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Editorial on the Research Topic
 Higher Plants, Algae and Cyanobacteria in Space Environments



Humanity is on the verge of permanently extending its footprint out into the solar system. Before permanence can be achieved, we must first fully understand and harness the power of autotrophic biological systems; systems that, in essence, will be our life-support technology beyond Earth.

It is with this thought in mind that this broad-based collection of research, engineering, and review articles is presented. The overall theme reflects spaceflight and ground-based space analog experiments and engineering concepts that contribute to the development and understanding of bioregenerative life-support systems that will enable long-duration human space exploration and colonization.

The issue is further focused on studies and concepts that hold autotrophic (photosynthetic) organisms at the center of the technological enterprise. These primary producers, including higher plants and photosynthetic algae and cyanobacteria, are the foundation of natural ecosystems on Earth. The energy fixed by these autotrophic organisms is transferred along complex food webs, ultimately sustaining the vast majority of life on Earth. During this process, these organisms also are continually contributing to the recycling or revitalization (from a human perspective) of our air and water through photosynthesis and transpiration. Based on their foundational roles on the Earth, it stands to reason that autotrophs will be equally necessary for human survival on other planetary bodies and human spaceflight environments (e.g., long duration transit missions). Hence, the possibility of growing plants, photosynthetic algae and cyanobacteria in extraterrestrial environments represents an open challenge for scientists.

This volume represents the most recent studies, reviews, and concept developments on the cultivation of autotrophs in spaceflight and spaceflight relevant settings. The articles cover a broad swath of topics that take into account the multiple constraints imposed by the challenges of spaceflight: e.g., severe volume restrictions in habitats, power requirements/limitations, cosmic radiation, altered gravity, altered atmospheric compositions, and their combined effects.

Higher plants, as well as algae and other photosynthetic organisms, are fundamental in these life-support systems as they are the primary food producers, although they also rely on other supporting biological systems. As regards algae, it has been demonstrated that they may grow and photosynthesize in Space, because algae can survive to direct exposure to space environment, however the combined effects of microgravity and radiation on these organisms are still not assessed (Niederwieser et al., 2018).

The selection and/or development of suitable photosynthetic organism as candidates for bioregenerative life-support systems (BLSSs) is currently a priority research area in human space exploration. The eligible traits for the selection of algal strains for long term human spaceflights are the fast growth and elevated photosynthetic rates and the capacity to cope with space factors (Wang et al., 2006). As regards higher plants, the crop varieties need to meet diverse requirements, including but not limited to, compact architecture (volume utilization efficiency), short production cycles, high productivity (e.g., high harvest index), high nutritional quality including nutraceutical/functional food considerations, and tolerance to novel or extreme radiation or gravitational environments.

Studies carried out directly in Space, on space vehicles, or on the International Space Station (ISS), offer a great opportunity for scientists to better understand plant responses to multiple [novel] stressors. Although critical, access to space is limited; as such, ground-based analog studies also play a key role in advancing our understanding of plant space biology.

Ground-based alternatives to spaceflight experiments facilitate early exploratory studies and/or validate spaceflight results where appropriate. Instruments such as clinostats, random-positioning machines (RPM), and magnetic levitation devices have been used to offset the constant gravity vector on plant growth and development. Kiss et al. provide a review of the strengths and weaknesses of these analog systems for the study of plant growth and development. They compare spaceflight and ground experiments and discuss the methods and considerations of these. Keeping these limitations in mind, several ground-based experiments examine the gravity response of root, essential for understanding of the behavior of plants in microgravity environment. A study by de Bang et al. examined autotropism on root development, a process in which the roots straightened after the initial gravistimulus was withdrawn by clinorotation. Combining pharmacological experiments with 2D-clinoratation and actin observation, the authors show the implication of brassinosteroids in root autotropism and suggest that brassinosteroids modulate this process by modifying F-actin organization and dynamics in a manner different from that of the actin-disrupting compound LatB. These studies reinforce previous observations that the acto-myosin system is an important component of plant tropic responses.

In this issue, ground-based experiments review and examine the effects of simulated space radiation on several species (Mousseau and Moller; Desiderio et al.; Zhang et al.; Barker et al.). These studies aim to better understand the molecular mechanisms of plant resistance, in which antioxidant compounds have a key role. Enhanced production of pharmaceutically relevant molecules, including antioxidants as well as other metabolites and recombinant proteins, in response to radiation may represent a new and important frontier for space research. The outcomes of the effects of chronic low-dose rate radiation exposure have also been considered in the light of studies conducted on Earth and in particular in Chernobyl, Fukushima, and other regions of the world with high ambient radiation levels, considering the interactions between radiation and other environmental stressors (e.g., temperature, drought, heavy metals), that may play important roles in determining sensitivity to radiation induced stress (Mousseau and Moller).

Gravity, or gravitropism, is a major terrestrial factor influencing plant development and orientation. On Earth, other factors including light, water, nutrients also influence the direction of plant growth and their respective role may be masked by gravitropism. In this context, the review by Muthert et al. offers a summary of current knowledge on root tropisms to different environmental stimuli. The authors describe the importance of Arabidopsis thaliana as a model organism in tropism research. They also highlight the importance of investigating the signaling pathways and their interactions in other species to get a more comprehensive view of tropisms. Thanks to MULTITROP (Multiple-Tropism: interaction of gravity, nutrient and water stimuli for root orientation in microgravity), performed on the ISS, Izzo et al. disentangled hydrotropism from chemotropism for root orientation in the absence of the gravity stimulus. The analysis of root development and orientation of Daucus carota seedlings grown in microgravity and at 1 g showed a positive chemotropism of roots toward nutrients in the absence of the gravity stimulus. In the study proposed by Califar et al. and his collaborators, an Advanced Plant Experiments-03- 2 (APEX-03-2) spaceflight study was designed to elucidate the contribution of two skewing- and cell wall- associated genes in Arabidopsis to root behavior and gene expression patterns in spaceflight. Moreover, the authors offer a complete picture of the physiological and metabolic processes appearing to be affected under spaceflight conditions. In their paper, Herranz et al. address the complex interaction between phototropism and gravitropism. The authors attempt to dissect the molecular mechanisms behind this process through an RNA-seq analysis of blue-light irradiated Arabidopsis seedlings grown in an onboard centrifuge to generate different gravity levels. The main results demonstrated that genes differentially expressed at low g or lunar g levels are not present in blue-light irradiated plants, suggesting that blue light might reduce gravitational stresses in microgravity.

Always on the subject of studies on microgravity, Monje et al. have performed a hardware validation test to demonstrate that the Advanced Plant Habitat (APH) facility was fully operational and capable of conducting fundamental plant research in microgravity onboard the ISS.

Fundamental plant science advances driven by studying the response of plants to the unique conditions presented by the spaceflight environment have pushed the boundaries of our understanding of plant molecular biology (Herranz et al.; Izzo et al.). Although pure plant science advances are tremendously important, it can be argued that the fundamental objective of studying plants and other autotrophic organisms in spaceflight environments is to support the development of future life-support systems that are based on these autotrophic organisms and the biological communities that support them (Graham and Bamsey, 2016). Given this fundamental objective, it is no surprise that much of the research and commentary presented in this collection is focussed on the production systems and autotrophic species that will 1 day support human life beyond low earth orbit, while also improving agricultural production here on Earth.

Bioregenerative life-support is simple in principle but complex in its execution. Many questions remain with respect to how candidate crops will respond to, or can be adapted to thrive in, the spaceflight environment. Beyond the plants themselves, there is still a good deal of work to be done to design and refine the systems that will provide the appropriate environment(s) to sustain the biology that humans will rely on to provide the key elements of life-support. Research presented in this collection addresses important issues relating to plant adaptability to spaceflight and related ground conditions, the choice of the most suitable cultivation system(s), and the provision of optimal environmental parameters for specific crop types. Studies include consideration of plant genotypes, overall growth facility designs, sub-system development and characterization (e.g., lighting; air handling), including hydroponic and lighting systems, and growth substrates. Innovative research is presented detailing the leading edge of facility design and operation, such as the EDEN ISS growth chamber that incorporates a plant health monitoring system to provide remote support for plant status assessment and early detection of plant stress or disease (Battistuzzi et al.; Paradiso et al.; Peiro et al.; Zeidler et al.; Rouphael et al.; Zabel et al.). This approach allows new discoveries to be achieved in facilities conceived for, and operated as, analogs to space platforms such as those that 1 day be established on the moon and Mars. In these facilities, higher plants play key roles, by regenerating air through photosynthetic CO2 absorption and O2 emission, processing and recovering water through transpiration and recycling organic waste products through mineral nutrition. However, in order to optimize their performance, the best genotypes and the optimal growing conditions need to be established. Accordingly, in candidate crops such as potato, ground experiments are presented that evaluate the response of different cultivars to different environment conditions (e.g., light intensity and duration, CO2 air concentration; Wheeler et al.). It is critical to understand the specific environmental needs of each crop, as these parameters directly impact the fundamental processes, such as photosynthesis, that sustain plant growth and thereby human life. In parallel, cultivation systems need to be evaluated for their ability to grow safe fresh food to supplement packaged food for astronauts (Khodadad et al.). This is an important consideration for the worlds space agencies, as the spaceflight environment is known to alter plant and algae physiology and composition (Häder; Califar et al.; Izzo et al.; de Bang et al.; Herranz et al.; Stewart et al.). To study the effects of space conditions on microbiological and nutritional aspects, several model crops are grown in Veggie plant growth chamber on the International Space Station (ISS) and compared with ground grown plants (Zhang et al.; Khodadad et al.). Further, space and ground studies by Khodadad et al. and Zeidler et al., respectively, suggest that food production in space is achievable within the confines of food safety standards (Khodadad et al.; Zeidler et al.).

This Research Topic was conceived with the intent to present research, methods, and reviews that contribute to a meaningful risk evaluation for biological systems exposed to extraterrestrial environments. Although the focus of the presented research was on autotrophs, it is the role these autotrophs play in human survival in space that was the real focus. As humanity steps beyond Earth's protective influence to expand our footprint into the solar system, we will need the knowledge and ideas developed by research scientists and engineers, such as those highlighted in this Research Topic, if we are to thrive as a spacefaring species.
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Plant cultivation on spacecraft or planetary outposts is a promising and actual perspective both for food and bioactive molecules production. To this aim, plant response to ionizing radiations, as an important component of space radiation, must be assessed through on-ground experiments due to the potentially fatal effects on living systems. Hereby, we investigated the effects of X-rays and γ-rays exposure on tomato “hairy root” cultures (HRCs), which represent a solid platform for the production of pharmaceutically relevant molecules, including metabolites and recombinant proteins. In a space application perspective, we used an HRC system previously fortified through the accumulation of anthocyanins, which are known for their anti-oxidant properties. Roots were independently exposed to different photon radiations, namely X-rays (250 kV) and γ-rays (Co60, 1.25 MeV), both at the absorbed dose levels of 0.5, 5, and 10 Gy. Molecular changes induced in the proteome of HRCs were investigated by a comparative approach based on two-dimensional difference in-gel electrophoresis (2D-DIGE) technology, which allowed to highlight dynamic processes activated by these environmental stresses. Results revealed a comparable response to both photon treatments. In particular, the presence of differentially represented proteins were observed only when roots were exposed to 5 or 10 Gy of X-rays or γ-rays, while no variations were appreciated at 0.5 Gy of both radiations, when compared with unexposed control. Differentially represented proteins were identified by mass spectrometry procedures and their functional interactions were analyzed, revealing variations in the activation of stress response integrated mechanisms as well as in carbon/energy and protein metabolism. Specific results from above-mentioned procedures were validated by immunoblotting. Finally, a morphometric analysis verified the absence of significant alterations in the development of HRCs, allowing to ascribe the observed variations of protein expression to processes of acclimation to ionizing radiations. Overall results contribute to a meaningful risk evaluation for biological systems exposed to extra-terrestrial environments, in the perspective of manned interplanetary missions planned for the near future.

Keywords: tomato hairy roots, ionizing radiations, Bioregenerative Life Support System, anthocyanins, stress response



Introduction

Plant cultivation is a key requirement for the success of long-term space missions. In fact, higher plants represent an essential component of bioregenerative life support systems (BLSS) for in situ production of food and pharmaceutical active molecules, not dependent on the supply at the launch or on periodic provision from Earth. However, the perspective of plant growth in the extraterrestrial environment raises the problem of the biological response to extreme conditions, including ionizing radiations, which are known to deposit energy inside living tissues causing structural and functional damages.

Current knowledge on the response of plants to radiation is based mainly on studies conducted in areas affected by nuclear accidents (Møller and Mousseau, 2016). These studies highlight a high variability in response to radiation stress based on plant species and the role of hormesis (i.e., a dose/biological response relationship) in adaptation to radiation is not sufficiently supported by bibliographic data. However, it is known that plants are more resistant to radiation than animals, including humans (Caplin and Willey, 2018). Hypotheses have been made to explain plants relative tolerance, such as higher efficiency in repairing DNA double strand breaks (Yokota et al., 2005) or higher basal rates of DNA methylation (Pecinka and Mittelsten Scheid, 2012). This higher resistance could be the result of evolutionary adaptation, which allowed plants to colonize land surface when ionizing radiations in the primordial Earth’s atmosphere were significantly higher than at present (Gensel, 2008). However, physiological mechanisms that regulate this higher tolerance are not completely elucidated, particularly in the perspective of plant growth during space missions (Arena et al., 2014) or in terrestrial environments contaminated by radiations (Danchenko et al., 2009).

Since the most detrimental effects of ionizing radiations, such as X-rays and γ-rays, are linked to DNA damage, the ability of a living organism to respond to a radiative injury (i.e., repairing the damage or activating compensatory molecular mechanisms) goes through the modulation of protein expression. In fact, proteins can directly repair the genome, regulate the accumulation of reactive oxygen species (ROS), or eliminate damaged macromolecules (Krisko and Radman, 2013). Therefore, dedicated studies based on proteomic analysis of plants exposed to ionizing radiations should provide comprehensive and explicative information about plant response to stress conditions and eventual acclimation mechanisms to counteract alterations.

The effect of radiation depends on different factors, which include type of radiation, biological characteristics of the irradiated tissue/organ/organism, dose, exposure and recovery time, and synergistic effect with other possible stressful agents (De Micco et al., 2011). Electromagnetic ionizing radiations, X-rays and γ-rays, which mainly differ for energetic characteristics, are the most dangerous due to their high penetration power into the matter, including protective barriers (Reisz et al., 2014). The probability of biological damage depends not only on the absorbed dose but also on the radiation ability to transfer energy through molecular collisions. This last property is measured as linear energy transfer (LET), which has relatively low values for X- and γ-rays. This means that, for the same dose, the direct damage caused on the biological molecules by these radiations is lower than that induced by high LET radiations (alpha particles, neutrons and protons). Despite the similar nature of X- and γ-rays, the biological effects caused for the same dose and exposure time may not be totally equivalent, due to the relative higher penetration power of γ-rays than X-rays (Hunter and Muirhead, 2009).

Moreover, the ionizations produced by X- and γ-rays have significant indirect effects, generating potent intracellular oxidants (H2O2, O2•−, and •OH), along with reductants (H• and eaq−), which in turn affect the living material as they yield energy (Reisz et al., 2014). This phenomenon has an impact on biological macromolecules, causing DNA breaks, protein fragmentation, or secondary–tertiary structure molecular deterioration, as well as cell membrane functional alteration with an increase of corresponding permeability. Hence, the capacity of the biological system to survive irradiation depends both on the extent of the damage and on its ability to repair the suffered molecular injury (Thompson, 2012).

It has been estimated that crews aboard the International Space Station (ISS) receive a total average dose of 80–160 mSv in a 6-month stay, depending on variations in the solar magnetic field that deflects the ionizing particles. A 3-year Mars mission could reach an overall equivalent dose of about 1 Sv, assuming the absence of frequent and intense solar particle events (SPEs) (Hellweg and Baumstark-Khan, 2007). Although these doses might not be lethal for a plant system (Caplin and Willey, 2018), especially if associated with a low dose rate, little is still known about the mechanisms that plants elicit to counteract these radiative stresses.

In this work, we evaluated the effects of both X- and γ-rays on “hairy root” cultures (HRCs), a recognized plant expression platform for the production of valuable molecules, offering advantages, e.g., containment, established cultivation conditions in hormone-free media, and product homogeneity, particularly in the case of industrial-scale production of secondary metabolites (Mirapleix et al., 2013). We used HRC from tomato (cultivar MicroTom) optimized for the expression of high levels of anthocyanins (Villani et al., 2017), which are endowed with anti-oxidizing properties thus offering more change to counteract the effect of cosmic radiations. For this plant system, we chose exposure doses ranging from 500 mGy up to 10 Gy (for proteomic analysis) and 20 Gy (for morphometric analysis), which are doses lethal for humans (Donnelly et al., 2010). These highest doses were considered as a simulation of an extreme stress that could occur during accidental exposure to high radiations. In the above-mentioned contexts, these experiments were performed with the aim to foresee the ability of plants to withstand high doses of radiation and to characterize the possible molecular effects caused by corresponding radiation stresses.




Materials and Methods



Tomato Hairy Roots Model

In vitro culture of tomato roots accumulating anthocyanins were obtained according to a procedure previously described (Villani et al., 2017). Briefly, tomato (cultivar MicroTom) leaf explants were infected with recombinant Agrobacterium rhizogenes (A4RSII strain, ATCC collection, Manassas VA 20108 USA) harboring a gene construct including a Myb-like transcription factor gene from Petunia (kindly given by Prof. R. Koes and F. Quattrocchio, University of Amsterdam) (Massa et al., 2016). Resulting hairy root clones (HRCs) showed the typical secondary branching and an intense purple pigmentation. One representative purple clonal root line was grown in polystyrene 85-mm-diameter Petri dishes (Phoenix Biomedical) onto Murashige–Skoog selective solid medium supplemented with 3% sucrose and 25 mg/l kanamycin (MS3k), and maintained at 22°C. Root explants were propagated on fresh medium one week before exposure to radiations to allow their acclimation.




Tomato Roots Exposure to γ-Rays

For γ irradiation of HRCs, a teletherapy-type Co-60 unit, AECL model Eldorado 6, available at the ENEA-INMRI was used. At the sample position (i.e., at 135 cm source distance), the radiation beam originated by the decay of the Cobalt-60 included 14% of scattered photons and had an average energy of 1.12 MeV. The dose rate was 0.12 Gy/min and the beam uniformity over the HRC samples within 0.5%.

Three absorbed dose levels were delivered: 0.5 Gy (250 s irradiation time), 5 Gy (2,500 s irradiation time), and 10 Gy (5,000 s irradiation time). HRCs grown on agar medium in Petri dishes (diameter 7 cm) were fixed perpendicular to the beam axis, irradiating three independent biological replicates at each established dose, necessary to give statistical consistency to the proteomic analysis. In addition, three HRC samples were irradiated with an absorbed dose of 20 Gy (10,000 s irradiation time) for the morphometric analysis. As an experimental control, three non-irradiated HRC plates were treated in the same way as the exposed HRC plates (held for the same time in the same environment but away from γ-rays).

