no overlapping DEG roles, but that in microgravity, DEGs were related to photosynthesis and biosynthetic processes, in low gravity, DEGs were related to defense responses to other organisms, and in lunar gravity DEGs were related to responses to chemical substances. Results of this study indicate that there is a complex and dynamic relationship between plant responses to light and gravity.
The Herranz et al. (2019) study complements that conducted by Valbuena et al. (2018), which compared the transcriptomic responses of plants grown in gravity measuring 1, 0.5, 0.3, 0.1 g, µg and red light (Valbuena et al., 2018). In this study, six genes were selected and tracked as indicators of three traits: polar auxin transport and perception, ribosomal biogenesis, and cell cycle regulation. These processes are significantly altered in plants when grown in reduced gravity, but this study showed that red light diminished the effect reduced gravity exerted on them. The return of cellular proliferation and growth to the patterns and levels observed at 1 g was proposed to be the result of auxin transport and perception returning to the patterns and levels observed at 1 g, as auxin regulates the cellular cycle. This hypothesis is supported in the data; gravitational conditions that caused larger degrees of differential expression in one of the selected 6 genes also showed a larger degree of differential expression in the other five. The transcriptome of wildtype grown in reduced gravity showed minor deviation from that grown in 1 g, except in microgravity, where the cellular cycle, ribosome biogenesis and auxin transport and perception are all strongly upregulated. In phyA and phyB mutants, the reduced gravity conditions resulted in similar regulation or downregulation of the six genes in all reduced gravity conditions, with the exception of phyB in microgravity. In microgravity, phyB followed the pattern observed in wildtype; an upregulation of the six indicator genes. Though wildtype and phyB differed in their responses, phyA was the least like the other two lines, which suggests that phytochrome A is necessary to the responses to reduced gravity observed in wildtype and phyB.
The influence of red light in microgravity was further investigated by Villacampa et al. (2021). Transcriptomes of plants grown in red light in the following gravity conditions were analyzed and compared: Earth gravity (1 g), Mars gravity (0.36 g), lunar gravity (0.18 g), low gravity (<0.1 g) and microgravity (µg). Transcriptomes of plants grown in all gravity conditions showed an upregulation in transcription of genes involved in photosynthesis, light responses, pigment biosynthesis, and light harvesting, which is in accordance with previous studies. Additional other categories include genes involved in the response to karrikin, secondary metabolic processes, phenylpropanoid metabolism and the Calvin Cycle (Villacampa et al., 2021). The overlap between results of this study and the established response to microgravity extends to the genes that were upregulated in microgravity alone, which are involved in photosynthesis, cell wall reorganization and biogenesis and the cell cycle. Genes that were downregulated in all gravity conditions were involved in the response to far red light signaling and response, and in proteolysis. In Mars gravity conditions, 13 members of a group of transcription factors, WRKY transcription factors (named after a segment of their highly conserved amino acid sequence), were upregulated in both red light and darkness as compared to transcription levels at 1 g. These transcription factors are involved in the response to hypoxia, plant defense, salt stress, immune processes, osmotic stress, senescence, response to touch, phosphate transport and the response to and homeostasis of hormones, salicylic acid, jasmonic acid, auxin, abscisic acid, and gibberellic acid. The transcriptomic data also showed upregulation of DEGs from the mitochondrial and chloroplastic genomes. Upregulated DEGs from the mitochondrial genome were involved in biosynthesis of ribosomal subunits, of cytochrome oxidase, of NADH dehydrogenase subunits, of ATP binding cassette and of cytochrome C. In the chloroplastic genome, upregulated DEGs were involved in biosynthesis of PSI and PSII subunits, NAD (P) H dehydrogenase, and parts of the photosynthetic electron transport chain. These findings aligns with the established transcriptomic profile of plants in microgravity established in previous studies.