Once the irradiation was complete, the root cultures were moved into a growth chamber at a constant temperature of 22°C for 3 days, in order to allow the physiological recovery and the activation of response mechanisms induced by the stress imparted. After this time, the roots were frozen in liquid nitrogen and then stored at −80°C before proteomic analysis.




Tomato Roots Exposure to X-Rays

X-ray exposure was achieved using a CHF 320G X-ray generator, operating at 250 kV and 15 mA, using 2.0 mm Al and 0.5 mm Cu filters. HRCs were exposed to the same doses adopted for γ radiation (0.5, 5, and 10 Gy), at a dose rate of 0.96 Gy/min. Three biological replicates were irradiated under each exposure condition; three non-irradiated cultures were used as control. As for γ exposure, after radiation, HRCs were moved to the growth chamber for 3 days. Then the roots were frozen in liquid nitrogen and stored at −80°C before proteomic analysis.




Protein Extraction and Purification

Total protein extraction was optimized for anthocyanin-rich hairy roots, consisting in trichloroacetic acid (TCA)-acetone precipitation (Di Carli et al., 2011), which was combined with a second precipitation in ammonium acetate to remove the residual pigments. Briefly, hairy roots tissues (between 0.6 and 1.5 g) were ground in a mortar under liquid nitrogen. The resulting powders were finely homogenized using an Ultraturrax homogenizer (IKA) in 4 vol of 10% w/v TCA, 2% w/v dithiothreitol (DTT) in cold acetone containing protease inhibitor cocktail Complete (Roche); then the proteins were precipitated at −20°C, overnight. The pellets obtained after centrifugation at 8,000 g for 1 h, at 4°C, were washed with 0.07% w/v DTT in cold acetone, and incubated at −20°C, for 1 h. Proteins were collected by centrifugation at 8,000 g, for 1 h, at 4°C, and further washed at least three times with cold acetone (until the supernatant was colorless). Protein pellets were dried at room temperature and resuspended in lysis buffer (10 mM Tris-HCl, pH 8.0, 5 mM magnesium acetate, 8 M urea, 2% w/v ASB-14). Protein solutions were then subjected to a new precipitation in 5 vol of 0.1 M ammonium acetate in cold methanol, followed by washing in cold 80% v/v acetone. Again protein pellets were dried at room temperature and resuspended in lysis buffer. The protein extracts were purified using Clean Up kit (GE Healthcare) and quantified using the DC Protein Assay (BioRad), according to the manufacturer’s instructions. Proteins were then analyzed by one-dimensional gel electrophoresis (12% SDS-PAGE) and gels were silver-stained according to Oakley et al. (1980).




2D-DIGE

For the proteomic analysis of exposed HRCs, 2D-DIGE technology (two-dimensional difference in-gel electrophoresis, GE Healthcare) was used. 2D-DIGE technology has been specifically developed to drastically reduce experimental variability, allowing a reliable and statistically rigorous analysis (Diez et al., 2010). For this purpose, all the samples were analyzed simultaneously. On each electrophoresis gel, two distinct protein samples, labeled with different fluorophores (CyDyes DIGE Fluors: Cy3 and Cy5), were loaded. Moreover, an internal standard, consisting of a pool of all the samples under analysis, was labeled with a third fluorophore (Cy2) and was run on all gels, according to experimental design showed in Table 1. This allows to normalize signals from different gels, making spot matching and quantitation much simpler and statistically accurate. For protein labelling, each dye was diluted with anhydrous dimethylformamide and 50 µg of each protein extract was mixed with 200 pmol of amino-reactive cyanine dyes, and incubated for 30 min, in the dark. One microliter of 10 mM lysine was then added to quench the remaining free NHS esters of the cyanine dyes, incubating in the dark for 10 min. An equal volume of 2× sample buffer (7 M urea, 2 M thiourea, 130 mM DTT, 2% w/v ASB-14, 2% IPG buffer 4-7) was added, and the samples were incubated for 10 min, in the dark. IEF rehydration buffer (7 M urea, 2 M thiourea, 13 mM DTT, 2% w/v ASB-14, 1% IPG buffer 4–7) was added to each sample to obtain 350 µl final volume and the protein solution was used to passively rehydrate IPG-strips (pH 4–7/18 cm, GE Healthcare), overnight, at room temperature. Isoelectrofocusing (IEF) was performed on an IPGphor 3 unit (GE Healthcare) in order to obtain the first dimension separation of HRPs’ proteome. After IEF, each strip was incubated for 15 min in 20 ml equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% v/v glycerol, 2% w/v SDS, traces of bromophenol blue), containing 1% w/v DTT to reduce proteins. Proteins were then alkylated in the presence of 2.5% w/v iodacetamide in equilibration buffer, for 15 min, at room temperature. The second dimension separation was obtained using Ettan Dalt Twelve unit (GE Healthcare) and 10% polyacrylamide gels (18 cm × 20 cm × 1 mm) in running buffer (250 mM Tris-HCl, pH 8.3, 1.92 M glycine, 1% w/v SDS). The electrophoresis was performed at 15°C, applying 2 W/gel for 15 min and 20 W/gel for further 4–5 h. For 2D-DIGE analysis of HRCs exposed to γ-rays and X-rays, a total of seven gels were run, respectively, i.e., six analytical gels for the separation of the three biological replicates for each radiation dose (control, 0.5, 5, and 10 Gy), and one preparative gel for protein spot picking.



Table 1 | Two-dimensional difference in-gel electrophoresis (2D-DIGE) experimental design.
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Proteomic Profile Analysis

Protein maps obtained after 2D electrophoretic separation were visualized with a Typhoon 9410 Imager (GE Healthcare) set at the appropriate wavelengths for each dye. The images were then exported to the Batch Processor of DeCyder 2D Software v 7.2 (GE Healthcare) and statistically elaborated by Biological Variation Analysis module, as already described (Di Carli et al., 2011). Univariate analysis one-way ANOVA was performed and protein spots with a statistically significant variation (p ≤ 0.05, fold change over 1.5, filtered for false discovery rate) were detected as differentially represented and automatically isolated from gel by the Ettan Spot Picker System (GE Healthcare). Multivariate analysis, consisting of hierarchical clustering analysis (HCA) and principal component analysis (PCA), was performed using the DeCyder-EDA (Extended Data Analysis) module.




Protein Identification by Mass Spectrometry Analysis

Spots from 2D-DIGE were excised, reduced with DTT, alkylated with iodoacetamide, and digested with trypsin as previously reported (D’Ambrosio et al., 2006). Protein digests were subjected to a desalting step on μZipTipC18 pipette tips (Millipore) and then analyzed by nano-liquid chromatography (nLC)–electrospray ionization (ESI)–tandem mass spectrometry (MS/MS) using LTQ XL and Q Exactive Plus instruments (Thermo Fischer Scientific, USA), both equipped with UltiMate 3000 HPLC RSLC nano systems (Dionex, USA). Peptides were resolved on an Easy C18 column (100 × 0.075 mm, 3 μm), at a flow rate of 300 nl/min, using a gradient elution with a mixture of water/acetonitrile in 0.1% formic acid, as already reported (Salzano et al., 2013). When an LTQ XL instrument was used, full mass spectra were acquired in the range m/z 400–1,400, and data-dependent automatic MS/MS acquisition was applied to the three most abundant ions (Top3), enabling dynamic exclusion with repeat count 1 and exclusion duration 60 s. For MS/MS analysis mass isolation window and collision energy were set to m/z 3 and 35%, respectively. When a Q Exactive Plus instrument was used, mass spectrometry analysis was performed as recently described (Lonoce et al., 2019).

Raw data from nLC-ESI-MS/MS analysis were searched by MASCOT v2.6.2, (Matrix Science, UK) within Proteome Discoverer v2.1, against a Solanum lycopersicum protein sequence database retrieved from UniProtKB repository (39,642 sequences, 01/2017). The following parameters were used for protein identification: a mass tolerance value of 2 Da for precursor ion and 0.8 Da for MS/MS fragments, trypsin as proteolytic enzyme, a missed-cleavages maximum value of 2, Cys carbamidomethylation as fixed modification, Met oxidation, and Gln- > PyroGlu formation as variable modifications. Protein candidates with at least two significantly matched peptide sequences (expectation value < 0.05) with ion score > 30 were further evaluated by comparison of their experimental molecular mass and pI values with their theoretical counterparts. Definitive protein assignment was always associated with manual spectra visualization and verification. Identified proteins were further filtered according to an EMPAI ratio criterion (EMPAI 1st/EMPAI 2st > 2), which is conventionally used to exclude minor proteins not contributing to quantitative changes detected by 2D-DIGE (Shinoda et al., 2010), and finally subjected to BLAST analysis against the TAIR 10 protein sequence database from The Arabidopsis Information Resource (TAIR) repository (www.arabidopsis.org). Proteomic data have been deposited to the ProteomeXchange Consortium (Vizcaíno et al., 2016) via the PRIDE partner repository with the dataset identifier PXD014748.




Analysis of Protein–Protein Interactions

Proteins identified as differentially represented after exposure to ionizing radiation were imported into the online Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database v11.0 (http://string-db.org; Szklarczyk et al., 2015) for known and predicted protein–protein interactions (PPIs). In order to minimize the rate of false positives, PPIs confirmed by experimental study, pathways from curated databases and reported in abstracts of papers published in PubMed were selected. The interactions comprised both direct (physical) and indirect (functional) associations between proteins.




Immunoblot Analysis

Immunoblot analysis was used to validate differential expression data obtained by 2D-DIGE analysis. To this aim, we selected two proteins differentially represented both after γ-rays and X-rays exposure, namely, enolase and chloroplastic ATP synthase subunit B. As a standard for normalization of protein quantity, actin was used. The same samples extracted for 2D-DIGE were analyzed. HRC purified extracts (1.5 μg total soluble proteins) were solved in 80 mM Tris-HCl, pH 6.8, 10% v/v glycerol, 2% v/v SDS, 143 mM β-mercaptoethanol, and traces of bromophenol blue, and heated for 5 min, at 100°C. Proteins were then separated by 12% SDS-PAGE and electrotransferred to polyvinylidene difluoride (PVDF) membrane. After blotting, membranes were blocked in 5% milk in phosphate buffer saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), ovenight. Membranes were washed three times in PBS containing 0.5% w/v Tween, for 10 min per wash, and then incubated with primary specific antibodies obtained from Agrisera (Sweden), for 1.5 h, at room temperature. All antibodies were diluted in 2.5% milk in PBS. Actin was revealed with anti-actin rabbit polyclonal antibody diluted 1:5,000; chloroplastic ATP synthase subunit B was revealed with anti-AtpB rabbit polyclonal antibody diluted 1:5,000; enolase was revealed with anti-enolase rabbit polyclonal antibody diluted 1:2,000. The anti-actin antibody was used in coincubation with anti-AtpB or anti-enolase. Membranes were then washed three times with PBS containing 0.5% w/v Tween, and incubated 1.5 h, at room temperature, with an anti-rabbit secondary antibody conjugated with horseradish peroxidase (Sigma), which was diluted 1:5,000 in 2.5% milk in PBS. After washing as described above, chemiluminescence was revealed using ECL Prime (GE Healthcare) following the manufacturer’s instructions. Protein representation was measured by a densitometric analysis using ImageQuant TL 1D v8.1 software. Enolase and chloroplastic ATP synthase subunit in HRC extracts were quantified as the ratio to the amount of actin.

The statistical significance of differences in protein relative abundance obtained by immunoblotting was calculated by one-way ANOVA, followed by Fisher’s least significant difference (LSD) test, by using Prism 8 Software version 8.1.1. Each group was composed by three biological replicates. Separate analyses for enolase and AtpB were performed on samples exposed to γ-rays and X-rays.




Morphometric Analysis

The effects on HRC growth of γ radiation exposure at a dose of 20 Gy (dose rate of 0.12 Gy/min) were analyzed on three biological replicates of roots of approximate length 5 cm, propagated on fresh MS3k solid medium in Petri dishes and kept in growth chamber at 22°C. HRC images were obtained by scanning, using CanoScan LiDE 25 (Canon), and analyzed by the biometric software EZ-Rhizo (Armengaud et al., 2009), as already described (Villani et al., 2017).





Results and Discussion

Plant colonization of land surface started around 460 million years ago, when the levels of β/γ-radiation in the Earth’s atmosphere were significantly higher than at present (Caplin and Willey, 2018). These environmental stresses have driven the evolution of terrestrial plant organisms, imposing the development of mechanisms of adaptation to radiations, which in all probability are partly maintained even in modern species. The association between the larger effects of radiation for plants than animals and the sedentary nature of the former, which are unable to move away from exposed areas, should result in a greater level of their local adaptation (Møller and Mousseau, 2013). Moreover, exceptional and disastrous events, such as the explosion of the Chernobyl nuclear power plant, highlighted the extraordinary ability of plants, e.g., soybean, to survive and adapt to an environment with a quantity of radioactive isotopes up to 163-fold higher than normal (Danchenko et al., 2009).

These assumptions support the prospect of using plants for the formulation of bioregenerative systems for life support in space (BLSS). Nevertheless, it is necessary to know in depth the response of plant systems by simulating the conditions that could actually occur during space missions. The aim of this work is to investigate about the limits of the ability to acclimatize and the molecular mechanisms of adaptation to extreme conditions. This last aspect is particularly important in the need to prevent possible negative effects on development/maturation and on the accumulation of undesired components in the plant product destined for human consumption.

In this study, we chose a tomato dwarf variety (MicroTom cultivar) as a model system; this cultivar has already been proposed for cultivation in space environment based on its favorable characteristics both from the cultural and nutritional point of view (Arena et al., 2019). Created for ornamental purposes, this variety has been widely used as a model plant in other characterization studies. The small size (average height 15 cm), the short life cycle (fruit production in 3 months), the high productivity independent from the photoperiod, and the autogamous pollination (Martí et al., 2006) are among the characteristics that make this variety an excellent candidate for cultivation during space missions for the production of fresh food. Furthermore, other authors already demonstrated the ability of this variety to cope with radiation stress through adjustments at the physiological level (Arena et al., 2019).

Among the known effects of ionizing radiation, there is the activation of processes that determine the accumulation of ROS, capable of inducing cell damage. Plant survival after exposure relies on the ability to counteract oxidative stress through the production of compounds with antioxidant properties (i.e., anthocyanins and vitamin C) (Dixit et al., 2010; Gill and Tuteja, 2010), and the activation of anti-oxidant enzymes (Esnault et al., 2010; De Micco et al., 2011). This consideration has guided us in identifying a suitable plant “ideotype” (i.e., a genotype with the best characteristics for the specific environment) as a plant system to study the effects of space radiations. In this work, we focused on a system of MicroTom roots in culture (hairy roots), aimed at producing ready-to-use biopharmaceuticals. With the aim of optimizing the performances of this plant ideotype in the space environment, we used MicroTom hairy roots bioengineered to promote the accumulation of anthocyanins, which are pigments known for their antioxidant properties. Although there are very few papers published on the response of roots to radiation stresses, it is well known that the effect of irradiation, also appreciated as a variation of gene expression, is more pronounced in roots than in shoots (Biermans et al., 2015).



Proteome Response to Ionizing Radiations

In order to analyze tomato HRC system response to the on-ground simulation of radiative stress, three experimental conditions were identified for both X and γ irradiation. As a minimum dose, the roots were exposed to 0.5 Gy to mimic conditions that could actually occur during long-term missions (i.e., expected total dose absorbed during a mission to Mars or during SPEs; Wu et al., 2009). A higher dose of 10 Gy was chosen to evaluate the response of the root in extreme, but not lethal, conditions of radiation (i.e., exposure to exceptional events, such as a solar storm). Moreover, an intermediate dose of 5 Gy was added to this experimental design to verify the activation of specific dose-dependent responses to above-mentioned stresses.

Since the direct radiation damage due essentially to structural alterations of macromolecules is immediate, we waited three recovery days before performing proteomic analysis with the aim to better appreciate the response of HRCs to irradiation with both X- and γ-rays. The rationale for this choice was based on the consideration that radiation triggers a cascade of molecular processes, also involving oxidizing effects caused by ROS production, whose full manifestation takes a few days (Gudkov et al., 2019). During this period, radiation-induced dysfunctions of many processes become more evident and/or damage compensation mechanisms are put in place, making the analysis more informative.

In order to obtain an adequate representativeness of the soluble proteins, an extraction protocol was specifically developed for the plant material under examination, which allowed to obtain 0.2 mg of purified total proteins from 1 g of fresh HRC tissues. For the subsequent proteomic analysis of these extracts, the 2D-DIGE technology was used. Three biological replicates of the hairy roots fortified through the accumulation of anthocyanins were analyzed for each exposure condition, in order to minimize the experimental variability, applying a reliable and statistically rigorous comparative analysis. Protein samples obtained from HRCs independently exposed at different doses of X-rays and γ-rays were analyzed in comparison to unexposed HRCs (complete set of protein maps in Supplementary Figures S1 and S2). An average of 1,005 (coefficient of variation 15%) protein spots were resolved (MW range: 10–200 kDa; pI range: 4–7) for γ-rays response analysis, and 983 (coefficient of variation 18%) for X-rays exposure. Samples exposed to radiation at 0.5 Gy showed no statistically significant variation of protein representation profiles (i.e., no differentially represented protein spots—DRPs—obtained from one-way ANOVA even for p value  < 0.1) for both data sets obtained after irradiation with X-rays and γ-rays. Conversely, an alteration of protein representation levels was appreciated at 5 and 10 Gy. At these exposure conditions, statistical analysis of DRPs compared to the untreated counterpart identified 28 protein spots for γ-ray exposure analysis and 30 protein spots for X-ray exposure (Figure 1).
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Figure 1 | Protein maps obtained from two-dimensional difference in-gel electrophoresis (2D-DIGE) analysis of “hairy root” culture (HRC) exposed to ?-rays (A) and X-rays (B). Silver-stained 2D gels are represented. Differentially represented protein spots (DRPs), indicated by circles, were isolated from the gel and analyzed by mass spectrometry. The corresponding list is reported in Tables 1 and 2.




A multivariate ANOVA was conducted in order to statistically discriminate between biological variability of biological replicates treated under the same experimental conditions and variability attributable to the physiological response to ionizing radiation. PCA was performed on 80% and 75% of the complete data set, for X-ray and γ-ray exposure, respectively (Figures 2A, B), with the aim to identify protein groups responsible for correlated variations. The first two principal components showed a variance of 78.1% and 11.7% for γ-ray analysis, and of 65.0% and 19.8% for X-ray analysis, respectively. PCA resulted in similar groupings between the elaborations of proteomic variations after exposure to γ-rays and X-rays. In fact, a clear separation was evident in the protein loading plots between two groups of samples, responding differently in terms of protein representation. A first grouping associated the roots exposed at 0.5 Gy and the untreated control, while a second grouping included the roots exposed to 5 and 10 Gy. This dose-dependent response to radiation was also confirmed by the hierarchical cluster analysis (HCA), so that the variations (over- or down-representation) after irradiation were evident only from 5 Gy, and remained approximately constant at 10 Gy (Figures 2C, D). This experimental evidence indicated that the HRC system under study tolerates radiation levels up to 0.5 Gy. At 5 Gy, metabolic processes are activated to counteract the effects of radiations, and these bioprotective mechanisms do not appear to be significantly affected by the radiation dose, at least up to 10 Gy.
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Figure 2 | Principal component analysis (PCA) of differential represented spots (p ≤ 0.05) obtained from the analysis of γ-rays (A) and X-rays (B) response. Each circle represents a spot map corresponding to a single HRC. Three HRCs (i.e., biological replicates) were independently exposed and analyzed for each irradiation condition, here displayed in different colors. The first two principal components PC1 and PC2 showed a variance of 78.1% and 11.7% for γ-ray analysis, and of 65.0% and 19.8% for X-ray analysis, respectively. Pattern analysis by hierarchical clustering (HCA) of the 25 differential spots for γ-rays response (C) and 25 differential spots for X-rays response (D) (listed on the right), based on their representation in the spot maps. The dendogram on the top of hierarchical clustering analysis (HCA) ordered the data so that similar data were displayed next to each other. HRC samples with similar expression profiles (i.e., similar expression over the spot maps) were clustered together. Red and green indicate overrepresented and downrepresented proteins according to the scale at the bottom of the figure.




Twenty-five protein spots obtained in response to 5–10 Gy of γ-rays and X-rays (Tables 2 and 3, respectively) were identified by mass spectrometric analysis, which allowed to characterize 23 and 21 variably represented proteins for X- and γ-ray analysis, respectively. For some spots (12 and 15 in number for X- and γ-ray analysis, respectively), identification was straightforward since a unique component was ascertained therein. In other cases, two to three proteins co-migrated within the same spot (Supplementary Tables S1 and S3). After exclusion of non-influent proteins according to the EMPAI criterion reported in the experimental section (Shinoda et al., 2010), definitive component assignment to spot variations was done only after the recognition of a coherent quantitative trend of the same species, when it also occurred in other spots. On the other hand, seven common DRPs were found in HRCs subjected to both ionizing radiations. This indicated the occurrence of a significant overlap of the mechanisms activated in HRCs in response to the two radiation stresses (percentage of DRPs in common compared to the total DRPs identified: 33.3% for γ-ray and 30.4% for X-ray response analysis) (Figure 3).



Table 2 | Protein spots recognized as differentially represented after γ-ray exposure and identified by mass spectrometry analysis.
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Table 3 | Protein spots recognized as differentially represented after X-ray exposure and identified by mass spectrometry analysis. 
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Figure 3 | STRING protein–protein interaction (PPI) analyses. (A) PPI network connectivity for proteins identified as differentially represented after γ-ray exposure. The network contains 21 nodes with 45 edges (vs. 7 expected edges); clustering coefficient 0.579; enrichment p-value 1.0e-16; average node degree 4.3. (B) PPI network connectivity for proteins identified as differentially represented after X-ray exposure. The network contains 23 nodes with 46 edges (vs. 10 expected edges); clustering coefficient 0.481; enrichment p-value 2.2e-16; average node degree 4.0. PPI legends indicate the type of interaction evidence. The colored rings highlight seven identical proteins identified as differentially represented in both X and γ analysis, namely TCP-1/cpn60 Chaperonin (Cpn60beta2), mitochondrial Heat Shock Protein 70 (MTHSC70-2), malate dehydrogenase (MDH), enolase (LOS2), vacuolar ATP synthase subunit A (VHA-A), protein disulfide isomerase (PDIL1-1), and insulinase (AT1G51980).




To interpret the biological significance of the observed proteomic perturbations, functional interactions between above-mentioned DRPs were further investigated. PPI networks identified by STRING analysis showed highly significant functional associations (PPI enrichment p-value < 1.0-15, for both γ-ray and X-ray irradiation response analyses). The ontological analysis allowed to highlight a prevalence of proteins involved in stress response (redox reactions, protein folding/refolding and adaptive adjustment of carbohydrate, amino acid, nucleotide, and protein metabolism) in the data set from irradiation with both γ-rays and X-rays (Figure 4).
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Figure 4 | STRING meaningful functional enrichments, comparing the network of the proteomic response to γ-radiation and the network of the proteomic response to X-rays. Proteins involved in redox processes (blue), folding–refolding (green–yellow, respectively), and carbohydrate metabolic processes–carbohydrate derivative metabolic processes (red–fuchsia pink, respectively) are illustrated. Line thickness indicates the strength of data supporting the confidence of network edges.





Proteins Involved in Redox Reactions

It is well known that ionizing radiations have a high penetration power and transmit their energy to the matter they pass through, causing ionization and excitation. When a biological tissue is exposed, damage is produced to macromolecules (i.e., proteins, nucleic acids, and lipids) and to cellular structures (i.e., membranes, chromosomes, and organelles) (De Micco et al., 2011). The effects vary according to many factors related to both the characteristics of the radiation and the specific biological response. Resulting phenomena are due not only to the direct passage of radiation but also as indirect consequence of the production of reactive oxygen species (ROS), such as superoxide radicals (O2•–), hydroxyl radicals (HO•) and H2O2, as well reductive species, such as solvated electrons (eaq–) and hydrogen atoms (H•). The latter species have been less investigated than the former ones due to the aerobic conditions most organisms generally experience (De Micco et al., 2011; Chatgilialoglu et al., 2011). When considering ROS, it is important to underline that they are normal products of plant cellular metabolism, also acting as second messengers in a variety of cellular processes regulating physiological response to environmental changes. However, when an excessive endogenous/exogenous production of ROS occurs, such in the case of stressful environmental conditions or abnormal exposition to radiations, the destructive potential of these molecules is exacerbated. In the latter contexts, the balance between ROS accumulation and their scavenging (due to antioxidant molecules) is altered, and the cell functionality is compromised (Mittler et al., 2011); this may cause an oxidative damage and ultimately cell death. In fact, ROS have been demonstrated rapidly reacting with and damaging almost all structural and functional molecules (proteins, nucleic acids, and lipids) (Chatgilialoglu et al., 2011; Gudkov et al., 2019). On the other hand, reductive stresses may also occur under specific environmental conditions, such as exposition to ionizing radiations in anaerobic conditions—i.e., the extraterrestrial scene, also contributing to alter cellular redox homeostasis (Ferreri et al., 2008; Salzano et al., 2011).

This proteomic study allowed to evaluate in detail the acclimation to the above-mentioned radiation stresses, giving a comprehensive indication of the protein representation modulation under these experimental conditions. Most of the observed protein variations were referable to components involved in the response to redox stress. In particular, our results revealed the activation of different redox balance control mechanisms in HRCs exposed to irradiation with γ-rays and X-rays.

The variation of some of the identified DRPs was associated with the direct effect of the radiation on cellular mechanisms directly promoting a quenching of the generated radical species. This is the case of ascorbate peroxidase (APX1), which was over-represented following exposure to X-rays. Scavenger function of APX1 was already studied in response to γ radiations, showing a significant activation only at high doses (58.8 Gy) (Vanhoudt et al., 2014). Under physiological conditions, APX1 activity is in equilibrium with that of monodehydroascorbate reductase (MDAR1), which converts back monodehydroascorbate to ascorbate. Sudan et al. (2015) demonstrated that, under mild stress conditions, including ultraviolet radiation, gene expression for peroxisomal MDAR1 and its catalytic activity are directly related, resulting in an increase in the enzyme activity. However, this correspondence tends to be lost at higher magnitudes of the imposed stress, with a concomitant reduction in MDAR1 activity. In HRCs, we observed a down-representation of MDAR1 as a consequence of X-ray exposure at 5 and 10 Gy. This observation, in apparent contradiction with the activation of APX1, may be explained by the consideration that the molecular oxidations induced by the radiation are inevitably associated with corresponding reductions (Reisz et al., 2014). On the other hand, the existence of a condition in which reductive stress can also occur at specific plant tissue sites after irradiation cannot be excluded at present. Even reduced species must be reported in equilibrium conditions to recover the redox state necessary for the cellular functionality, likely through the reduction of antioxidant activity. This hypothetical mechanism could explain also our results concerning glutathione-mediated quenching, which is closely correlated with ascorbate in detoxifying different cellular compartments. In fact, the reduced representation profiles we observed at 10 Gy X-rays for cytoplasmic glutathione-disulfide reductase (AT3G24170) could be analogously framed in the fine adjustment of the glutathione-ascorbate cycle at high radiation doses for the redox balance recovery (Nianiou-Obeidat et al., 2017). This evidence finds support in other works showing that glutathione-disulfide reductase post-stress modulation allows the glutathione pool to be regulated, thus determining the response to stress (e.g., in Chlamydomonas spp. exposed to intense light) (Lin et al., 2018). Similarly, we observed the down-representation of chloroplastic glutathione transferase (GSTF8) in HRCs exposed to γ-rays. This finding has already been reported in other works, and it was explained as a consequence of mechanisms of abiotic stress acclimation aimed at maintaining the pool and redox status of glutathione during detoxification processes (Csiszár et al., 2014).

Other enzymes involved in the stabilization of redox equilibrium were also down-represented after radiation exposure. This is the case of quinone reductase (AT4G27270), which catalyzes the transfer of electrons from NADH and NADPH by reducing quinone to the hydroquinone state. Similarly a cold inducible peroxidase (RCI3) was down-represented, in line with results obtained for Arabidopsis exposed to light (Llorente et al., 2002), suggesting a role of this redox enzyme also in acclimation response to radiation.

The oxidation–reduction imbalance caused by exposure to radiative stress affects the functionality of cellular organelles, in particular mitochondria and chloroplasts that must perform metabolic compensations to maintain their role vital for the cell. In particular, mitochondria are the site of respiratory processes, which include oxidation–reduction reactions and contribute to the formation of ROS through the direct reduction of oxygen to O2•− in the flavoprotein region of NADH dehydrogenase of the respiratory chain (Sharma et al., 2012). In tomato HRCs, we verified the inhibition of NADH dehydrogenase (EMB1467) synthesis following exposure to X-rays, accomplished to contain the accumulation of ROS. Another enzyme identified as DRP and involved in cell respiration was formate dehydrogenase (FDH). FDH is a widespread enzyme abundant in non-green tissues and scarce in photosynthetic tissues. Under stress, FDH accumulates in leaf mitochondria, which acquire the ability to use formate as a respiratory substrate, through its oxidation in CO2. The lower representativeness of FDH following treatment with γ radiation may be referred once more to a fine metabolic modulation of the post-stress redox state (McNeilly et al., 2018).

Chloroplasts are extremely sensitive to ionizing radiations compared to other organelles (Wi et al., 2007). NAD-dependent malate dehydrogenases (MDHs) are oxidoreductases represented by various isoforms involved in different metabolic pathways. After exposure to both γ- and X-rays, we observed the over-representation of chloroplastic NADP-dependent MDH, which controls redox homeostasis between organelle compartments. Its activity is strictly redox regulated and influenced by light (Carr et al., 1999). Moreover, Du et al. (2011) demonstrated, through a proteomic analysis, a moderate increase in the expression of MDH in rice leaves exposed to UV-B and UV-A. In the same way, after γ irradiation, we observed the induction of dihydrolipoyl dehydrogenase (AT4G16155), which is an integral component of multienzyme systems and is involved in various processes of regulation of cell oxidative state (Timm et al., 2015). An opposite trend resulted after X-ray exposure for the chloroplastic betaine aldehyde dehydrogenases (ALDH10A8), belonging to a family of NAD(P)-dependent enzymes. ALDH10A8 can oxidize metabolism-derived aminoaldehydes, produced under stress conditions, to their corresponding amino acids; its increased synthesis is associated with cell detoxifying function (Missihoun et al., 2011). Although in contrast with what has been reported for other stresses, our results on this enzyme may be explained by a general down-regulation of oxidation reactions to compensate for a general oxidized cellular environment caused by radiations. Finally, the exposure to X-rays resulted in the over-representation of isopropylmalate dehydrogenase (AT2G43090). Although the role of this enzyme in the stress by abiotic factors is not clear at present, a mechanism involving it was already proposed, in which this protein was suggested to directly regulate glucosinolate metabolism associated with biotic stress response through thiol-based redox regulation (He et al., 2009).




Proteins Involved in Folding and Refolding

Interestingly, our analysis also found representation changes in a number of components involved in protein folding processes. This observation is in agreement with the hypothesis on the activation of cellular mechanisms to buffer radiation damages, which likely require the synthesis of novel proteins. In fact, stress survival is linked to the cell’s ability to compensate for dysfunction, through molecular mechanisms involving the maintenance of proteins in their functional conformation and the prevention of non-native protein aggregation. An important role in this context is played by heat shock proteins, chaperones responsible for the folding, assembly, translocation, and degradation of proteins during normal conditions or after stress (Wang et al., 2004). In our study, we verified the modulation of different heat shock proteins (belonging to the TCP-1/cpn60 and HSP70 families) as molecular and dynamic tools aimed at restoring polypeptide function homeostasis. The involvement of heat shock proteins in the response to radiation was already documented only for UV rays, identifying regulatory relationships between the responses of plants to heat stress and UV damage (Swindell et al., 2007). Heat shock proteins are also active in protein refolding, so their role in repairing protein structures directly damaged by radiation is conceivable. One additional example of this function is represented by protein-disulfide isomerase (PDIL1-1), which was also over-represented in HRCs exposed to γ- and X-rays. It assists protein folding, facilitating intramolecular rearrangements in which disulfide bonds are broken and formed. PDIL1-1 activation in stress conditions is effective both in the synthesis of novel proteins to counteract functional imbalances and in preventing/repairing harmful effects of ROS through a maintenance of the protein/cellular redox state (Zhang et al., 2018).




Proteins Involved in Carbon and Amino Acid Metabolism

Other DRPs resulting from this study are more generally involved in mechanisms of metabolic adaptation to stress conditions. The sophisticated mechanisms put in place by plants to cope with stresses involve changes in sugar homeostasis, which allow these organisms to respond quickly to environmental alterations. Coordinated processes allow to modulate the metabolism of carbohydrates that perform different functions under stress conditions, such as stabilizing membranes and proteins. Furthermore, the modification (phosphorylation) of sugars (glucose and fructose) transforms it into highly functional molecules, directing them toward the oxidative pentose phosphate pathway. Moreover, through the biosynthesis of sugar alcohols, i.e., sorbitol or mannitol, very efficient ROS scavengers are produced (Pommerrenig et al., 2018).

In this context, we observed the over-representation of enolase (LOS2) following exposure to both γ and X radiations. LOS2 is a multifunctional enzyme involved in carbohydrate metabolism, whose role in the response to various abiotic stresses is well documented (Kosová et al., 2018). Casati and Walbot (2003) demonstrated that UV-B radiation increases the level of transcripts for enolase in maize genotypes to provide additional energy to counteract stress. Interestingly, a function in post-transcriptional control could also be ascribed to enolase. In fact, it takes a part in a multienzyme complex called RNA degradosome, which plays an important role in RNA processing, thus allowing to regulate the stress response (Weng et al., 2016). Fructokinases are also involved in the mobilization of sugars and are represented in plant by a family of enzymes playing important roles in regulating the amount of carbohydrates metabolized in different tissues under challenge conditions (Granot et al., 2014). The increase in fructokinase-2 (AT3G59480) representation levels obtained after γ-rays exposure should likely refer to the need of the plant to metabolize hexose sugars through phosphorylation, thus providing energy necessary to sustain the corresponding stress response.

Sugars also play an important role in the metabolic signaling system. In particular, UDP-glucose has been proposed as a potential intracellular mediator of ROS signaling and programmed cell death. Its synthesis is due to enzymes like UDP-glucose pyrophosphorylase (UGP1), whose expression is regulated under stress conditions (Janse van Rensburg and Van den Ende, 2018). In our analysis, HRCs reacted to γ-rays overproducing UGP1. Another DRP that could be involved in the redox signaling is cytosolic isocitrate dehydrogenase (CICDH), which was over-represented after radiation. CICDH promotes homeostasis in response to oxidative stress and its induction may allow the recycling of NADPH as a mechanism against cellular oxidative damage (Valderrama et al., 2006).

Amino acid metabolism was also activated in HRCs exposed to ionizing radiation. The association between the amino acid synthesis and plant responses to abiotic stress has been already documented (Batista-Silva et al., 2019). Indeed, amino acids function as either nitrogen stores or precursors for secondary metabolites. We observed an increase in glutamine synthetase (GS2) representation, in agreement with the results of Gicquel et al. (2011), which were obtained through a proteomic study on Arabidopsis exposed to X-rays. GS2 is a photorespiratory enzyme and acts as a regulator of nitrogen metabolism, assimilating ammonium into amino acids and regulating between the nitrogen and the carbon cycles via maintaining glutamine–glutamate pool in the chloroplast. We also found a variation in S-adenosylmethionine synthase (SAM2) representation. This enzyme catalyzes the formation (from methionine and ATP) of S-adenosylmethionine, a coenzyme involved in methylation processes regulating protein function. Its expression correlates with exposure to stress (Ma et al., 2017) and is therefore in agreement with our results obtained after X-radiation. Among the mitochondrial enzymes, we observed the differential representation of the glutamate dehydrogenase (GDH1), which converts glutamate to α-ketoglutarate and vice versa, depending on the environment and the applied stress. In accordance with our results, Skopelitis et al. (2006) demonstrated that ROS signal induces GDH expression, acting as anti-stress enzymes in ammonia detoxification. An opposite trend was observed for O-acetylserine (thiol) lyase (OASC) that catalyzes the transfer of the –SH group to acetylserine, which further split into acetate and cysteine. Together with serine acetyltransferase, OASC forms the functional complex cysteine synthase, whose functionality is modulated in the plant cell depending on environmental conditions (Hell and Wirtz, 2011). In fact, cysteine is essential not only for protein synthesis but also for the formation of the antioxidant compound glutathione (Gallardo et al., 2014). The reduced expression of OASC, which we observed following exposure to X-rays, may be framed in balancing mechanisms of these regulatory pathways related to sulfur metabolism.

More generally, the activation of different metabolic pathways involves adenosine triphosphate (ATP), such as universally important coenzyme and enzyme regulator (De Col et al., 2017). As in many other response mechanisms, we also verified the activation of ATP metabolic processes due to the exposure to ionizing radiations. In particular, in response to radiation stress, we found alterations of the representation of various ATP synthase isoforms (ATP1; AT5G08680; VAB2; VHA-A) located in different cell compartments, i.e., cytosol, mitochondria, chloroplast, and vacuole. It is well known that the expression modulation of members of this protein family promotes energy-demanding processes, although specific references to plant response to ionizing radiation are not present in the scientific literature. Moreover, we found the overrepresentation after γ radiation of phosphoglycerate kinase (PGK), an enzyme involved in ATP biosynthesis through the high-energy phosphoryl transfer of the acyl phosphate of 1,3-bisphosphoglycerate to ADP.