CIRCADIAN RHYTHMS IN MICROGRAVITY
The circadian rhythm of A. thaliana regulates the daily oscillation of about one third of the genome (Covington et al., 2008). One of the many processes regulated by the circadian clock is gravitropism (Tolsma et al., 2021). Many experiments conducted in reduced gravity are done so in a constant light and/or darkness, which disrupts the circadian rhythm (Figure 3). Without one of the most important regulating elements of growth and development, the entirety of a plant response to a stimulus is not discernable. Because of this, several studies have been conducted to determine how A. thaliana responds to microgravity in circadian lighting conditions.
[image: Figure 3]FIGURE 3 | Depiction of the lighting timing for circadian and continuous lighting conditions in selected spaceflight experiments.
To determine how microgravity affects blooming time in long day (16 h light, 8 h dark) and short day (8 h light, 16 h dark) conditions Wang et al. (2022) recently conducted transcriptomic analyses were conducted in microgravity (Figure 3). The genes involved regulating the flowing time in long day and short day conditions in Earth gravity have been explored and include Flowering locus T (FT) which is crucial for the day-length related regulation of flowering time (Wang et al., 2022). When plants in microgravity were forced to express FT (in a line called FG), analysis revealed DEGs in both short and long days had roles in cellular component biogenesis, rRNA and ncRNA processing and metabolism, and ribosome biogenesis and assembly, where as wildtype DEGs were involved in amino acid biosynthesis, cytoplasmic translation, maturation, processing and metabolism of various types of RNA, ribosomal biosynthesis and assembly, protein folding and peptide biosynthesis and metabolism. The difference indicates that FT regulates the wildtype regulation of the identified DEGs. Comparing plants grown in long and short days in microgravity revealed DEGs involved in the response to chemical stress, to oxygen containing compound, to ROS and the oxidative stress response, and in the regulation of transcription of abscisic acid, of ribosomal biogenesis, of translation, and in the defense response and organelle organization.
Further comparisons revealed that plants grown in long and short days in microgravity differed in their transcriptomic responses. Analysis revealed that plants grown in microgravity in long day conditions were more reactive on the transcriptomic level (they experienced a greater degree of transcriptomic change with a much larger number of DEGs) than were their short day counterparts. The daylength variable affected circadian clock-controlled regulation of flowering timing in microgravity, as the circadian genes responsible for regulation in both morning and evening were shown to be differentially regulated in microgravity as compared to 1 g, and were differentially regulated between the long and short day conditions.
These findings from Wang et al. (2022) were further expanded upon by Xie et al. (2022). Flowering locus T (FT) is further investigated along with Suppressor of Overexpressor of CO1 (SOC1) in the context of spaceflight. FT expression is influenced by circadian rhythm, day length, temperature, and vernalization, and peak expression occurs just before flowering (Xie et al., 2022). The authors found that FT peaked earlier on Earth than it did in microgravity and that SOC1 may function in concert with FT as hubs for transcriptional changes that occur before flowering. This study showed that, contrary to findings from continuously illuminated experiments conducted in microgravity, the long and short day plants flowered later than their Earth counterparts, though researchers hypothesized that the dense growing conditions in those experiments conducted under continuous illumination may have contributed to the earlier blooming time. Genes found differentially regulated between long and short days were involved in sugar metabolism, responding to chemical stimuli, light, the hormones gibberellic acid (which is crucial to the flowing process), abscisic acid, brassinosteroids, and jasmonic acid. Xie et al. (2022) also found that SOC1 downregulation in leaves was accompanied by the downregulation of genes involved in response to photoperiod, the circadian clock, vernalization, ambient temperature, gibberellic acid, and aging, which indicates that both SOC1 and FT are important for the integration of spaceflight conditions into the flowering regulation pathways. The complex system of transcriptional circadian regulation should be investigated.
DIFFERENT DEVELOPMENTAL STAGES IN MICROGRAVITY
Nearly all of the experiments conducted in reduced gravity are done so using seedlings, but plants of different developmental stages utilize different regulation processes and pathways. To fully understand the responses of plants to reduced gravity, the effect of the stimulus must be studied at different life stages. The previously addressed Xie et al. (2022) and Wang et al. (2022) studies were both conducted using mature blooming plants, but it is important to study the response to microgravity at various life stages.