Proteins Involved in Protein Metabolism

Proteomic analysis of irradiated tomato HRCs also revealed the variation in representation of proteins somehow involved in transcription and translation processes. Among these DRPs, we observed the overrepresentation after X-rays of the translation initiation factor (EIF4A1), which is associated with plant response to different abiotic stresses (Dutt et al., 2015). Similarly, the elongation factor Tu (AT4G02930) promotes the binding of aminoacyl-tRNA to the A-site of ribosomes during protein biosynthesis. Its observed over-representation correlated with an enhanced tolerance to abiotic stresses (Fu et al., 2012). Finally, the over-representation of a chaperone involved in the assembly of nucleosomes, histone H4 (AT5G59970), was also detected after irradiation. The involvement of epigenetic regulators in oxidative stress has been widely reported; in particular, adverse conditions affect the degree of acetylation of histone H4, thus allowing the regulation of gene expression (Luo et al., 2017). Variation of histones expression levels in relation to stress is not documented, but it is known that X-rays induce structural damage in the H4 histone of HeLa cells, with consequences on transcription regulation (Izumi et al., 2017). Therefore, a possibility exists that such damage may be reflected in a corresponding increased synthesis of this protein to restore correct transcriptional activity, which is indispensable for dealing with damage to macromolecules caused by radiation.

Another protein differentially represented after exposure to ionizing radiation is insulinase (AT1G51980), which is homologous to the superfamily of mammalian insulin-degrading enzymes. Although its role in plant is not yet clear, the remarkable structural and functional conservation of the proteasome between plants, fungi, and animals suggests common mechanisms regulating proteasome activity in response to environmental modifications (Fu et al., 1999). The involvement of the proteasome in the response of the HRCs to ionizing radiations was also highlighted by the over-representation of proteasome subunit alpha (PAF1). Actually, proteasome is involved in cellular degradation processes of oxidized proteins, thus increasing oxidative stress tolerance (Kurepa et al., 2009). The effect of ionizing radiation on the proteasome was studied on cultured human cells, revealing a functional dose-dependent response (Pajonk and McBride, 2001).





Validation of the 2D-DIGE Results by Immunoblot Analysis

In order to validate the results obtained from the 2D-DIGE analysis, two proteins differentially represented after irradiation with either γ-rays or X-rays were selected, namely enolase (LOS2) and chloroplastic ATP synthase subunit B (AtpB). Both enzymes are involved in plant carbon/energy metabolism, playing an active role in the production of energy necessary to support the acclimation processes. Densitometric analysis of the bands obtained by immunoblotting (Figure 5A) was supported by statistical processing to measure the dose-dependent expression levels of the two proteins both in samples exposed to γ-rays and in those exposed to X-rays (Figure 5B and Supplementary Table S5). The results confirmed the expression trends obtained by the proteomic analysis for both DRPs (Figure 5). In detail, protein representation levels obtained at 0.5 Gy were comparable to those of the control HRCs not exposed to radiation. An increase in the concentration of LOS2 and AtpB in the soluble protein was instead evident at 5 and 10 Gy. The good correlation between 2D-DIGE and immunoblotting contributed to making the obtained dataset of differentially represented proteins technically solid and biologically significant.



[image: ]

Figure 5 | Immunoblotting analysis performed to validate 2D-DIGE results. (A) Specific polyclonal antibodies were used to detect the expression of enolase and ATP synthase in HRCs, independently exposed to X- and γ-radiation. Actin expression was used to normalize protein quantity. (B) Immunoblot signals were quantified by densitometric analysis. Data are presented as means values obtained from three biological replicates ± standard deviation. Tables show the results of one-way ANOVA followed by Fisher’s least significant difference (LSD) test, based on three replication sample dimension. Statistical significance is indicated with asterisks: ∗ = p < 0.05; ∗∗ = p < 0.01; ∗∗∗ = p < 0.001. ns: no statistically significant differences.






Effects of Ionizing Radiation on Hairy Roots Growth

After the analysis of proteomic response to ionizing radiations, we investigated if the alterations in protein expression levels, and the related consequences on the metabolism, could have effects on the root culture growth or even compromise the survival of these plant tissues. Accordingly, we decided to perform a morphometric analysis of HRCs exposed to γ-rays, following post-stress culture growth in optimal environmental conditions. For this experiment, a higher dose of radiation (20 Gy) was chosen, in order to make more evident any deleterious effects of metabolic processes triggered by radiative stress. The results showed that radiation caused a general reduction in root development with respect to unexposed control roots, which was measured in terms of total root length and number of lateral roots characterizing the hairy roots morphology (Figure 6). This alteration was noticeable only one week after the exposure. Despite this reduced growth, the HRCs did not undergo necrotic phenomena and showed no evident signs of tissue alteration.
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Figure 6 | Results of morphometric analysis of HRCs exposed to 20 Gy γ-radiation. (A) Hairy root growth was measured at 3, 6, 9, and 15 days after exposure. The total root length and the number of lateral roots of irradiated HRCs (indicated in the graphs as 20 Gy) were compared with not exposed control (indicated in the graphs as NE). Data are presented as mean values obtained from three biological replicates ± standard deviation. (B) Examples of HRCs used for biometrical analysis.







Conclusions

This study shows that the proposed plant “ideotype”, represented by tomato HRCs accumulating antioxidant pigments, tolerated ionizing radiations, at doses corresponding to the total radiation absorbed during a mission in the ISS (i.e., approximately 0.5 Gy in 6 months), without showing any alteration of protein representation profiles. At 10- and 20-fold higher radiation doses, a series of metabolic processes were activated, which are associated with the response to stress, and, in particular, with redox stress. Substantially similar responses were observed after plant exposure to irradiation with γ- and X-rays. The biological significance of these protein representation changes is likely attributable to a metabolic adaptation aimed at acclimation to extreme conditions. This hypothesis was supported by the absence of dramatic effects on the morphological development of the roots, even after several days after exposure. These experimental evidences well correlate with the results previously obtained on the tolerance of the same hairy roots system to high-intensity static magnetic fields (Villani et al., 2017). Therefore, this study supports the use of this plant system as a biofactory for the production of ready-to-use bioactive molecules directly in orbiting or planetary stations.
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Space farming for fresh food production is essential for sustaining long-duration space missions and supporting human life in space colonies. However, several obstacles need to be overcome including abnormal light conditions and energy limitations in maintaining Bioregenerative Life Support Systems (BLSSs). The aim of the present study was to evaluate six lettuce cultivars (baby Romaine, green Salanova, Lollo verde, Lollo rossa, red oak leaf and red Salanova) of different types and pigmentations under optimal and suboptimal light intensity and to identify the most promising candidates for BLSSs. Baby Romaine performed better than the rest of the tested cultivars under suboptimal light intensity, demonstrating a more efficient light-harvesting mechanism. Stomatal resistance increased under suboptimal light conditions, especially in the case of Lollo verde and red oak leaf cultivars, indicating stress conditions, whereas intrinsic water-use efficiency was the highest in baby Romaine and red oak leaf cultivars regardless of light regime. Nitrate content increased under suboptimal light intensity, especially in the cultivars green Salanova and Lollo verde, while P and Ca accumulation trends were also observed in baby Romaine and Lollo verde cultivars, respectively. Chicoric acid was the major detected phenolic acid in the hydroxycinnamic derivatives sub-class, followed by chlorogenic, caffeoyl-tartaric and caffeoyl-meso-tartaric acids. Chicoric and total hydroxycinnamic acids were not affected by light intensity, whereas the rest of the detected phenolic compounds showed a varied response to light intensity. Regarding cultivar response, red oak leaf exhibited the highest content in chicoric acid and total hydroxycinnamic acids content under suboptimal light intensity, whereas red Salanova exhibited the highest hydroxycinnamic derivatives profile under optimal light conditions. The main detected carotenoids were β-cryptoxanthin and violaxanthin+neoxanthin, followed by lutein and β-carotene. All the target carotenoids decreased significantly under low light intensity, while red Salanova maintained a distinct carotenoids profile. Overall, cultivation of assorted lettuce cultivars is the optimal scenario for space farming, where baby Romaine could provide adequate amounts of fresh biomass owing to its high light-use efficiency while red oak leaf and red Salanova could contribute to the daily dietary requirements for health-promoting bioactive compounds such as polyphenols and carotenoids.

Keywords: bioactive compounds, bioregenerative food systems, carotenoids, Lactuca sativa L., light intensity, nitrate, polyphenols, space life support systems



Introduction

The rapidly increasing population and the depletion of natural resources along with ongoing climate change have created uncertainty about food security or even human survival on Earth (Turchin and Green, 2018). Space colonization has been proposed as an alternative solution by pioneer aerospace scientists for decades (Chunxiao and Hong, 2008; Bamsey et al., 2009). For this purpose, several space programs have focused on life support systems in space through the construction of orbital colonies or the colonization of adjacent planets such as Mars (Zabel et al., 2016; Walker and Granjou, 2017). Although major breakthroughs have been achieved regarding space engineering and spaceflights during the last decades, the main issue that hinders space life is the use of higher plants in life support systems that could sustain human survival under unfavorable environments (Chunxiao and Hong, 2008; Graham and Bamsey, 2016; Dixon et al., 2017; Meinen et al., 2018).

So far, life in space flights and short missions have been supported by dried staple food or nutritional formulas, since fresh food production under space conditions remains a challenge due to several environmental constraints and a lack of knowledge of plant physiology under such conditions (Kyriacou et al., 2017; Meinen et al., 2018). Controlled Ecological Life Support Systems (CELSSs) or Bio-regenerative Life Support Systems (BLSSs) have been proposed as efficient means to ensure long-term human survival during space exploration through the sustainable provision of necessary food sources (Guo et al., 2017). The main idea behind these systems is based on Earth biosphere principles and aims to combine food crops and decomposers for the continuous supply of water and oxygen to space colonists without resupplying from Earth (Zabel et al., 2016). Current research programs such as MELiSSA (Micro-Ecological Life Support System Alternative) have focused on creating space habitats that can support human life through the autonomous supply of water, air and food (Walker and Granjou, 2017). Up to now, however, the most advanced CELSSs can only achieve regeneration of water and oxygen without being able to support food production under space conditions (Guo et al., 2017). Therefore, there is an urgent need to engineer a space biosphere where fresh food production from higher plants can sustain human life for long-term expeditions and space colonies. The major principles of plant cultivation in space environments are CO2 assimilation and O2 generation, as well as food production that can cover the daily nutrient requirements of colonizers and clean water production through plant transpiration.CO2 assimilation and O2 generation, as well as food production that can cover the daily nutrient requirements of colonizers and clean water production through plant transpiration. (Janik et al., 1989; Monje et al., 2003). Growing fresh food in space from vegetables species has been recognized as a key element for the success of CELSSs, because of their importance in human nutrition and their perishable nature (Kyriacou et al., 2017). Moreover, cultivation of higher plants in space missions has been associated with the better well-being of crew members, including mental and overall health status (Koga and Iwasaki, 2013; Guo et al., 2017).

BLSSs are supposed to support crew members’ needs in regard to food and nutrient requirements, however this has to be achieved under abnormal conditions, such as exposure to high levels of cosmic radiation, lack of a unilateral gravity vector, extreme temperatures, gas exchange related issues, growth adapted to limited chamber space, reduced nutrient sustainability and lack of convection. (Kuang et al., 2000; Monje et al., 2003; Kyriacou et al., 2017). A major challenge for adapting Earth-based agricultural practices aboard a spacecraft or in planetary bases is reduced gravity (or microgravity), which impacts fluid and gas distribution around the plants (Kuang et al., 2000). Moreover, low radiation levels (≤ 200-300 μmol m-2 s-1) are also among the serious constraints imposed on space farming as supplemental lighting is considered a highly energy-demanding subsystem of the space farm (Salisbury and Bugbee, 1988; Kyriacou et al., 2017). Therefore, Earth-based experiments within fully controlled chambers or artificial and closed ecological biospheres such as Biosphere 2 are valuable tools for testing plant and human responses to specific constraints, and the obtained results could be developed further to find application in future space missions (Haeuplik-Meusburger et al., 2014). Biosphere 2 is a mini-biospheric system of 1.27 ha and is isolated from its surroundings such as air and water, which makes it a prototype facility for perpetual life system need for space habitation (Nelson et al., 1992).

So far, various species (i.e., tuber crops, cereals, fruit and leafy vegetables) have been tested as potential candidates for food production in space. The selection criteria for these species were their adaptability under environmental constraints such as low light intensity, small plant size, high nutritional value and harvest index (Chunxiao and Hong, 2008; Wheeler, 2017). Moreover, space restrictions and energy input requirements (i.e. light) for plant production are of major importance in space food-production systems and are considered as selection criteria for candidate crops (Meinen et al., 2018).

Research on the identification of possible species that could support human life in space environments started in the early 1960s, and several experiments have been carried out so far (Chunxiao and Hong, 2008). According to the results of an initial survey of the acceptance of fresh vegetable crop candidates by space station crew members, lettuce (Lactuca sativa L.) was the most preferable crop among the various leafy greens tested (Mauerer et al., 2017). Its leaves constitute a nutritious food source, it is well-established in human diets, and when consumed in large quantities it could fulfill the recommended daily intake of most macro- and micro-nutrients (Mou, 2012). The nutritional value and bioactive compounds content of lettuce can be regulated within proper environmental conditions (e.g. light intensity and spectrum, nutrient solution composition, atmospheric CO2 conditions etc.), while the great availability of cultivars with very diverse qualities has proven to be the key to this species successful cultivation in space farms (Konstantopoulou et al., 2010; Park et al., 2012; Kang et al., 2014).

Light intensity is associated with several quality parameters of lettuce since it regulates the biosynthesis of secondary metabolites and affects the visual appearance of leaves (Zhou et al., 2009; Becker et al., 2013; Becker et al., 2014; Becker and Kläring, 2016; Pérez-López et al., 2018). According to Zhou et al. (2009), low light conditions (200-350 µmol m-2 s-1) resulted in low-quality lettuce leaves compared to high light (1000-1200 µmol m-2 s-1), which was attributed to the induction of antioxidant mechanisms when plants were subjected to higher than normal light intensities. Moreover, Kitazaki et al. (2018) suggested a metabolomics reprogramming approach for the effect of light intensity on the biosynthetic pathways of flavonoids and phenylpropanoids. By contrast, Urrestarazu et al. (2016) reported that even low light intensities (95 and 117 µmol m-2 s-1) can provide sufficient plant growth and high energy efficiency in lettuce, as it is considered a low-light adapted species (Zhen and van Iersel, 2017). The selection of cultivar is equally important since a significant variation in chemical composition and antioxidant compounds content has been reported among lettuce cultivars (López et al., 2013; Kim et al., 2018).

Considering the constraints that plants have to face when cultivated in space environment the aim of the present study was to evaluate the morpho-physiological performance as well as the chemical composition (mineral profile, lipophilic and hydrophilic antioxidant compounds) of six lettuce cultivars belonging to three different types (Romaine, butterhead and leaf lettuce) based on leaf shape and color, grown under two light conditions (optimal and low light intensity). The experiment was carried out in a Fitotron growth chamber in a closed soilless system using the nutrient film technique (NFT). The data obtained will assist scientists in discerning the genotypes that constitute the most suitable candidates for incorporation into BLSSs and space farming.




Materials and Methods



Standards and Chemicals

Acetonitrile, methanol water and dichloromethane (Merck; Darmstadt, Germany) were used for liquid chromatography diode array detection (LC-DAD) analysis and liquid chromatography tandem mass spectrometry (LC-MS/MS). Ethanol absolute and chloroform were obtained from VWR Chemicals (Radnor, PA). Hexane, butylated hydroxytoluene (BHT), formic acid (99% for mass spectrometry) along with analytical standards (chicoric acid, chlorogenic acid, lutein, β-carotene, violaxanthin, neoxanthin, β-cryptoxanthin, and cyanidin) were purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure water was obtained from a Milli-Q Gradient A10 water purification system.




Growth Chamber Environmental Control, Plant Material and Closed Soilless System Management

Two consecutive experiments were conducted in a Fitotron open-gas-exchange growth chamber (28 m2: 7.0 m × 2.1 m × 4.0 m; W × H × D; Process-C5, Spagnol srl, Treviso, Italy), at the experimental station of the Department of Agricultural Sciences, University of Naples Federico II, Italy.

For light treatments, High Pressure Sodium (HPS) lamps were used with two different light intensities, namely (i) optimal light intensity conditions at 420 µmol m-2 s-1 photosynthetic photon flux density (PPFD) (Experiment 1) and (ii) low light intensity conditions at 210 µmol m-2 s-1 PPFD (Experiment 2). Light intensity treatments (Experiments 1 and 2) were applied at a light/dark regime of 12/12 h, while temperature was regulated at 24/18°C for light and dark conditions respectively. Relative humidity (RH) was regulated at 65-75%. The experiment was carried out at ambient CO2 concentration (390 ± 20 ppm), while air exchange and dehumidification were guaranteed by two Heating, Ventilation and Air Conditioning (HVAC) systems. Hourly mean values of air temperature and RH recorded inside the Fitotron open-gas-exchange growth chamber during both experiments are provided as Supplementary Material 1.

Six lettuce (Lactuca sativa L.) cultivars belonging to three main lettuce types based upon leaf color and shape (Romaine [Lactuca sativa L. var. longifolia], butterhead [Lactuca sativa L. var. capitata] and leaf lettuce [Lactuca sativa L. var. crispa]), were used in both experiments. Common and scientific names, lettuce types and color as well as seed source are reported in supplementary information (Supplementary Table S1).

In both experiments, seedlings were transplanted at the two-true leaf stage in rockwool cubes (7 cm × 7 cm × 7 cm) (Delta, Grodan, Roermond, The Netherlands). Plant intra-row and inter-row spacing was 0.15 m and 0.43 m respectively, accounting for a total plant density of 15.5 plants m-2. Lettuce plants were cultivated in a Nutrient Film Technique (NFT) growing system (closed loop system). The NFT gullies were 200 cm long, 14.5 cm wide and 8 cm deep, having 1% inclination. Each gully was covered with propylene taps to avoid the evaporation. The flow rate of the nutrient solution was 1.5 L min-1, and it was supplied at the top end of each NFT channel and allowed to run slowly down the trough. The excess of the nutrient solution was collected in 25 L polypropylene tanks (one tank per experimental unit). The composition of the nutrient solution was: 8.0 mM N-NO3-, 1.5 mM S, 1.0 mM P, 3.0 mM K, 3.0 mM Ca, 1.0 mM Mg, 1.0 mM NH4+, 15 µM Fe, 9 µM Mn, 0.3 µM Cu, 1.6 µM Zn, 20 µM B, and 0.3 µM Mo. The electrical conductivity and pH of the nutrient solutions were monitored daily. The EC of the nutrient solution in the polypropylene tanks was kept within the range of 1.4 ± 0.1 dS m-1 by adding an additional volume of newly prepared nutrient solution when necessary. Moreover, the pH was maintained between 5.7 and 6.1 (5.9 ± 0.2) by adding an acid mixture with the same anionic ratio to the nutrient solution. In both growth chamber experiments (optimal and low light intensity experiments), a randomized-complete block design with three replicates was adopted to compare six lettuce cultivars (baby Romaine, green Salanova, Lollo rossa, Lollo verde, red oak leaf or red Salanova). Each experimental unit consisted of one NFT gully with twelve plants each (n = 216 lettuce plants for each experiment). The harvesting of all experimental units was performed 19 days after transplantation (DAT).