Chandler et al. (2020) analyzed how Eruca sativa (salad rocket) seeds were affected by microgravity and red light. This study aimed to determine the molecular and physiological effects of spaceflight on dry seeds. Previously it was found that seeds that had experienced long-term spaceflight suffered accelerated aging, manifesting as reduced seedling germination and reduced seedling growth, possibly due to microgravity, the different types of radiation in space, short wave UV, mechanical vibrations of the flight, and/or pressure and atmospheric conditions and fluctuations (Musgrave, 2002; Visscher et al., 2016; Chandler et al., 2020). After storage aboard the ISS for 6 months, the authors found that the seeds in this study did not experience any developmental abnormalities. The authors attributed this to the dried state of the seeds, in which condition the seeds are not subject to water-related processes, hormone signaling or gravitational stimulus. Despite the seeds growing into phenotypically normal plants, the seeds that had been stored in space were delayed in germination as compared to Earth control seeds. Using the Earth-based controls to eliminate other variables, it was hypothesized that the vibrations from extreme acceleration and sound levels to which the seeds were exposed in spaceflight may be a contributing cause behind the accelerated aging of seeds in spaceflight. Researchers concluded that the vibrations worked in concert with various types of space radiation causing the accelerated aging observed in the seeds of this study. Transcriptomic analysis of the spaceflight seeds showed that the upregulated DEGs were related to DNA repair, molecular chaperones, response to radiation, and response to light and downregulated DEGs were related to translation and ribosomal assembly.
-OMICS IN MICROGRAVITY CONDUCTED USING DIFFERENT TISSUES
One study analyzed and compared the transcriptome of different organs from spaceflight plants (Paul et al., 2013b). Using a 60:40 ratio of WS:COL wildtype plants, the authors analyzed the transcriptomic effects of microgravity in distinct tissues. The transcriptomes of the leaves, roots and hypocotyls were independently analyzed, and it was found that different genes are differentially expressed in the three different tissues (Figure 4). Analysis revealed that roles of DEGs found exclusively in the leaves are involved in hormone signaling, particularly auxin signaling, and cell wall-related proteins are downregulated, and those involved in defense to herbivory and pathogens, calcium, and phosphate metabolism genes (which may be associated with wounding and gravity sensing) are upregulated. In the hypocotyl, DEGs associated with cell wall expansion were repressed, and with auxin signaling were upregulated. In the roots, DEGs related to cell wall remodeling were highly upregulated, as were genes associated with light and tactile stimuli. Interestingly, it was found that in the leaf tissue, a gene (PGP18), associated with light perception and cell wall remodeling, was highly upregulated, but the same gene was strongly downregulated in the roots. Ultimately this study indicated that there are significant transcriptomic differences among different organs and that responses are lost in analyzing one tissue alone or the seedling as a whole.
[image: Figure 4]FIGURE 4 | Venn diagrams proportionally depicting the DEGs identified in different tissues. Modified from Paul et al. (2013). These data were generated from samples of different wildtype lines. 40% of the tissue analyzed was collected from WS plants, and the remaining 60% was taken from COL plants.
HARDWARE AND EQUIPMENT
The equipment and spaceflight hardware that allows for microgravity studies are environments in and of themselves, and as such, affect the growth and development of the plants that grow within them.
Currently, there as several types of hardware available to plant space researchers, several of which are depicted in Figure 1. The Biological Research in Canisters with Petri Dish Fixation units (BRIC- PDFU), which are designed by the National Aeronautics and Space Administration (NASA), are each capable of containing 5 PDFUs, with several environmental monitoring devices available to exchange for one of the PDFUs. The BRIC-PDFU is limited in two ways: firstly, until recently (and in all of the studies addressed in this review), the experiments using BRIC had to be conducted in darkness, and secondly, the centrifuges aboard the ISS are not compatible with the BRIC unit, and, therefore, researchers using the BRIC-PDFUs cannot have an inflight 1 g control. The Plant Cultivation Box (PCB), designed by the China National Space Administration, is similar in the regard, as it is also without a self-contained centrifuge, and so, does not have an inflight 1 g control. However, it contains programable LED lights, as well as two cameras which can monitor plant growth and development as the experiment progresses without increasing the necessary crew time. Another highlight of the PCB is its size; larger plants can be grown inside the PCB, which allows for longer experiments and a wider array of plant species which can be grown within it. Both the European Modular Cultivation System with Experimental Units or TROPI cassettes (EMCS-EU or EMCS-TROPI), designed by the European Space Agency, and the SimBox with Experiment-Unique Equipment (SimBox-EUE) have a self-contained centrifuge, and each of the EUs, TROPI cassettes, and EUEs have their own programable LED lighting. Additionally (Shymanovich et al., 2022), the EMCS contains two cameras, like the PCB, which allows researchers to monitor plant growth and development. Of the experimental equipment used by studies in this review, only the BRIC-PDFU, and NASA’s Kennedy Fixation Tube (A hallow cylinder less than 3 cm in diameter, with a growth space around 6 cm long and room enough to hold 25 ml of a fixative agent to preserve the samples at the conclusion of the experiment) are still in use aboard the ISS, and the SimBox aboard the Shenzhou-8 spacecraft; the rest have been retired.
The effects of the hardware BRIC-PDFU (Biological Research In Canisters with Petri Dish Fixation Unit) (Figure 1) on the plants grown inside were studied by Basu et al. (2017). Using the hardware and a controlled environment, seeds were germinated and grown, then their proteomes and transcriptomes were analyzed from seedlings in both conditions (Basu et al., 2017). The study showed that even in Earth gravity, the BRIC hardware caused wide ranging differential regulation of genes, including those related to aerobic respiration, responses to chitin, high light, wounding, drought, toxins, karrikin (a regulator of plant development), heat, cold, salt stress, and hydrogen peroxide, as well as the responses to and signaling pathways of the plant hormones jasmonic acid, abscisic acid, and ethylene. The proteomic analysis showed differing levels of cytoplasmic proteins related to salt stress, oxidative stress and hydrogen peroxide catabolism, temperature stimuli, defense response to a bacterium, translation and ribosome biosynthesis, and the response to the hormone cytokinin. Analysis of the proteome revealed divergent concentrations of membrane-bound proteins in the BRIC plants relating to photosystem repair, actin filament depolymerization, chlorophyll biosynthesis, response to cadmium ions, defense response, cell growth, oxidation-reduction, lipid biosynthesis, camalexin biosynthesis, defense response to a bacterium and wounding, response to cold, salt stress, morphogenesis development, metabolism of hexose, of ADP and ATP, of pyruvate, and of coenzymes and response to the hormone cytokinin. The authors determined that these transcriptional and proteomic changes were determined to be stress-induced responses to the BRIC hardware environment. The dense plating of the seeds (hundreds of seeds on a relatively small petri dish) typically employed in this hardware may have also contributed to the observed influence of the BRIC environment on the transcriptome and proteome of plants. Results of this study indicate that the effects of experimental hardware itself and the ways in which researchers utilize it, should be carefully considered when researchers analyze spaceflight data.
Transcriptomic data from spaceflights are collected primarily using RNAlater, a solution that is meant to prevent further transcription or any degradation of RNA thereby preserving the transcriptome. Because there is a limit to the speed at which the solution can permeate plant cells, the transcriptome and proteome may be altered by using RNAlater. Researchers studied the efficacy of RNAlater through comparison of the transcriptomes and proteomes of plants fixed with RNAlater and liquid nitrogen (Kruse et al., 2017). By comparing samples fixed with RNAlater with those immediately flash frozen in liquid nitrogen, this group found that genes involved in responding to water, water deprivation, desiccation, cuticle development, DNA transcription (elongation), salt stress metabolism of acetyl-CoA, phytosteroid, and brassinosteroids, and biosynthesis of sterols, phytosteroids, and brassinosteroids were differentially upregulated in the transcriptomes of samples fixed with RNAlater. They also determined that RNAlater also affected the levels of post-translational modifications. The RNAlater solution itself was proposed to be the cause of the DEGs related to salt stress, water deprivation and desiccation, as the influx of the solution would elicit these responses to combat the osmotic stress during the time it took to achieve full permeation of all tissue. The protein content of the analyzed samples was mostly unchanged, which the authors attributed to the additional time it takes to alter the proteome via translation as compared to the time to change the transcriptome.