Sampling, Morphological and Physiological Parameters

The first and last plant of each experimental unit in the NFT gullies were set as guards and were not included in the sampling for morphological, physiological and chemical composition parameters. Three plants per experimental unit were directly frozen in liquid nitrogen and stored at -80°C for further qualitative analysis, while seven plants per replicate were harvested in order to determine leaf number and measure fresh weight and leaf area, the latter being measured by an electronic area meter (LI-COR 3100C Biosciences, Lincoln, Nebraska, USA). Fresh lettuce samples from each experimental unit were dried in a forced-air oven at 70°C until constant weight (3 d) for dry weight per plant and dry matter content evaluation. Light Use Efficiency (LUE) was also calculated by dividing dry biomass with cumulative daily intercepted PPFD and expressed as g mol-1.

In both experiments, just before harvesting, the leaf gas exchange measurements were carried out on fully expanded leaves, using eight replicates for each of the lettuce cultivars. The net carbon dioxide assimilation rate (ACO2), stomatal resistance (rs) and transpiration rate (E) were recorded with a portable gas exchange analyzer (LCA-4; ADC BioScientific Ltd., UK) equipped with a broadleaf chamber (cuvette window area of 6.25 cm2) (Rouphael et al., 2017b). PPFD, RH and CO2 concentrations were set at ambient values (420 ± 10 and 210 ± 10 μmol m−2 s−1 for optimal and low light intensity conditions and RH 68 ± 2% and 390 ± 5 ppm respectively) and the flow rate of air was 400 ml s−1. Intrinsic Water Use Efficiency (WUEi) was calculated by dividing ACO2 by E (Carillo et al., 2019).




Mineral Composition Analysis

Mineral and nitrate content was recorded in oven-dried lettuce leaf samples according to the method previously described by Rouphael et al. (2017a). In particular, dried leaf samples were ground with an electrical mill to a 841 µm mesh and 0.25 g of dry tissue was suspended in 50 ml of ultrapure water (Milli-Q, Merck Millipore, Darmstadt, Germany). Samples were then subjected to a freeze-thaw with liquid N and incubated at 80°C for 10 min in a shaking water bath (ShakeTemp SW22, Julabo, Seelbach, Germany). This process was repeated four times. The suspensions were centrifuged at 6000 rpm for 10 min (R-10 M, Remi Elektrotechnik Limited, India), and the supernatants were filtered with Whatman filter paper (0.20 μm; Whatman International Ltd., Maidstone, U.K.). Ion chromatography (ICS-3000, Dionex, Sunnyvale, CA, USA) coupled to a conductivity detector was implemented for NO3-N, P, K, Ca, Mg and Na analysis. The implemented columns were: a) IonPac CG12A (4 × 250 mm, Dionex, Corporation) guard column and IonPac CS12A (4 × 250 mm, Dionex, Corporation) analytical column for K, Ca, Mg and Na determination, b) IonPac AG11-HC (4 × 50 mm) guard column and IonPac AS11-HC (4 × 250 mm) analytical column for nitrate and P analysis. Next, 25 μL from filtered extracts were injected into the columns and eluted at a flow rate of 2 mL min-1 in isocratic mode for 15 min. The corresponding solvents were NaOH 5 mM for nitrate and P and CH4O3S 20 mM for K, Ca, Mg and Na. Standard curves for anions and cations in the range 0.05-0.5 mM were used for mineral content in tested samples and results were expressed as g kg-1 dry weight (dw), whereas nitrate was expressed as mg kg-1 on a fresh weight (fw) basis, according to the dry matter content (%) of each sample.




Extraction and Quantification of Total Ascorbic Acid and Lipophilic Antioxidant Activity Analysis

For total ascorbic acid assessment the method described by Kampfenkel et al. (1995) was used. Total ascorbic acid content was determined on the basis of Fe3+ reduction to Fe2+ by ascorbic acid and the detection of Fe2+ complexes with 2,2-dipyridyl. Samples were pre-incubated in dithiothreitol to reduce dehydroascorbate to ascorbic acid and the latter was determined spectrophotometrically at 525 nm. For quantification of total ascorbic acid content, calibration curves of standard ascorbate were used, and the results were expressed as mg 100 g-1 fw.

Lipophilic antioxidant activity (LAA) was extracted from freeze-dried leaves (0.2 g) with methanol, and antioxidant activity of this extract was measured with the 2,20-azinobis 3-ethylbenzothiazoline-6-sulfonic acid ABTS method (Pellegrini et al., 1999). The principle of the assay is that the inhibitory response of the radical cation is proportional to the antioxidant concentration, and the reaction is complete at the time point of 2.5 min. The absorbance of the solutions was measured at 734 nm. LAA was expressed as mmol of Trolox (6-hydroxy-2,5,7,8-tetramethylchro man-2-carboxylic acid) per 100 g of dw (Fogliano et al., 1999).




Hydroxycinnamic Acids and Anthocyanins Identification and Quantification

Hydroxycinnamic acids were extracted according to the method described by Llorach et al. (2008). Freeze-dried samples (400 mg) were extracted in a mixture of methanol/water/formic acid (50/45/5, v/v/v, 12 ml), followed by sonication for 30 min and centrifugation (2,500 × g for 30 min at 4°C). The supernatants were collected and centrifuged at 21100 × g for 15 min at 4°C and again collected and filtered through 0.22 µm cellulose filters (Phenomenex) before analysis. Hydroxycinnamic acid derivatives and anthocyanins were separated by a reversed phase C18 column (Prodigy, 250 × 4.6 mm, 5 µm, Phenomenex, Torrance, CA) equipped with a C18 security guard (4.0 × 3.0 mm, Phenomenex). The mobile phases were: (A) water formic acid (95:5, v/v) and (B) methanol through the following gradient of solvent B, (t in [min]/[%B]): (0/5), (25/40), (32/40). The flow rate was 1 mL min-1, and 20 µL of each extract was injected; the LC column was installed onto a binary system (LC-10AD, Shimadzu, Kyoto, Japan), equipped with a diode array detector (DAD, SPD-M10A, Shimadzu) and a Series 200 auto sampler (Perkin Elmer, Waltham, MA). Calibration curves at 330 nm of analytical standards of chlorogenic acid and di-caffeoyl-tartaric acid (chicoric acid) were used to quantify the corresponding compounds; the chicoric acid calibration curve was also used for caffeoyl-tartaric acid and caffeoyl-meso-tartaric acid quantification. Identification of all monitored hydroxycinnamic acids was performed by liquid chromatography tandem mass spectrometry (LC-MS/MS). The chromatographic profiles of reference curves and samples were recorded in multiple reaction monitoring mode (MRM) by using an API 3000 triple quadrupole (ABSciex, Carlsbad, CA). Negative electrospray ionization was used for detection, and source parameters were selected as follows: spray voltage: -4.2 kV; capillary temperature: 400°C; dwell time: 100 ms; and nebulizer gas and cad gas: 10 and 12, respectively (arbitrary units). Target compounds [M-H]- were analyzed using mass transitions given in parentheses: chicoric acid (m/z 473→311, 293), chlorogenic acid (m/z 353→191), caffeoyl-tartaric acid (m/z 311→179, 149, retention time 15.8 min) and caffeoyl-meso-tartaric acid (m/z311→179, 149, retention time 17.8 min). The content of target polyphenols was expressed as mg 100 g-1 dw. Anthocyanins were identified by comparing the absorption spectra at 520 nm and the retention times of eluted peaks with those of cyanidin that was used as standard compound. Thus, total anthocyanins were reported, and results were expressed as μg cyanidin equivalent per g of samples on a dw basis.




Target Carotenoids Extraction and Quantification

Carotenoids were assessed according to the method previously described by Vallverdú-Queralt et al. (2013) with slight modifications. A total of 100 mg of freeze-dried lettuce was added to a mixture of ethanol/hexane (4:3, v/v, 2.5 mL) with 1% Butylated hydroxytoluene (BHT), and the suspension was vortexed at 22°C for 30 s, sonicated for 5 min light protected, centrifuged (2500 × g at 4°C for 10 min) and filtered (0.45 µm nylon filters; Phenomenex, Torrance, CA). The supernatant was collected in a volumetric flask, and the same extraction procedure was repeated three times. The total amount of extracts of each sample was dried with a nitrogen air flow and stored at -20°C until further analysis. Dried extracts were re-dissolved in 1% BHT in chloroform, and 20 µL of each sample was injected into a C18 column (Prodigy, 250 × 4.6 mm, 5 µm, Phenomenex, Torrance, CA) equipped with a C18 security guard (4.0 × 3.0 mm, Phenomenex). Mobile phases were: (A) acetonitrile, hexane, methanol and dichloromethane (4:2:2:2, v/v/v/v) and (B) acetonitrile. The flow rate was 0.8 mL min-1 through the following gradient of solvent B (t in [min]/[%B]): (0/70), (20/60), (30/30) and (40/2). The same LC and auto sampler system described above was used for carotenoids quantitation, while for the identification and quantification of peaks analytical standards of violaxanthin, neoxanthin, β-cryptoxanthin, lutein and β-carotene were used for the comparison of absorbance spectra and retention times of eluted compounds at 450 nm. Intra- and inter-day assays were performed in triplicates and calibration curves were built accordingly. A recovery test was also performed by spiking two random samples with two known amounts of carotenoids (50 and 100 µg mL-1) and taking into account overestimation due to the presence of the target analytes in the samples. Concentrations of target carotenoids were reported as µg g-1 of samples on a dw basis.




Statistical Analysis

The Shapiro–Wilk and Kolmororov–Smirnov procedures were performed to verify that the data had a normal distribution, and the Levene, O’Brien and Bartlet tests were conducted to verify the homogeneity of variances. All experimental data (Supplementary Material 2) were subjected to analysis of variance (ANOVA) using the SPSS 20 software package for Windows 2010. Combined analysis of variance was performed using light intensity conditions as a fixed variable (Gomez and Gomez, 1983). Means comparison was performed using the Duncan's test at P ≤ 0.05.





Results



Implications of Light Intensity and Cultivars for Morphological and Physiological Parameters

The functional quality as well as the morpho-physiological parameters of Lactuca sativa L. were governed by genetic material and Genotype × Environment interaction. In this study, for most of the morphometric parameters measured, significant interactions were observed between the tested factors (Cultivar: C; Light intensity: L) (Table 1). Leaf area, leaf number and fresh and dry biomass were higher under optimal light conditions with a varied response in terms of the cultivars. In particular, red Salanova presented the highest leaf area, while leaf number was the highest for both green and red Salanova cultivars (Table 1). Regarding fresh yield, the lowest values were reported for green Salanova, Lollo rossa and red oak leaf cultivars under low light conditions (Table 1). Interestingly, fresh yield reduction varied between the tested cultivars; all cultivars, however, performed worse under low light compared to optimal light conditions. In fact, decreasing light intensity from 420 to 210 µmol m-2 s-1 PPFD decreased the fresh yield of baby Romaine, green Salanova, Lollo rossa, Lollo verde, red oak leaf and red Salanova by 36.8%, 64.6%, 65.4%, 54.6%, 58.5% and 60.3%, respectively (Table 1). When shoot dry mass was expressed in g plant-1, the recorded values were higher for Lollo verde and red Salanova cultivars under optimal light conditions, whereas when dry matter was expressed as a percentage for red oak leaf and baby Romaine, it exhibited the highest values at both optimal and low light intensity conditions, respectively (Table 1).





Table 1 | Growth parameters, fresh biomass, dry biomass and leaf dry matter percentage of lettuce grown hydroponically in a Fitotron open-gas-exchange growth chamber in relation to light conditions and cultivar.
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Significant interactions between the two tested factors were also observed in the studied physiological parameters, except for the transpiration rate (E), which was affected by C and L factors without significant interaction between them (Table 2). The net CO2 assimilation rate (ACO2) was the highest under optimal light conditions with red Salanova exhibiting the highest overall values. A contrasting trend was observed for stomatal resistance (rs), which increased under low light intensity conditions, especially in the case of Lollo verde and red oak leaf cultivars (Table 2). On the other hand, when averaged over cultivars, E values were higher by 51.3% under optimal light conditions, while, in regards to cultivar effect, the highest E rate was observed for red Salanova plants without being significantly different from baby Romaine and green Salanova cultivars (Table 2). Regarding intrinsic water use efficiency (WUEi), the highest values were recorded for baby Romaine and red oak leaf cultivars, regardless of light regime, followed by red Salanova under optimal light. Finally, the highest light use efficiency (LUE) was detected in baby Romaine plants when grown under low light intensity conditions, without, however, being significantly different from Lollo verde plants grown under optimal light conditions (Figure 1).





Table 2 | Physiological parameters [net CO2 assimilation rate (ACO2); stomatal resistance (rs); transpiration rate (E); intrinsic Water Use Efficiency (WUEi)] of lettuce grown hydroponically in a Fitotron open-gas-exchange growth chamber in relation to light conditions and cultivar.
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Figure 1 | Light Use Efficiency (LUE) of lettuce grown hydroponically in a Fitotron open-gas-exchange growth chamber in relation to light conditions and cultivar. All data are expressed as mean ± SE, n = 3. Different letters above each bar indicate significant differences at P ≤ 0.05.







Implications of Light Intensity and Cultivars for Nitrate and Mineral Profile

Nitrate content and mineral composition as a function of cultivar and light intensity are presented in Table 3. Low light intensity resulted in an increase of nitrate content, especially in the case of green Salanova and Lollo verde cultivars. Among the minerals analyzed, K was by far the most abundant, regardless of the cultivar and light intensity treatment, ranging from 58.2 to 70.9 g kg-1 dw, followed by Ca (4.8-13.5 g kg-1 dw), P (4.7-7.7 g kg-1 dw), Mg (2.0-3.0 g kg-1 dw) and finally Na (0.3-0.8 g kg-1 dw) (Table 3).





Table 3 | Nitrate, phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sodium (Na) concentrations of lettuce grown hydroponically in a Fitotron open-gas-exchange growth chamber in relation to light conditions and cultivar.
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Neither the cultivar nor the light intensity regime had a significant effect on K and Na concentration in lettuce leaves (avg. 64.4 and 0.4 g kg-1 dw, respectively). Regarding mineral content, a cultivar-dependent response to light conditions was observed, with P and Ca content being the highest for baby Romaine and Lollo verde plants grown under low light intensity conditions respectively (Table 3). By contrast, Mg content increased under optimal light conditions without significant differences for most of the tested cultivars between the applied light regimes. The sole exceptions to this were green and red Salanova plants (Table 3).




Implications of Light Intensity and Cultivars for Hydrophilic and Lipophilic Antioxidant Compounds and Antioxidant Capacity

Concentrations of hydroxycinnamic acids and anthocyanins are presented in Table 4. It shows that total concentration of hydroxycinnamic acids differed between lettuce cultivars, light intensity regimes and their combinations. Chicoric acid (di-caffeoyl-tartaric acid) was the most abundant compound, followed by chlorogenic acid, whereas caffeoyl-tartaric and caffeoyl-meso-tartaric acids were present at lower amounts (Table 4). Significant differences in individual and hydroxycinnamic acid content were observed mostly concerning the cultivar effect, whereas light conditions had an impact only on the less abundant compounds and not on chicoric acid and total hydroxycinnamic acids content. Red oak leaf was the most affected cultivar by low light intensity, showing the highest content for most of the individual phenolic acids, including chicoric and chlorogenic acids, and consequently for their total content (Table 4). Interestingly, red Salanova, which was the second-best cultivar in regard to chicoric and total hydroxycinnamic acids content, was beneficially affected by optimal light conditions (highest concentrations of caffeoyl tartaric, chlorogenic, chicoric and caffeoyl-meso-tartaric acids) and thus indicated a cultivar-dependent response of lettuce to light regime (Table 4). Expectedly, anthocyanins were only detected in red-pigmented lettuce cultivars (Lollo rossa, red oak leaf and red Salanova) (Table 4). High light intensity in particular increased anthocyanins by 273.9% in red Salanova, whereas an opposite trend was observed for Lollo rossa and red oak leaf with a significant decrease of anthocyanins by 59.6% and 46.7% respectively (Table 4).






Table 4 | Hydroxycinnamic acids composition, total hydroxycinnamic acids and anthocyanins of lettuce grown hydroponically in a Fitotron open-gas-exchange growth chamber in relation to light conditions and cultivar.
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Similarly to hydroxycinnamic acids, total ascorbic acid was significantly affected by the two tested factors (data not shown). In most cases, ascorbic acid content was highly affected by light conditions. Particularly, in Lollo verde the reduction of light intensity from 420 to 210 µmol m-2 s-1 PPFD had a detrimental effect on ascorbic acid content, resulting in a four-fold reduction compared to optimal conditions (Figure 2).
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Figure 2 | Total ascorbic acid concentration in lettuce grown hydroponically in a Fitotron open-gas-exchange growth chamber in relation to light conditions and cultivar. All data are expressed as mean ± se, n = 3. Different letters above each bar indicate significant differences at P ≤ 0.05.






LAA was significantly affected by cultivars and light intensity, but not by their interaction (Figure 3). As for the light intensity treatment mean effect averaged over cultivars, LAA was beneficially affected by optimal light conditions (+22.1%) compared to a low light regime (Figure 3). Regardless of the light intensity treatment, red Salanova and red oak leaf cultivars had the highest LAA content, followed by baby Romaine (Figure 3).
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Figure 3 | Effects of light conditions and cultivar on lipophilic antioxidant activity (LAA) of lettuce grown hydroponically in a Fitotron open-gas-exchange growth chamber in relation to light conditions and cultivar. All data are expressed as mean ± SE, n = 3. Ns, **, *** Non-significant or significant at P ≤ 0.01, and 0.001, respectively.







In the current study, all the carotenoids detected are presented in Table 5. The main pigments detected were β-cryptoxanthin and violaxanthin + neoxanthin, followed by lutein and β-carotene (Table 5). Significant C × L interaction was noted with respect to the concentrations of carotenoids. Optimal light conditions had a beneficial effect on the biosynthesis of most of the detected soluble pigments in baby Romaine (violaxanthin + neoxanthin, lutein, β-cryptoxanthin and β-carotene) and red Salanova (violaxanthin + neoxanthin and lutein). Interestingly, violaxanthin + neoxanthin, lutein, β-cryptoxanthin and β-carotene concentrations were higher in red Salanova leaves grown under low light intensity compared to the remaining five cultivars (Table 5).






Table 5 | Composition of carotenoids profile of lettuce grown hydroponically in a Fitotron open-gas-exchange growth chamber in relation to light conditions and cultivar.
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Discussion

Space colonization can only be achieved through the integration of controlled ecological life support systems (CELSSs) or bio-regenerative life support systems (BLSSs) in space biospheres that could support human life for long time periods without the replenishment of supplies from the Earth. However, space farming is a very challenging task as higher plants have to be grown under abnormal conditions and key obstacles have to be overcome. These obstacles mostly include environmental constraints (e.g. microgravity, low pressure, excessive radiation and so forth), space and energy limitations, as well as the need to ensure the optimal nutrition of crew members through the production of functional and bio-fortified foods (Guo et al., 2017; Kyriacou et al., 2017). Several crops have been suggested for space farming based on specific criteria, and lettuce has been identified as a candidate leafy vegetable crop in several research studies (Massa et al., 2017; Meinen et al., 2018). The present study evaluated the response of six lettuce cultivars under optimal and low light intensity in order to identify the most promising genotypes towards yield components, physiological parameters, mineral profile and bioactive compounds content.

Low light intensity had a detrimental effect on fresh biomass yield, regardless of the cultivar. However, baby Romaine plants performed better (a reduction of 36% and 39% on fresh and dry weight basis, respectively) than the rest of the tested cultivars under such conditions in terms of fresh and dry biomass yield (reduction between 55 to 65% on both fresh and dry basis), demonstrating that baby Romaine cv. showed physiological acclimation in response to their limited light environment (Table 1). This response could be explained by the higher ACO2 and WUEi, and lower rs values recorded for baby Romaine cultivars under low light intensity conditions, indicating a more efficient light-harvesting mechanism (higher LUE) of the genotype under this specific environmental constraint (Table 2 and Figure 1). These results are consistent with the study of Fu et al. (2012), who detected slight differences in the yield of romaine lettuce under similar light conditions, suggesting that LUE was the highest at 200 μmol m-2 s-1, as it was for baby Romaine plants in our study. Other researchers highlighted the effect of photoperiod, light quality and light intensity on lettuce growth and development, which altogether define light conditions (Kang et al., 2014; Muneer et al., 2014). Therefore, the light effect on biomass yield has multiple aspects to be considered, especially in space farming where every light parameter (photoperiod, quality and intensity) has to be optimized for higher biomass production and better LUE.

Light intensity affected nitrate and mineral content in a genotype-dependent manner (Table 3). As expected, low light intensity resulted in an increase in nitrate content, especially for green Salanova and Lollo verde cultivars, as nitrate reductase activity is associated with light intensity, among other factors (Petropoulos et al., 2011; Colla et al., 2018). Another putative mechanism behind the accumulation of nitrate under low light intensity could be that the key enzymes, such as glutamate synthase and glutamine synthetase, are inhibited, whereas asparagine synthetase involved in stabilizing nitrate for transport and storage is stimulated (Colla et al., 2018). However, even in the case of these two cultivars (green Salanova and Lollo verde) the detected nitrate content was within the limits set by the EU commission for safe lettuce consumption (EU regulation: No 1258/2011).

Under low photosynthetically active radiation conditions vegetables tend to concentrate key macronutrients, particularly P and Ca, in their storage organs as a result of lower crop productivity. In the current study, high fresh yield triggered by favorable environmental conditions (optimal light intensity) may have accelerated lettuce biomass accumulation, thus decreasing the macro-mineral (P and Ca) concentration due to a dilution effect (Pérez-López et al., 2015; Stagnari et al., 2015). Sufficient mineral intake through diet is fundamental for human health, and vegetable cultivation in space farming should aim to provide products with an enhanced mineral content. For this purpose, cation antagonism has to be considered attentively when adjusting the nutrient solution composition in order to combine the best agronomic performance with increased mineral and low nitrate content.

Chicoric acid (the most abundant of hydroxycinnamic acids) and total hydroxycinnamic acids were not affected by light intensity, whereas the rest of the detected hydroxycinnamic acids showed variable responses in relation to light intensity and cultivar (Table 4). This is an important finding of the study, since phenolic compounds are associated with health benefits and an increased intake from low amounts of food is a desirable feature when selecting species suitable for space farming. Only two of the detected hydroxycinnamic acids (caffeoyl tartaric acid and chlorogenic acid) increased under low light intensity, with a stronger light effect observed on the former, without, however, affecting the total content of hydroxycinnamic acids (Table 4). Both compounds were subject to cultivar × light interaction since significant increase under low light conditions was observed for caffeoyl tartaric acid only in three cultivars (Lollo rossa, Lollo verde, Red oak leaf) and for chlorogenic acid only in one cultivar (red Salanova). The increase observed in these two phenolic compounds, which are powerful antioxidants, may be an important mechanism upon which plants can rely to counterbalance reduction in antioxidant enzymatic activity and metabolites under low light intensity (Campa et al., 2017). As previously demonstrated, in plants grown under 210 µmol m-2 s-1 of light intensity, chloroplast redox status significantly decreased. This affected the accumulation of carotenoids, in particular violaxanthin + neoxanthin, lutein and β-carotene, as well as antioxidant enzymes activity (Jahns and Holzwarth, 2012). In addition to the pivotal role in light harvesting and in the dissipation of excess light energy, carotenoids function as Reactive Oxygen Species (ROS) scavengers and singlet oxygen molecule quenchers to minimize oxidative damage of photosynthetic apparatus and membrane lipids (Jahns and Holzwarth, 2012). Moreover, they act as ROS-mediated stress signals (Havaux, 2014). Their decrease at 210 µmol m-2 s-1 is, therefore, potentially deleterious as this can impair the plant antioxidant defense mechanisms, causing an increase in ROS and subsequent photo-damage, even under low light conditions that seemingly constitute non-significant stress. With the exception of caffeoyl tartaric acid and chlorogenic acid (which increased under low radiation intensity), similar results have been reported in the literature, where a reduction of radiation intensity (from a PPFD of 410 to 225 µmol m-2 s-1) did not affect either total phenolic acid or individual phenolic acid (chicoric and caffeoylmalic acids) content in red oak leaf lettuce (Becker et al., 2013). An explanation for the different responses in terms of chlorogenic acid could be the length of the growth cycle (3 versus 9 weeks). Moreover, light is an important factor affecting the synthesis and accumulation of anthocyanins, an important subgroup of flavonoids responsible for red color in lettuce (Maier and Hoecker, 2015; Kim et al., 2016). Several experiments have demonstrated that higher light intensity could promote the up-regulation of anthocyanin synthesis related genes, thus boosting anthocyanin accumulation (Zoratti et al., 2014; Guan et al., 2016; Zhang et al., 2016). In the current experiment, this was the case only for red Salanova cultivar, whereas light intensity at 420 µmol m-2 s-1 had a detrimental effect on anthocyanins in both Lollo rossa and red oak leaf cultivars (Table 4), suggesting the existence of some other light-dependent mechanism modulating anthocyanin synthesis and accumulation (Maier and Hoecker, 2015). In fact, the latter authors reported that the CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1)/SUPPRESSOR OF PHYA (SPA) complex may not be fully inactivated under low light intensity, thereby increasing anthocyanin accumulation in lettuce leaves.

Genotype response also has to be considered, since the results showed a multi-response profile of the tested cultivars under different light regimes (Table 4). Similarly, the literature also suggests a great variation in phenolic compounds content among the various lettuce genotypes (Llorach et al., 2008; Bunning et al., 2010). Our findings suggested that all red-leaf lettuce cultivars tested had a distinct profile in hydroxycinnamic acids; under optimal light conditions, red Salanova in particular can be used as a nutrient-dense food. On the other hand, red oak leaf had the highest content of hydroxycinnamic derivatives when grown under low light intensity as a consequence of severe stress, as indicated also by the low fresh biomass yield and the high stomatal resistance (Tables 1 and 2, respectively). Therefore, although a high content of phenolic compounds might seem attractive, space farming constraints must also be considered, and the optimal ratio between quality and fresh biomass yield must be achieved.

The interest in fat-soluble pigments such as carotenoids is not recent, owing to their beneficial effects on human well-being, in particular human vision during future space missions (Kyriacou et al., 2017). Soluble pigments content, especially β-carotene (a precursor of vitamin A), zeaxanthin and lutein, which contribute to the vision protection of crew members from excessive radiation in space conditions, were higher when optimal light intensity was applied regardless of cultivar (Table 5). Similar results have been reported by Lefsrud et al. (2008) and Li et al. (2009), who showed that key carotenoids (β-carotene and lutein) in kale and spinach leaves were significantly higher under optimal (300 µmol m-2 s-1) than under low (100 µmol m-2 s-1) irradiation conditions. Furthermore, red Salanova contained consistently high amounts of pigments regardless of light intensity, which is an extremely important finding from a nutritional point of view due to the antioxidant properties of these compounds (Cohu et al., 2014; Kitazaki et al., 2018). Similar trends were observed for total ascorbic acid content and lipophilic antioxidants, which also decreased under low light intensity conditions (Figures 2 and 3, respectively). For almost all the tested genotypes no significant differences were observed between low and optimal light intensity, whereas only Lollo verde showed almost a fourfold decrease in total ascorbic acid content under low light intensity (Figure 2). Despite the fact that lettuce is not considered a rich source of ascorbic acid, the great variation among the existing cultivars allows for its complementary role to ascorbic acid intake along with other food sources (Bunning et al., 2010; Mampholo et al., 2016). So far, the literature has confirmed the effect of light quality on pigments content (Kołton et al., 2014; Ouzounis et al., 2015), as well the increase of anthocyanins under excessive light intensity as a protection mechanism for leaf chlorophylls (Feild et al., 2001). However, Fu et al. (2017) suggested that very low light intensity (60-140 μmol m-2 s-1) may also increase carotenoids content compared to higher light intensity (220 μmol m-2 s-1), a finding which has to be investigated further since energy saving through implementation of low light intensity is of major importance to space farming. Another approach was the one proposed by Cohu et al. (2014), who tested the effect of low light intensity supplemented with short intervals of high light intensity pulses and found that these short pulses may trigger carotenoids biosynthesis and zeaxanthin in particular in Arabidopsis thaliana plants. Such a practice could be very useful in space conditions where energy consumption is a key element. Moreover, Mampholo et al. (2016) reported a great variation in β-carotene among lettuce cultivars, which, according to Mou (2012), could be attributed partly to head structure and the function of β-carotene as a complement to chlorophyll’s light-harvesting compound. Therefore, the effect of light conditions in space environments has to be investigated further through the evaluation of various lettuce genotypes in order to find cultivars that are acclimatized to such conditions and where the final fresh produce has increased content in soluble pigments.




Conclusion

Space farming for fresh food production is the next breakthrough to be achieved for the successful outcome of long-duration space missions and space colonization. However, cultivation of higher plants under space conditions entails the consideration of several parameters with contrasting effects on plant growth and physiology as well as produce quality. For example, space limitations and low light intensity in space shuttles or space stations requires high light-use efficiency without compromising fresh biomass yield and the quality of the final product. The results of our study supported the existing research reports that suggest lettuce as a candidate crop for space farming. The great variation among the existing cultivars allows for the selection of genotypes with highly efficient light-harvesting mechanisms in order to provide sufficient fresh biomass yield, while at the same time quality may increase through the increase of antioxidant compounds (such as soluble pigments, ascorbic acid and hydroxycinnamic derivative compounds) and the decrease of nitrate. Among the cultivars tested under low light intensity conditions, baby Romaine showed the best agronomic performance in terms of fresh biomass yield and physiological parameters. Moreover, the same cultivar contained an increased content of P and Ca under low light intensity, without nitrate content being affected by the light regime. Regarding the bioactive properties, red-colored cultivars such as red oak leaf and red Salanova had the highest content in phenolic derivatives and soluble pigments under low and optimal light intensity, respectively, while both of them showed the highest lipophilic antioxidant activity, regardless of light regime. In conclusion, the content of bioactive compounds in lettuce cultivars appears to be influenced strongly by the genetic material and light intensity. Therefore, specific cultivars and light condition combinations could be applied in separate growth chambers to obtain both the desired profile of functional compounds and the adequate amounts of fresh produce necessary to support human life in prolonged space missions or space stations.
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SUPPLEMENTARY TABLE 1 | Common and scientific name, lettuce type, leaf
color and seed source of the six lettuce (Lactuca sativa L.) cultivars considered in this study.
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SUPPLEMENTARY MATERIAL 2 | All experimental data subjected to the
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Understanding how plants respond to spaceflight and extraterrestrial environments is crucial to develop life-support systems intended for long-term human explorations. Gravity is a main factor influencing root development and orientation, typically masking other tropisms. Considering that reduced levels of gravity affect many plant responses in space, the interaction of other tropic stimuli in microgravity represents the frontier to be investigated aiming at life-support systems optimization. In this paper we report on MULTITROP (Multiple-Tropism: interaction of gravity, nutrient and water stimuli for root orientation in microgravity), an experiment performed on the International Space Station during the Expedition 52/53. Scientific aim of the experiment was to disentangle hydrotropism from chemotropism for root orientation in absence of the gravity stimulus. Among several species relevant to space farming, Daucus carota was selected for the experiment because of its suitability with the experimental hardware and setup. At launch site, carrot seeds were placed between two disks of inert substrate (one imbibed with water and the other with a disodium phosphate solution) and integrated into a hardware developed, refurbished and flight-certificated by Kayser Italia. Post-flight, a Ground Reference Experiment was performed. Root development and orientation of seedlings grown in microgravity and at 1g condition were measured through 3D-image analysis procedures after imaging with X-ray microtomography. Radicle protruded preferentially from the ventral side of the seed due to the asymmetric position of the embryo. Such a phenomenon did not prevent the achievement of MULTITROP scientific goal but should be considered for further experiments on radicle growth orientation in microgravity. The experiment conducted in space verified that the primary root of carrot shows a positive chemotropism towards disodium phosphate solution in the absence of the gravity stimulus. On Earth, the positive chemotropism was masked by the dominant effect of gravity and roots developed downward regardless of the presence/absence of nutrients in the substrate. Taking advantage of altered gravity conditions and using other chemical compounds, further studies should be performed to deepen our understanding of root chemotropic response and its interaction with other tropisms.

Keywords: chemotropism, Daucus carota, hydrotropism, microgravity, root tropisms, X-ray microtomography



Introduction

Plants are sessile organisms, but not necessarily motionless. Indeed, different plant organs typically show directional growth responses, referred to as tropisms, which are driven by directional stimuli (Gilroy, 2008). Plant movements have fascinated scientists all over the world since the early studies of Charles Darwin in the late 1800s, when he and his son Francis minutely studied plant tropisms in response to external directional stimuli (Darwin and Darwin, 1881). Later, numerous studies have highlighted the presence of various plant tropisms including those widely recognized and new discoveries such us phonotropism (Esmon et al., 2004; Gagliano et al., 2017). Most tropic responses follow the almost centenary Cholodny–Went theory (Went, 1926; Cholodny, 1940), and, more recently, the molecular mechanisms behind these processes have been defined (Kleine-Vehn et al., 2010; Harmer and Brooks, 2018). However, deepening the study of tropisms new challenges have arisen as those trigged by the evidence that hydrotropism does not follow the Cholodny–Went theory (Shkolnik et al., 2016).

Although gravitropism is dominant on Earth, roots have also evolved other specific tropisms to explore the soil in search of beneficial environmental conditions (Harmer and Brooks, 2018). Root can direct growth toward environments with higher water availability through a positive hydrotropism (Dietrich, 2018). Differently, chemotropism is more questionable and chemotropic responses can be ambiguated. A negative chemotropism in avoiding detrimental concentrations of (NaCl) salts is defined as halotropism (Sun et al., 2008). Although a species with positive halotropism has been identified (Bassia indica Wight) (Shelef et al., 2010), halotropism can be considered as a general response to avoid stress conditions and not as a search for specific nutrients. To our knowledge, clear evidence for directional growth of roots toward a chemical compound has been found only a century ago (Newcombe and Rhodes, 1904). A positive bending response toward disodium phosphate (Na2HPO4) was observed in roots of Lupinus albus L. when medium containing 0.28% Na2HPO4 was attached to one side of the root tip. Higher concentrations of 1% or 1.5% resulted in the same directional growth response, followed by the roots dying off. In addition, roots of L. albus did not display directional growth toward other salts typically absorbed by plants as food.

While progresses have been made in understanding plant tropisms, many more questions remain open. In addition, much knowledge regarding plant tropisms is related to Arabidopsis thaliana L. and still remains questionable if other species behave in the same way. Still, a better knowledge on root growth strategies and tropism interactions is required to improve plant cultivation in space and implement bioregenerative life support systems (Lasseur et al., 2010). Research on plant tropisms has become increasingly popular especially in the framework of developing systems for cultivation in space. In microgravity, the possibility to cut down the effect of gravity in root growth orientation has encouraged research on root tropisms also providing novel results (Millar et al., 2010; Vandenbrink et al., 2016).

Nowadays, the use of non-destructive and non-invasive techniques such as the X-ray microcomputed tomography (X-ray microCT) has become increasingly widespread in the study of root development. Gregory et al. (2003) applied this technique to monitor wheat seedling establishment in soil. More recently, X-ray microCT has been used to test the effect of different seed enhancement technologies on the germination of sugar beet seeds in soil (Blunk et al., 2017), to monitor the effects of soil medium on root system development of corn seedlings (Subramanian et al., 2015), and to measure root traits in barley seedlings (Hargreaves et al., 2009).

In this paper we report on MULTITROP (Multiple-Tropism: interaction of gravity, nutrient and water stimuli for root orientation in microgravity), an experiment performed on the International Space Station (ISS) during the Expedition 52/53, funded and coordinated by the Italian Space Agency (ASI) which also provided access to the space resources thanks to a bilateral agreement with NASA.

The scientific aim of the MULTITROP experiment was to disentangle the role of gravity from two other stimuli for root orientation: hydrotropism and chemotropism. Among several species relevant to space farming (Mitchell, 1994), Daucus carota L. was selected for the experiment because of its suitability with the experimental hardware and with the estimated timeline from sample integration at launch site to payload arrival on the ISS. We hypothesized that, in the absence of the gravity stimulus, a positive chemotropism of roots would prevail over hydrotropism, by inducing a directional growth toward the nutrient solution. Moreover, we applied X-ray microCT and 3D image analysis in order to compare the morphology of the radicles grown in microgravity and on Earth.




Materials and Methods



Plant Materials

Seeds of D. carota cv Chantenay by Franchi Sementi were used for this study. Species selection was performed applying the method of subsequent excluding criteria to a set of 50 crop species (Aronne et al., 2018). Carrot seeds showed the best adaptability to the hardware characteristics and the experimental timeline scheduled for the spaceflight experiment. Germination percentage of the seed batch was tested in dark conditions at a temperature of 22°C sowing a total of 250 seeds distributed in five petri dishes lined with wet filter paper.




Seed Morphology and Radicle Protrusion

D. carota is a species belonging to the Apiaceae family that is characterized by umbel inflorescences of many hundreds of minute flowers. Single flowers have an inferior ovary, separated in two locules each containing one anatropous ovule. Externally there are two styles swollen at the base forming a stylopodium. After pollination, the ovary develops into a dry fruit (schizocarp) consisting of two mericarps attached to a central axis (carpophore) (Figure 1A). At maturity, the schizocarp splits and the two mericarps remain attached to the carpophore through the stylopodium (Figure 1B). Carrot mericarps are curved, covered with a spiny coat and commonly referred to as “carrot seeds.” Internally most of the volume contains the endosperm and the embryo with the radicle pointing toward the ventral side (Figure 1C).
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Figure 1 | Seed development and morphology in Daucus carota. After pollination, a schizocarp develops from the ovary (A) and consists of two mericarps attached to a carpophore through the stylopodium (B). Mericarps are curved and contain the endosperm and the embryo with the radicle pointing toward the ventral side (C).