PROTEOMES AND TRANSCRIPTOMES
As found by Kruse et al. (2017) in their investigation of RNAlater and Basu et al. (2017) in their investigation of hardware, researchers use significant differences between the proteomes and transcriptomes to determine how plants respond to stimuli, by examining both types of-omic analysis in parallel, researchers are able to look beyond transcriptional regulation to examine post-transcriptional and post-translational regulatory processes. The regulation of protein levels is not determined solely by transcription of genes; between transcription and translation and translation and a functioning protein, a great many regulating processes affect the expression of genes. Investigating how transcription alone is affected does not provide a full assessment of a response to microgravity, or other stimuli.
The regulation of the response to microgravity that occurred between translation and transcription as well as post-translational modifications was investigated by Kruse et al. (2020). The transcriptomic analysis showed that DEGs upregulated in microgravity are plastid localized and plastid produced (Kruse et al., 2020). Some of the plastid related DEGs are photosynthesis-related, despite the unlit growing environment, however the differentially transcribed genes did not ultimately result in differentially abundant proteins, indicating the occurrence of post-transcriptional regulation. Other DEGs were found to be involved in the oxidative stress response, including Reactive Oxygen Species (ROS) quenchers, which, in combination with the activation of ROS responding protein and oxidation of the membrane, the results indicate an oxidative extracellular environment with resistance to the oxidative stress in the cytosol. The oxidative stress response has potentially been amplified by the generalized response to the stress of microgravity. This stress also manifested in the changes to microtubule activity (synthesis, assembly and use within the cell), including those related to responses to ROS. Increased levels of proteins involved in auxin transport were observed, contributing to the changes in plant growth, as did several genes involved in cellulose synthase. Transcriptomic and proteomic results also revealed a connection between microgravity and auxin transport and signaling. Several types of auxin transporters, Pin-formed (PIN), Like Auxin resistant (LAX), and ATP-Binding Cassette (ABC), were upregulated in microgravity, and a downstream target of auxin was post-translationally modified to a lesser degree in space than on Earth, which indicates that the protein is less active. This target, H+ ATP-ase2 (AHA2) is involved in acidification of the cell wall allowing for expansion and is related to the increase in observed increased levels of proteins that negatively regulate cellulose synthesis. These transcriptional and proteomic regulation of cell wall, auxin, oxidative stress, and plastid responses all contribute to the overall reaction of plants to reduced gravity.
META-ANALYSES
Many different studies have been conducted, using many different lighting conditions, hardware, analytical methods, and experimental time periods. The volume of the data accumulated by these studies is immense and diverse but assembling and synthesizing the data into compatible groups for study is invaluable. Some studies conducted in space are compared to the results from one experiment for confirmation as well as to further isolate the contribution of a single variable to the transcriptomic and proteomic responses (e.g., Johnson et al., 2017 and Vandenbrink et al., 2019), but larger scale analyses are more difficult and less common.
In a recent study, Manian et al. (2021) were able to analyze two distinct data sets together and assembled a foundation for the network of genes involved in the plant response to gravity. GLDS-7 and GLDS-120 data sets, made available by NASA’s open source database, GeneLab (https://genelab.nasa.gov), were analyzed. Data included transcriptomic data from light and dark-grown plants in spaceflight and ground control groups, and from two wildtype lines, COL and WS, and one phytochromeD (phyD) mutant (a light-sensing mutant). From these data sets, researchers identified gene networks that are involved in regulating root growth, catabolic processes, and cell wall biosynthesis in response to microgravity (Manian et al., 2021). The genes that serve as hubs were identified and the connections between genes were determined. The researchers then compared the hubs of associated genes identified in the wildtypes and the phyD mutant, in microgravity, and on the ground, and the in the light and dark conditions. Their analysis showed that PhyD plays a role in red-light sensing and stress response signaling, and that hubs involved in RNA-dependent DNA biosynthesis, DNA metabolism, DNA interaction, cell wall biosynthesis, protein transport/regulation, auxin signaling, catabolic processes and stress responses were affected in microgravity. This study provided insight into the means by which genes interact and create the various established responses to microgravity.
The accumulation and conversion of previously collected data sets to one comparable format was a critical step taken to allow for meta-analysis. This step was taken by Barker et al. (2020) to provide researchers with a database that can be used to further elucidate the transcriptomic and proteomic responses to spaceflight (Barker et al., 2020). The database established is named “TOAST”, Test Of Arabidopsis Space Transcriptome, and has organized a huge number of datasets collected in reduced gravity. In TOAST, datasets have been converted (names of genes/profiles translated into the same naming system, data organized in the same manner, etc.) and made compatible with one another for analysis, regardless of the type of assay originally performed. Proteomic, transcriptomic and other studies are available in the database. TOAST is a researcher-friendly database, searchable by a huge number of factors; type of data (e.g., RNAseq, proteome, etc.), species, flight type (e.g., the ISS, the Space Shuttle, the Shenzhou Spaceship, etc.), experimental environment (the hardware used, lighting conditions etc.), tissues sampled and ecotypes used. Through its conversion of datasets, organization and user interface, this database has made large-scale meta-analysis an achievable objective, and will allow researchers to answer any number of questions that were not asked in the original research.
CRITICAL ANALYSIS OF RECENT PLANT SPACEFLIGHT EXPERIMENTS
Results from the multitude of recent investigations into the -omic responses of plants to microgravity sometimes conflict, but where the results overlap can certainly advance our understanding of how plants function in microgravity. As findings of any one study are consistently and repeatedly supported by subsequent investigations, these results become an accepted piece of the profile of plants’ transcriptional response to reduced gravity. As far as research has heretofore determined, the profile of transcriptional changes in response to microgravity includes several themes, the first of which is cell wall synthesis and/or modification. Of the studies examined in this review, Califar et al. (2021), Choi et al. (2019), Jin et al. (2018), Jin et al. (2015), Johnson et al. (2017), Kruse et al. (2020), Manian at al. (2021), Manzano et al. (2020), Paul et al. (2017), Paul et al. (2013b), and Villacampa et al. (2021) all found a significant number of DEGs associated with cell wall synthesis and/or modification (Supplementary Table S1). This may be the result of the unexpected gravity stimulus creating unusual structural demands for the plant. Other trends observed trends in the functions of DEGs found in many of these examined experiments include: metabolism/catabolism of sugars (in eight studies), oxidative stress (13 studies), ribosome biogenesis (seven studies), and photosynthesis (12 studies). Many studies also found DEGs with links to phytohormones (17 studies), though there was not an overrepresentation of DEGs related to a particular hormone in most of those studies, genes relating to cytokinin (four studies), abscisic acid (ten studies), gibberellin (five studies), auxin (ten studies), ethylene (seven studies), and salicylic acid (seven studies) were each found repeatedly in these publications. The association of microgravity and the transcriptional responses to abiotic stressors (17 studies) and defense against wounding and infection (13 studies) may similarly be manifestations of a stressed condition. It was proposed that the inclusion of sugar metabolism/catabolism in the themes of DEGs associated with microgravity may be caused by the dark conditions in which many plants were grown (Supplementary Table S1) or by the lack of proper convection within experimental hardware (Johnson et al., 2017). At this stage in our microgravity research, it is difficult to be certain which effects beyond cell wall modification are caused by microgravity rather than other environmental conditions of the experiment.