The asymmetry of carrot seeds (both as overall shape and embryo position), led us to deepen the relation between seed position and modes of radicle protrusion at germination. Considering that such insights were not available on literature, before planning the space experiment, we carried out closeup observation tests aimed to describe the effect of embryo position on radicle protrusion during early stage of seed germination. Before sowing, carrot seeds were surface sterilized in 3% (v/v) sodium hypochlorite for 5 min and then rinsed with sterile water. Germination tests were carried out in dark conditions at a temperature of 22°C on 0.8% agar gel in petri dishes. Two different seed orientations were tested to evaluate radicle protrusion. The seeds were placed both in ventral position (V), with the radicle pointing downwards (according to the gravity vector), and in dorsal position (D), with the radicle pointing upwards (opposite to the gravity vector) (Figure 2A). Seed germination and radicle protrusion were monitored daily by means of a digital camera (EOS 60D, Canon, Tokyo, JP) mounted on a dissecting microscope (SZX16, Olympus Inc., Tokyo, JP).
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Figure 2 | Two different seed orientations tested to evaluate radicle protrusion. (A) seeds placed in ventral position (V), with the radicle pointing downwards, and in dorsal position (D), with the radicle pointing upwards. (B) radicle protrusion of carrot’s seeds in V and D orientation.






Spaceflight Experiment

Spaceflight experiment was conducted on the ISS in a refurbished hardware: a BIOKON container equipped with two YING-B2 experimental units (EUs) previously flown for the YING experiment supported by the European Space Agency in 2009. Both the BIOKON and the YING-B2 units have been designed, manufactured and certified for launch by Kayser Italia. Each YING-B2 consisted of four culture chambers (CCs) each of which equipped with a fixative reservoir (Figure 3A). RNALater (Sigma-Aldrich, St. Louis, Missouri, US) was used as chemical fixative. The CCs have been implemented with a 3D-printed holder to accommodate two substrate disks (Oasis® Growing Solutions, The Netherlands) imbibed with either pure water (W) or a nutrient solution (N) (Figures 3A, B). In each CC four seeds were placed in between the two substrate disks.
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Figure 3 | Experimental setup of the MULTITROP experiment within the hardware provided by Kayser Italia. Each culture chamber is equipped with a fixative reservoir and has been implemented with two substrate disks and a substrate holder (A). The seeds were placed between two substrate disks imbibed with either pure water or nutrient solution (B).




More specifically, following Newcombe and Rhodes (1904) a solution containing 0.28% Na2HPO4 was used to test chemotropic response of carrot roots. Once imbibed, substrate disks where centrifuged at 6g for 10 min to prevent possible leakage due to hypergravity conditions expected during launch operations. It was ascertained with specific tests that the amount of water/nutrient solution retained by the substrate upon centrifugation was adequate to activate germination (seed imbibition, radicle protrusion) and root growth. Before flight, carrot seeds were surface sterilized as reported above. Four seeds were then placed between the two substrate disks per each CC (Figure 3B), for a total of 32 seeds tested during the experiment in microgravity. Sowing was performed under a dissecting microscope to ensure that the four seeds in each CC were placed alternating dorsal and ventral orientation which refer to radicle expected to protrude toward W or N disk, respectively.

The MULTITROP payload was launched to the ISS on SpaceX CRS-13 (December 15th, 2017). After 175 h from seed imbibition, the US astronaut Scott David Tingle stopped the biological processes by activating the injection of the RNALater fixative and therefore concluded the experiment. The payload was stored at ISS node 2 temperature until returned via CRS-13 (January 13th, 2018), and was sent to the science team laboratory for post-flight analyses.




Ground Reference Experiment

After the accomplishment of the experiment on the ISS, a Ground Reference Experiment (GRE) on Earth was performed using the same hardware and the same batch of the seeds used to perform the experiment on the ISS. Experiment was setup as previously reported for spaceflight experiment, using a BIOKON container and two YING-B2 EUs. To compare spaceflight experiment and GRE, we performed the control test in a growth chamber simulating the temperature regime recorded during the flight experiment and the same experiment duration. Data recorded on the ISS during the experiment showed that temperature ranged between 22 and 26°C, and was in average 24°C. The GRE was performed with two different setups obtained according to the gravity vector orientation of the Oasis disks: A) N disk at the bottom and W at the top, B) W disk at the bottom and N at the top.




X-Ray Microtomography

Oasis foam is an opaque material, therefore, to analyze root orientation and seedling morphology without dismantling the CC setup, X-ray microCT of the scanned unit (substrate disks, still mounted in their holders, and the germinated seeds), was used for 3D imaging of the biological samples. All substrates from the spaceflight experiment and half those from the GRE experiment were scanned by a Skyscan 1272 desktop microtomograph (Bruker, US). For each scanned unit, a three-step washing with distilled water was first performed in order to dilute the fixative inside the substrates because it prevented from obtaining the image contrast required for displaying radicles. Scans of each unit were performed at 69 mm distance to the X-ray source that was set at 50 kV voltage and 200 μA current. For each sample 322 projection images, one each 0.6 deg rotation step, were acquired by six frames averaging at 17-micron resolution and 171 ms of exposure time. Volume of the samples was obtained using NRecon software v1.7.1 (Bruker, US), by means of 776 cross sectional images, each having size of 1,224 × 1,224 pixels. The beam hardening and the ring artifact correction procedures were applied for the final volume reconstruction. This latter consisting of 17-micron sized cubic voxels. 3D images were processed applying mathematical morphology operators and finally analyzed by means of 3D image analysis procedures using CTAn software v1.16.4 (Bruker, US). Besides the seed volumes, for each sprouted radicle, the following parameters were calculated: radicle volume, radicle mean diameter, radicle length and radicle tortuosity, which is the ratio between the radicle length and the Euclidean distance between the radicle ends. In detail, radicle volume was calculated as the sum of voxel volumes representing the radicle, the radicle mean diameter was obtained as the mean of the radicle thickness distribution determined by the “successive opening” algorithm (Dougherty et al., 2003), the radicle length was determined after “skeletonization” of the radicles’ images (Ballard and Brown, 1982).

Radicles were scored as N or W according to the location of the root tip in the substrate imbibed with disodium phosphate solution or pure water, respectively. The same was applied to hypocotyls, scored as H, if developed.




Data Statistical Analyses

Seed germination on Earth and ISS was compared using a Chi-square test. For all tests performed, root growth direction was analyzed by using a Chi-square test hypothesizing that the expected frequencies for root tip location were 100% in the substrate imbibed with Na2HPO4 (N). In the case of p < 0.05, the observed frequencies differ from those expected, therefore not showing a preferential growth of roots toward N. The influence of gravity (i.e., 1g and microgravity) on root volume, root mean diameter, root length, and root tortuosity was analyzed by using independent samples t-test. Significance was accepted as P <0.05. All data were processed using Microsoft Excel and STATISTICA ver. 8.0 (StatSoft, Inc. 2008).





Results

The hypothesis that carrot seeds could have a preferential side for radicle protrusion was proved. On Earth, radicle of seeds in dorsal orientation protruded upwards and later curved downwards to the gravity vector (Figure 2B). Conversely, radicle protruded immediately downwards in ventral orientation (Figure 2B). The phenomenon of radicle emergence from the ventral side of the seed, was taken into account to setup the spaceflight experiment and GRE. We considered that in absence of gravitropic stimulus root growth direction could be biased by seed orientation at sowing. According to these results, we decided to avoid any preferential orientation by placing half of the 32 seeds with the embryo position facilitating the radicle growth into the substrate with the nutrient solution (Rn) and the remaining half into water (Rw).

During the experiment performed in microgravity, on a total of 32 seeds, 27 germinated. Such a rate (84%) corresponded to the average germination rate (83.6%) of the seed batch that we have used for tests on Earth. Among the germinated seeds, 16 were those positioned as Rn and 11 as Rw. We analyzed data assuming a positive chemotropic response of roots in microgravity and, thus, we tested the hypothesis that germinated seeds developed the radicle into the N substrate, independently from the embryo position at sowing. Results of the Chi-square test showed that the difference between the observed and expected values are less than the critical value when data are pooled together, and also when they are separated into the two categories of seed orientation (Table 1). The great majority of the Rn seeds (15 out of 16) developed the root in the substrate with nutrient solution, showing that the observed results match those expected. The occurrence of chemotropism was also verified in seeds with embryo position facilitating root growth into the substrate with water (Rw). In such a case, six out of eleven seedlings oriented their radicle growth toward the nutrient solution. These data proved that radicles of carrot seedlings presented positive chemotropism in microgravity.



Table 1 | Chi-square analysis of root growth direction of Daucus carota in 1g (GRE) and in microgravity (ISS) conditions. 
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In the GRE, 28 out of the total 32 seeds germinated (87.5%) and this value does not differ from that achieved in microgravity (P = 0.72). Under 1g conditions, gravitropism was dominant on both chemotropism and hydrotropism and roots always developed downward regardless of the presence/absence of nutrients in the substrate and of the embryo position. Results of the Chi-square test showed that all seeds (Rn and Rw) directed root growth into the substrate with nutrient solution when it was placed below the seeds and, similarly, all into the substrate with water when it was placed below the seeds (Table 1).

The X-ray microCT and the 3D image reconstruction not only allowed to define root growth orientation but also to address the morphometric comparison of carrot seedlings developed on the ISS and on Earth (Table 2). Considering that on the ISS 78% of the germinated seeds developed the root in the substrate with nutrient solution, for the sake of both statistical representativeness and homogeneity of the comparison, we chose to compare the morphology of the radicles in the nutrient solution for both cases, ISS and GRE. The first outcome of such a comparison (Supplementary Datasheet 1) showed that 83% of the seeds germinated in the GRE developed also hypocotyl, while in microgravity this occurred only to 44% of the seeds. Consequently, in order to compare morphometry of roots with similar degree of development, morphometric analyzes were restricted to the sprouts that showed the hypocotyl (see an example in Figure 4). The sprouts with hypocotyl showed no statistical differences in radicle volume, radicle diameter, radicle length and radicle tortuosity between roots developed in microgravity and in the GRE (Table 2; Supplementary Datasheet 2). In addition, considering sprouts from ISS with hypocotyl, a morphometric comparison was made between radicles grown in the substrate with nutrients and in that with water. No differences were found in morphometry of radicles except for the tortuosity (Table 3). The radicles grown in the substrate with water showed significantly higher tortuosity than those grown in the substrate with nutrients (Supplementary Datasheet 2). To be noted that the seed volume of the studied sprouts showed a very low variability with an average value of 3.0 mm3 and a standard error of 0.16 mm3 and no correlation was found between seed volume and radicle morphometric parameters (see Supplementary Datasheet 2.9).



Table 2 | Morphometric parameters of radicles at the same development stage of Daucus carota grown in the substrate with nutrient in microgravity (ISS) and 1g (GRE) conditions.
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Figure 4 | Examples of 3D reconstruction of the substrate assemblage with the four seeds germinated in the GRE and in the ISS. Rn and Rw refer to seed orientation facilitating the radicle growth toward the substrate with nutrients (N) or with water (W), respectively.





Table 3 | Comparison of morphometric parameters of roots of Daucus carota grown in the substrate with nutrient (N) or with water (W) only, in microgravity (ISS).
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Discussion

The MULTITROP experiment was fully successful in reaching the goal of investigating the role of hydrotropism and chemotropism in root orientation in the absence of gravity stimulus. Results contribute to the international debate on the interaction between root tropisms. More specifically, despite the new evidence that hydrotropism does not function according to the Cholodny–Went theory, it is well established that the roots can exert a positive hydrotropism toward environments with greater water availability (Dietrich, 2018). On the other hand, root chemotropism is under debate and it can be often ambiguated with halotropism through which roots avoid high concentrations of salts (Galvan-Ampudia et al., 2013). Considerable chemical interactions occur in higher plants, especially for hormones and hormone-like substances released by microorganisms into the soil (Bilderback, 1985) and for chemotropic growth of the pollen tube (Hart, 1990). However, clear evidence of directional growth of roots toward a chemical compound are scarce. Data from our experiment performed on the ISS showed that disodium phosphate stimulates a positive chemotropism in primary roots of D. carota, and this tropic response overcome hydrotropism in microgravity. Such results support what observed by Newcombe and Rhodes at the beginning of the last century (Newcombe and Rhodes, 1904). From an ecological point of view, the search for anchoring and for water is a beneficial adaptive trait guiding the choices of radicle during seedling development (Bengough et al., 2011; Miyazawa et al., 2011). Although chemotropism of primary roots could be limited by the presence of endosperm in seeds that supports the demand for nutrients during germination, root development is influenced by nutrient supply and represents a useful adaptation in maximizing nutrient acquisition and tolerating unfavorable soils (Forde and Lorenzo, 2001; Ruiz Herrera et al., 2015). Interestingly, Newcombe and Rhodes (1904) showed that, beside the positive chemotropism toward disodium phosphate, roots of L. albus did not display a growth orientation toward various salts that are typically absorbed by plants as food. This raised the question whether a positive chemotropism of roots involves an adaptation for searching specific compounds, not necessarily absorbed as nutrients, and what could be the ecological explanation of this tropic response. Still, the attractive component of disodium phosphate stimulating the positive root chemotropism is unknown, and it could be either sodium or phosphoric acid ion. In this view, further research should reveal which chemical compounds can stimulate root chemotropism and what are the mechanisms underlying this phenomenon.

On Earth, gravitropism is dominant and typically masks tropisms guided by other stimuli (Takahashi, 1997; Takahashi, 2003). Accordingly, gravitropism overcome hydrotropism and chemotropism in primary roots of D. carota growing in 1g conditions which showed a downward orientation regardless of the presence/absence of nutrients in the substrate. Despite root growth follows the gravity vector on Earth, carrot seeds showed a preferential side for radicle protrusion. The choice of D. carota as species for the MULTITROP experiment was led by the need to satisfy technical constraints of the hardware and flight timeline (Aronne et al., 2018). The effect of morphological asymmetry of carrot seeds on the orientation of radicle protrusion interacted with root tropisms. However, this phenomenon proved with no doubt that chemotropism occurred in those seeds that reoriented growth toward disodium phosphate after the roots have protruded toward the substrate imbibed with water. As a general consideration, our results highlighted that attention should be paid to seed orientation when performing experiments on root tropisms. Nevertheless, an appropriate orientation of the seeds could be helpful also to optimize the design of cultivation systems for the space environment.

Results from MULTITROP experiment showed that germination percentage of carrot seeds in space was comparable with that on Earth. Likely, microgravity does not affect the germination rate of carrot seeds, but further tests should be carried out to confirm this result. Overall, D. carota can be considered a good candidate species for further experiments on plant biology and plant cultivation in space. However, within the same timeframe carrot seedlings in space developed in average less hypocotyls than on Earth. Differences in growth rate, slower in microgravity than in 1g condition, were reported also for soybean seedlings (De Micco and Aronne, 2008 De Micco et al., 2008).

The spaceflight poses many technical challenges to achieve scientific goals in a multiple-stress environment for plants (Aronne et al., 2018). Nevertheless, current and future research in space can make use of increasingly advanced tools and technologies. To the best of our knowledge, use of X-ray microCT imaging and 3D image analysis to obtain quantitative description of radicle morphology has never been implemented for germination experiments conducted on the ISS. In particular, the observation and analysis of the three-dimensional topology of the carrot radicles has allowed us to perform appropriate comparisons to better understand the differences between germination behavior on ISS and Earth, or in water vs nutrient solution, considering sprouts at similar development stages. From a morphological point of view, results from X-ray microCT showed that only root tortuosity was higher in roots developed in W compared to N in microgravity condition. Although no differences were highlighted in root morphology between roots developed in microgravity and in 1g condition, further investigations might verify the occurrence of ultrastructural aberrations in the space developed carrot seedlings as previously reported for soybean (De Micco et al., 2008).

Tropisms are crucial adaptive response to integrate external stimuli into plant architecture and can have significant agronomical applications. More and more insights come from experiments in space and the microgravity environment is revealing the magnitude of other tropisms, such as the greater phototropic response to blue light found in A. thaliana grown on the ISS (Millar et al., 2010). Similarly, in our experiment the chemotropic stimulus of disodium phosphate resulted more effective in orienting root growth in microgravity. In this framework, if the use of directional light could be an effective strategy to optimize plant development in space, it is not always applicable. Several plant species require dark condition to enhance seed germination, as the case of D. carota (Ozturk et al., 2009). In our experiment, seed germination occurred in dark conditions and this has also avoided confounding effects on the direction of root growth due to possible phototropism. In such a situation, specific nutritional solutions (e.g. sodium phosphate) can be used in plant cultivation to adjust root growth direction during germination. Overall, the efforts made to carry out the MULTITROP experiment on the ISS, despite the experimental constraints, also give new insights potentially useful to improve both plant research and cultivation in space.

Space exploration is a challenge of the current century and producing food is mandatory for long-term missions and future planet colonization (Wheeler, 2010). Bioregenerative life support systems, such as the Micro-Ecological Life-Support System Alternative (MELiSSA), are based on living organisms, including higher plants, to transform organic wastes and provide food, oxygen and water to the crew (Lasseur et al., 2010). Bioregenerative life support systems rely on biological processes and therefore require precise control to be efficient. Still, research is needed to predict plant growth in space, in particular in the light of upcoming missions to the Moon and Mars (Poulet et al., 2016). In this framework, space programs offer increasing research opportunities, while technological development of controlled-environment agriculture provides the possibility of more accurate experiments and cultivation in extreme environments (Gómez and Izzo, 2018).




Conclusions

In our study it has been verified that the primary root of D. carota shows a positive chemotropism toward disodium phosphate in the absence of gravity stimulus. Besides increasing the understanding of plant tropisms, scientific outcomes of the MULTITROP experiment contribute to deepen our understanding of the role of different tropisms in plants and how they interact in shaping plant development aiming at the optimization of plant-based life support systems in space. Indeed, specific nutrient solutions or chemicals could be considered for plant experiments in microgravity where root growth needs to be directed into the root compartment. Still, further studies should be designed to investigate root chemotropism and its interaction with other tropisms by taking advantage of altered gravity conditions and using other chemical compounds.
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The EDEN ISS project has the objective to test key technologies and processes for higher plant cultivation with a focus on their application to long duration spaceflight. A mobile plant production facility was designed and constructed by an international consortium and deployed to the German Antarctic Neumayer Station III. Future astronaut crews, even if well-trained and provided with detailed procedures, cannot be expected to have the competencies needed to deal with all situations that will arise during a mission. Future space crews, as they are today, will be supported by expert backrooms on the ground. For future space-based greenhouses, monitoring the crops and the plant growth system increases system reliability and decreases the crew time required to maintain them. The EDEN ISS greenhouse incorporates a Plant Health Monitoring System to provide remote support for plant status assessment and early detection of plant stress or disease. The EDEN ISS greenhouse has the capability to automatically capture and distribute images from its suite of 32 high-definition color cameras. Collected images are transferred over a satellite link to the EDEN ISS Mission Control Center in Bremen and to project participants worldwide. Upon reception, automatic processing software analyzes the images for anomalies, evaluates crop performance, and predicts the days remaining until harvest of each crop tray. If anomalies or sub-optimal performance is detected, the image analysis system generates automatic warnings to the agronomist team who then discuss, communicate, or implement countermeasure options. A select number of Dual Wavelength Spectral Imagers have also been integrated into the facility for plant health monitoring to detect potential plant stress before it can be seen on the images taken by the high-definition color cameras. These imagers and processing approaches are derived from traditional space-based imaging techniques but permit new discoveries to be made in a facility like the EDEN ISS greenhouse in which, essentially, every photon of input and output can be controlled and studied. This paper presents a description of the EDEN ISS Plant Health Monitoring System, basic image analyses, and a summary of the results from the initial year of Antarctic operations.