Plant research is still primarily conducted using the model plant Arabidopsis thaliana. While there are immense benefits to conducting -omics research to this plant (e.g., a well annotated genome, a greater number of established gene and protein interactions/networks, an extensive collection of mutant lines available, etc.), the more that we investigate the -omics of other plant species, the more we will understand about those plants and better we can hypothesize about the -omics of species we have yet to closely study (Vandenbrink et al., 2016). Only three of the studies examined here were from different species; two from Oryza sativa (rice), Jin et al. (2015) and Jin et al. (2018), and one from Eruca sativa (salad rocket), Chandler et al. (2020; Figure 1). The genes, transcriptomes and proteomes of these species are not as well researched as those of A. thaliana, but this is true of those of all other plants, and our understanding of the -omic response of plants cannot be limited to A. thaliana alone. Further developing our knowledge of the genes and proteins of other plant species will allow us to better predict the functions of orthologs, gene networks and protein interactions in unstudied species. The most compelling reason to stray from our beloved A. thaliana is a simple one; it is not a crop plant, and the more tangible benefits from plant research may occur through research in crops.
Despite the problems with RNAlater found by Kruse et al. (2017), (i.e. changes in the transcriptome) for the moment, we have no alternatives and therefore must continue using RNAlater to examine the transcriptomes of spaceflight specimen. Until technology is created that specifically allows for specimen preservation (be it with liquid nitrogen or a method/tool that has yet to be developed) in microgravity, using RNAlater is the best instrument we have for belatedly examining transcriptomes from spaceflight samples. The transcriptomic effects that arise during the delay of RNAlater permeating the cells of a sample could potentially be mitigated by speeding the process; if negative pressure could be created via a vacuum, the solution could infiltrate the plant cells at a greater rate and thereby reduce the time cells would have to react to being introduced to the solution. Augmenting the current hardware with vacuum pumps would be too difficult at this moment, but technology is constantly improving, and this feature could potentially be included in the future.
A reoccurring issue in space -omics research is the sample type upon which analyses are conducted. Most studies use the entire seedling to determine the transcriptome and proteome, however three were conducted using tissue of calli, three used leaves, three used roots, one used root tips, and one used seeds (Figure 5). Only one study conducted distinct analyses on different organs: Paul et al. (2013b). This study was critical to microgravity research; differentiated cell types, e.g., those found in the roots, shoots, and hypocotyl, fulfill distinct roles, and as such, react to stressors like microgravity in different manners. Their results showed that over 84% of DEGs in different organs were differentially regulated exclusively in one of the three tissues, that under 16% of DEGs were commonly differentially expressed in at least two of the three tissues and that a miniscule 0.03% were differentially expressed in all three tissues (Figure 4). Notably, one DEG was opposingly regulated in the roots and shoots; P-Glycoprotein18/ATP-Binding Cassette B 18 (PGP18/ABCB18), a gene associated with light perception and cell wall remodeling. It was strongly upregulated in the leaves but strongly downregulated in the roots. When the tissues of the roots, shoots and hypocotyls are taken as a whole, the protein and transcript expression profiles are averaged together, and this can lead to DEGs or differentially expressed proteins of one tissue being drowned out by the expression in the other two. The individual -omics profile of each tissue is an important part of how plants respond to microgravity, and deserves further investigation. It is worth noting that the tissues analyzed in this study were collected from a mix of COL and WS. These two ecotypes have distinct responses to the stress of microgravity, as demonstrated in Paul et al. (2017), which makes it likely that the differing transcriptional responses to microgravity may be obfuscating one another, much the way that the different tissues would when analyzing entire seedlings.
[image: Figure 5]FIGURE 5 | Summary of the tissue types used for -omic analysis from recent spaceflight experiments with plants.
The treatment of seedlings can also contribute to the loss of important data. When seedlings are grown in different light strengths, atmospheric conditions and within different hardware, the differing environments can act as confounding variables. Different light levels and qualities were used in the examined studies, ranging from dark conditions, all the way to full spectrum lighting and full spectrum light to red or blue illumination (Figure 6). The lighting schedules among the studies also varied, from constant illumination to long and short day illuminations (Figure 3). There is immense value in testing seedlings in different qualities of light, as well as different lighting schedules, just as there is value in using different hardware, because when the studies are taken as a whole, the varying growing conditions can ameliorate the effect any single confounding variable can have on the results. However, there are drawbacks to the divergent environmental conditions; as Basu et al. (2017) discovered that hardware itself can affect the results of an -omics assay. This was noted by Zupanska et al. (2017), where the researchers pointed out the stressful effects of the BRIC hardware on the plant cells. It was further supported by Johnson et al. (2017), in which researchers compared their data with that of two other experiments and found that many of the DEGs which had been previously identified were not differentially regulated in their results, and that some genes, like HSPs, were actually opposingly differentially regulated within the studies.
[image: Figure 6]FIGURE 6 | Summary of the lighting conditions from recent spaceflight experiments with plants. Experiments conducted using red or blue light are colored accordingly.
Some of these contradictions were hypothesized to be caused by the environmental conditions of the experiments. These hypotheses are supported by the data collected by the controls of the study. The presence of an inflight and ground control, as found in Valbuena et al. (2018) and Fengler et al. (2015), is vital, as the ground and flight controls can help to determine the changes that result from the hardware itself rather than those truly from spaceflight or microgravity. It is especially important to have an inflight control, which, unfortunately, many experiments lack (Shymanovich and Kiss, 2022). However, in our spaceflight experiments, we were able to utilize the centrifuge within the EMCS (shown in Figure 1) to provide a 1g inflight control, e.g., Vandenbrink et al. (2016), Shymanovich et al. (2022).
An additional confounding factor in these analyses is the exposure of root tissue to light. Roots exhibit phototropic effects when they are exposed to direct light (Kiss et al., 2003), however, in the practical application of spaceflight plant research, i.e., cultivating crops in space, the roots of plants will most likely be submerged or covered in some water-conducting material/hardware. The phototropic effects roots experience may not be limited to the proteome and transcriptome of the roots. The downstream effects of growing plants with roots exposed to light could very well be experienced in the leaves as well, as many signaling molecules (e.g., phytohormones, with which several of the examined studies found DEGs involved) carry signals throughout the body of a plant. This means that the experiments that have been conducted are skewed in a way that are not applicable to cultivation in the future. To correct this effect, the hardware used should be augmented to include some light-shielding material over the area in which roots grow, so that the overall effects will be truer to the conditions crops will experience in space, as will the transcriptomic and proteomic profiles.
A missing piece of the microgravity -omics puzzle is the developmental progression of the plant response to microgravity. The existing studies examine the transcriptome and proteome after the plants have grown for at least 2 days in microgravity, but the longer-term transcriptomic and proteomic responses observed in these studies are created by a sequence of microgravity-induced responses, an initial signal leading to another which creates a third, one falling into the next in their specific order. Knowing the steps that occur to cause the observed transcriptional and proteomic changes would provide insight into the effects of each gene and which genes might induce or repress others. By using RNAlater to fix samples at a series of early timepoints (e.g., 10 min, 30 min, 1 h, 2 h, 4 h, etc.) and analyzing the transcriptomes and proteomes, the development of the transcriptomic and proteomic responses to microgravity could be elucidated. The early transcriptional developments could be evaluated using samples collected from suborbital flights, as microgravity is achieved for three to 4 minutes aboard Virgin Galactic and Blue Origin and these flights do cause many of the same transcriptional changes as are observed in spaceflight (Califar et al., 2021).
We are confident that because of the increased availability of commercial spaceflights and suborbital possibilities that there will be more opportunities to overcome the limitations of plant space experiments to date. In addition, the Artemis program will allow us to better assess the biology of plants on the lunar surface. Resolving these issues will be critical for the use of plants in bioregenerative life support systems required for long-range space travel and developing colonies on Mars and other distant planets.
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