Keywords: EDEN ISS, plant health monitoring, greenhouse, space analogue, Antarctica, life support system, remote support, Neumayer Station III



Introduction

Bioregenerative life support systems have the potential to close the air, food, and water loops as well as provide psychological benefit to long duration space mission crews (Haeuplik-Meusburger et al., 2014; Anderson et al., 2018). Present on-orbit plant growth systems are of relatively small-scale (Massa et al., 2016). As crews venture further from Earth and for longer duration missions, larger-scale bioregenerative systems will become more important. Earth-based bioregenerative life support system test-beds serve as means to trial larger-scale and fully integrated systems, in particular with a focus on increasing the reliability of such systems. These ground-based tests also provide a means to evaluate the crew time necessary to operate these facilities while at the same time exploring possible avenues to reduce overall crew time requirements.

Both telemetry (environmental and system) and imagery data will be important in the automatic and expert backroom monitoring of future space-based plant production systems (Knott and Sager, 1991). Crop health imaging systems will play an important role in the optimization of the plant growth environment via the collection of biologically relevant feedback data. Essentially, the plants themselves will be queried to assess their health, and the environment adjusted accordingly or the on-site operator requested to implement other corrective actions. Various imaging techniques exist for such plant health monitoring systems (Chaerle and Van Der Straeten, 2001; Li et al., 2014; Saglam et al., 2019) and considering that controlled environment agriculture (CEA) systems can largely regulate each photon of input light, there are numerous new techniques in the exploratory phase (Ferl et al., 2017; Beisel et al., 2018).

The EDEN ISS project involved the design, development, and subsequent deployment of a containerized plant production system to the German Antarctic research station, Neumayer Station III (NM-III) (Zabel et al., 2016; Vrakking et al., 2017; Zabel et al., 2017; Schubert et al., 2018). The EDEN ISS greenhouse includes a wide array of sensors and cameras to collect data, which is subsequently made available over a satellite link to a network of backroom experts monitoring the greenhouse systems and plants. Although the facility includes an on-site operator who visits the facility for system maintenance and for horticultural management tasks, the collected data allows for a wide amount of remote operations to be conducted in an analogous means to how future space-based plant production systems will be operated.




Eden ISS Mobile Test Facility Infrastructure

The EDEN ISS Mobile Test Facility (MTF) consists of two custom 20-ft. high-cube shipping containers. The two container approach was necessary, because the logistics chain from Germany to the Neumayer Station III in Antarctica is based on that format. The need for two containers lent itself to a natural division of the facility into a plant cultivation container, the Future Exploration Greenhouse (FEG), and a container for the supporting technical systems, the Service Section (SES), each with a distinct climate. In that way an optimal environment for plant growth can be provided in the FEG, while a decent working environment for the on-site operator can be obtained in the SES (lower CO2 and relative humidity levels) (Vrakking et al., 2017; Zabel et al., 2017).

The SES container is the main access point for crew entering the facility and provides space to change from winter-gear to work clothes suitable for use in the greenhouse. Additionally, most of the subsystems needed for successful plant cultivation are integrated into this container, such as the Nutrient Delivery System and the Command and Data Handling System. The FEG provides the space for actual plant cultivation and houses those components that need to be in close proximity to the plants, such as the water-cooled LED panels of the Illumination System, fans, and various sensors. The four channels (blue, red, white, and far red) of the LED panels are individually controllable and set to the specific needs of the plants. Detailed descriptions of the designs of both the SES and the FEG container have been published previously (Vrakking et al., 2017; Zabel et al., 2017).

The two containers were delivered to Antarctica in January 2018 and were shortly thereafter installed on an elevated platform situated 400 m from the German Neumayer Station III. As part of the project, one project member joined the overwintering crew at the Neumayer Station III in 2018 and acted as the on-site operator of the facility during the initial 1-year space analogue mission, carrying out the necessary nominal operational tasks, e.g., sowing/harvesting, plant growth monitoring or subsystem management, and off-nominal maintenance tasks, as well as performing various scientific tasks, e.g., sample preparation for off-line analysis.

This project member had expert knowledge of the technical aspects of the system and had received training on the plant handling and science aspects. Nevertheless, the operator in the Antarctic could not necessarily have the required knowledge and expertise to handle all possible operational situations. In particular, expertise concerning plant cultivation and the detection of disease or abnormal development in plants was identified as a critical risk to the successful operation of the greenhouse. This is similar to the situation of astronauts in space missions. The astronauts, even if well trained, cannot be experts of all domains and usually do their job according to well-defined procedures and plans with the support of ground teams of experts. The provision of the ability of these teams to monitor the status of the systems, via telemetry or via other means such as imagery, represents a way to reduce the needed crew time and responsibility of the astronauts. For this reason, additional hardware was installed in the FEG to monitor the development of the plants over time as part of the Plant Health Monitoring System, and support infrastructure was built up to enable data exchange and communication with remote experts at the various consortium partner sites.

The remote sites were divided into six science support backrooms called User Home Bases (UHB) and the Mission Control Center (MCC) at the German Aerospace Center (DLR) in Bremen, and each site was provided with systems and tools to receive EDEN ISS data and images for real-time support and for remote commanding. The remote operations network (see Figure 1) was composed of:
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Figure 1 | Top-level data streams in the EDEN ISS remote operations network including the MCC, the UHBs, and the offline support centers.




MCC—German Aerospace Center (DLR—Bremen, Germany) was responsible for the overall management of EDEN ISS operations and accommodates the MCC, i.e., a control room equipped with all the tools for the remote monitoring and control of the greenhouse (including the Plant Health Monitoring System) (Schubert et al., 2018). DLR received, stored, and distributed all the data and images coming from the EDEN ISS MTF and continues to do so for current and future operation phases.

UHB—University of Wageningen (WUR—Wageningen, The Netherlands) was responsible for the definition of the cultivation plan (Dueck et al., 2016; Meinen et al., 2018). The WUR UHB processed and analyzed the images of the High-Definition (HD) Color Imaging System to detect anomalies and evaluate crop performance. In addition, it supported all crop cultivation-related issues.

UHB—University of Florida (UF—Gainesville, USA) was responsible for the Dual Wavelength Spectral Imaging System as part of the Plant Monitoring System. In this role, it analyzed the spectral images and interpreted the results for plant health and status assessment. UF was also responsible for the deposition of dual wavelength spectral images at the NASA Life Sciences Data Archive (LSDA). This was configured as a separate data transfer from UF to Kennedy Space Center (i.e., the LSDA). UF continues to fulfill these tasks for the 2019 operations phase and possibly for future phases as well.

UHB—Telespazio (TPZ—Naples, Italy) was responsible for the HD Color Imaging System, including development of a custom data distribution software application. As part of this responsibility, it hosted the camera test platform to provide the needed support for system configuration and troubleshooting. It was configured as a UHB for image reception and image quality assessment.

UHB—Thales Alenia Space Italia S.p.A. (TAS-I—Turin, Italy) was responsible for the International Standard Payload Rack (ISPR) operations. It was configured as a UHB not only to receive telemetry data and images, but was also provided with commanding capabilities to directly interact, upon MCC authorization, with the ISPR rack.

UHB—University of Guelph (UoG—Guelph, Canada) was responsible for the Nutrient Delivery System and support for the EDEN ISS control system. UoG was configured as a UHB with the monitoring and commanding capabilities to interact with such systems as necessary.

The MCC and UHBs provided both regularly scheduled and as-needed support to the on-site operator, resulting in successful plant cultivation and harvest of roughly 270 kg of fresh edible biomass in the first year of EDEN ISS operations (Zabel et al., 2019).




Camera System Inside the Future Exploration Greenhouse

Imaging within the FEG was considered to be a high priority element of the monitoring of plant growth and health within the EDEN ISS project. The images provided a wide variety of flexible datasets, which could be parsed and analyzed through the system of science support backrooms to provide metrics such as leaf size and color, plant morphology and development, as well as leaf reflectance values to augment assessments of plant health. This extensive imaging collection schema is composed of two camera systems, coordinated through a central camera network imaging server. The two systems are the HD Color Imaging System, which is a collection of remote controllable, 4 MP, Red-Green-Blue (RGB) web cameras tasked with monitoring the entire FEG, and the Dual Wavelength Spectral Imagers, which are modified GoPro cameras taking images at 12 MP tasked to examine the applicability of differential wavelength imaging to plant health monitoring.

The FEG offers fine control of the wavelengths of light that illuminate the plant canopies and the ability to coordinate imaging under various lighting conditions. Therefore, it is possible for both camera systems to take daily images under optimal lighting conditions for analyzing the plant status. Shortly before night mode of the greenhouse, the nominal lighting mode of the Illumination System (Zabel et al., 2019) is paused for a few minutes and switched to a special image taking mode (0% blue; 0% red; 100% white and 100% far red) to have always the same lighting conditions while taking images. The corresponding spectrum is shown in Figure 2.
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Figure 2 | Spectral flux density (at 15-cm distance) of a LED panel set to 0% blue, 0% red, 100% white, 100% far red. There can be variation in spectral composition ±5% between individual LED panels (Source Heliospectra). The highlighted wavebands give roughly the extent of the blue, green, and red channels in the camera. The gray area shows the cut-off of the internal Near IR (NIR) filter, which was removed in the GoPro, to make it sensitive to that part of the spectrum.




The images taken during image taking mode are then saved on the camera control PC in the SES and transferred during night to an FTP server in the MCC at the DLR site in Bremen and to another FTP server on a computer in the Neumayer Station III where a backup image repository is maintained. This is done by a custom developed software application based on the programming language Python. Figure 3 provides a pictorial view of the image acquisition and distribution flow.
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Figure 3 | Pictorial schematic of the image acquisition and distribution process.




The primary customers of the images for initial analysis include the University of Wageningen and the University of Florida, and a large subset of the images is made available to the public for outreach purposes via a specially designed website. The University of Wageningen processed the images using dedicated software to assess the status of the plants. The University of Florida processed various differential images from the Dual Wavelength Spectral Imagers and forwards reports to DLR and to the LSDA.

Other project participants also had access privileges to download the images for other purposes, for example, Telespazio did so in its role of being responsible of the HD Color Imaging System.



Description of the HD Color Imaging System

The above-mentioned software of the University of Wageningen employed the images taken by the HD Color Imaging System to provide a forecast of the harvest date, for the early detection of possible problems, and to define corrective actions in the early stages of the plant health issues. For that reason, the HD Color Imaging System of the FEG is composed of several elements (see Figures 4 and 5):
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Figure 4 | Layout of the HD Color Imaging System inside the FEG. The yellow circles represent the lateral view cameras and the yellow squares the top view cameras. Four plant growth racks (black outline) are present on each side of the container, called L1 to L4 for the left side and R1 to R4 on the right side. Each rack is subdivided into up to four growth levels (green outline) consisting of two trays for plant cultivation.
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Figure 5 | HD Color Imaging System configuration shown in a lateral view image.




1.	Fixed system of 17 visual HD cameras, mounted on the ceiling of each rack level (with the exclusion of the nursery), pointing downward towards two trays for top view imaging (Zabel et al., 2017) (see Figure 6).
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Figure 6 | Top view images of lettuce plants (top) and cucumber plants (bottom).




2.	Fixed system of seven visual HD cameras mounted on the ceiling of the first to the third levels of the nursery rack, two per level/one for each tray (for the upper level, one camera is used for the whole level), pointing downward towards the trays, for top view imaging.

3.	Fixed system of eight visual HD cameras, two for each rack, mounted along the corridor, on the rack structure pointing at the opposite rack for lateral view imaging (see Figure 5).

4.	System to connect the cameras to the EDEN ISS local area network.

5.	Software application for daily image acquisition, local storage, and forwarding to the European sites.

The installed cameras were the following model: HIKVISION DS-2CD2542FWD-I 4MP. The image resolution was 2,688 × 1,520 pixels and the focal length of the lens was 2.8 mm with a 106° angle of view.

The HD cameras are connected to the MTF network via Ethernet switches located in the FEG and the SES. In addition, they are configured by means of a computer located in the SES itself, using a dedicated camera management software program provided by HIKVISION. The camera configuration can also be done by remote sites, using the same software program installed on the NM-III and the EDEN ISS MCC camera control computers. This system provides several capabilities to the EDEN ISS operator on site and to the remote users. For example, it provides the possibility to have continuous streaming of images and to record videos and take snapshots whenever required.

The HD Color Imaging System is nominally configured to acquire one image per camera per day. The images are saved in jpeg format and have a maximum size of approximately 400 kB. That is done by a custom developed software application based on the programming language Python. The jpeg format was chosen to enable the data transfer of all images of 1 day to Europe using the AWI satellite connection with a very low data rate of 100 kbps. The quality loss of images in bmp format compared to the ones in jpeg format assessed by the human eye was negligible. With this software application, it is possible to schedule the acquisition of daily images (also more than one per day) from the top and lateral view HD color cameras. The images are automatically stored on the PC dedicated for the camera system inside the SES using the following naming convention: HDCam_ < cameraposition > _ < date > _ < time>, with the date expressed in yearmonthday (yyyymmdd), and the time expressed in hourminute (hhmm). A folder/directory structure has been created in order to save the images in separate folders based on camera position. Figure 7 provides a pictorial view of the camera network.
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Figure 7 | HD color camera network layout, including communication and storage systems.






Description of the Dual Wavelength Spectral Imaging System

The Dual Wavelength Spectral Imaging System allows the FEG to investigate the use of differential wavelength images for monitoring plant health. The extensive control capabilities of the Illumination System enables the use of approaches such as Normalized Difference Vegetation Index (NDVI) in the evaluation and monitoring of plant health. In particular, the modified GoPro cameras of the Dual Wavelength Spectral Imaging System allow NDVI and NDVI-like approaches to be taken using single RGB images and established post-processing algorithms (Beisel et al., 2018). Using these simple RGB images and commercial cameras allowed the flexible deployment of NDVI imaging within the physical and cost constraints of the project, and minimized the data management loads compared to the use of a true hyperspectral imaging system.

For the initial deployment of spectral imaging within the FEG, GoPro Hero4 cameras were modified to become Dual Wavelength Spectral Imagers (Beisel et al., 2018). The infrared (IR) filters were removed to allow Near IR (NIR) into the sensor (Figures 2 and 8) and a dual wavelength filter was added so as to collect and segregate the NIR (690–790 nm) and Blue (380–550 nm) wavebands. The filter blocks all greenish-yellow, yellow, and orange wavelengths offering clear separation of the informative Blue and NIR wavelengths to the image sensor. The modifications are enabled through the use of the Back-Bone Ribcage modification kit. The resulting images can be easily color-separated using plugins for ImageJ or other software, and the separated images can be manipulated by pixel math to produce normalized differential images using a wide range of pixel mathematics. Using a single sensor and single filter keeps the visible and NIR images in perfect register, eliminates the need for a mechanical filter wheel in the camera, and keeps the number of images that have to be managed by the data system to a minimum. Figure 8 shows a summary of the Dual Wavelength Spectral Imaging System setup.
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Figure 8 | The basic steps involved in the assembly and deployment of the Dual Wavelength Spectral Imaging GoPro system (A), and a test sample of images captured in healthy and salt-stressed plants, including false color NDVI renditions that use color to highlight NDVI pixel values that change with salt stress as an example (B). (Beisel et al., 2018). The imaging filter is NDVI-7 (https://www.irmods.com/ag-ndvi-7) and the camera adaptations were from Ribcage (https://www.back-bone.ca/product/ribcage-air-hero4-mod-kit/). GoPro, Ribcage, and CamDo images taken from the company websites.




In the 2018 Antarctic season UF monitored plant health with the two modified GoPros, which were mobile and could be placed at any position above the plants. Nevertheless, the position of the GoPros was fixed above one plant tray for a full plant growth cycle to obtain comparable pictures of the plant development. The schedule for image acquisition was controlled by a hardware modification using Blink adapters on the back of the GoPros. Two times a day images were taken automatically by each camera, one during day under nominal lighting conditions and the other one under special lighting conditions, mentioned previously, which enhance the NIR illumination.

After acquisition, each image was directly transferred to the PC dedicated to the camera system inside the SES and stored, in jpeg format, in associated folders in order to have the images saved per camera. The images had a maximum size of approximately 3,000 kB. Also for the images of this type of imaging system, a naming convention was created: UFImager_ < date > _ < time > _*, with the date expressed in yearmonthday (yyyymmdd), and the time expressed in hourminute (hhmm). The images were used in laboratory analyses, as well as being archived in NASA’s LSDA, and used for educational and public outreach purposes. The naming convention facilitates third party analysis and acquisition of the images from the LSDA.





Remote Support

The Plant Health Monitoring System inside the FEG periodically evaluates the state of the plants and diagnoses possible diseases in early stages. That allows for timely activation of corrective actions to mitigate the impact on the individual plants or even on the entire crop. For that reason, the Plant Health Monitoring System has been implemented with the objective of collecting information suitable for analysis by a knowledge system (either local or remote) to assess and advise prophylactic measures to support the on-site operator. The system provides the following capabilities:


	Immediate warning to the grower about crop failure.

	Support in operations planning.

	Timely feedback about crop performance.





Description of the University of Wageningen Tasks

The Unit Greenhouse Horticulture of Wageningen Research developed an automated system for remote plant health monitoring, based on the HD Color Camera System described above. The monitoring system:


	Warns the on-site operator of anomalies that may have shown up and advises on mitigating measures (hard warnings).

	Predicts harvest day by fitting a logistic curve through the daily number of pixels classified as leaves by the segmentation and recognition algorithm.

	Evaluates the crop performance to elicit possible revision of climate settings or nutrient supply (soft warnings).



The system makes use of the 24 top view cameras, although in principle it can also be applied to the lateral view images. No camera calibration and no image rectification were applied and for this reason the images presented an evident barrel distortion (any correction for distortion was expected to have a minor effect on prediction of the crop performance). No filters were used and default settings for the white balancing were applied, which were sufficient for the segmentation.

The image of each tray (either one or two in an image; see Figure 6) was divided into four sectors (roughly, but not necessarily, one per plant) and the Region of Interest (ROI) in each one, the pixels containing healthy plant material, was selected by an algorithm based on the RGB pixels. A first pre-segmentation of the colored image in the RGB color space based on threshold of the green channel and, in some cases, such as for the lettuce cultivar Outredgeous (Lactuca sativa L., type red Romaine, cv. “Outredgeous”), also the red channel, was performed to isolate the crop from the background.

Two types of tray covers were used depending on the cultivation method: gray-colored plastic covers with holes holding various amounts of rockwool blocks depending on the plants cultivated inside the tray, e.g., for tomato or lettuces, and metal covers with small splits for line cultivation on growth mats for the various herbs grown in the FEG such as basil or chives. The tomatoes and peppers were planted in specially designed black 3D printed growth support structures and then located in the trays with holes. The edges of the black support structures were reflective and a reflection of the LED panel was present in some cases for a few days until the crop was big enough to cover the black edges. The metal cover presented relevant reflection of light and, in some cases, of the crop itself. Therefore, the pre-segmented image was transformed into hue–saturation–value (HSV) color space, and the hue and the saturation channel were used to cope with the light reflection on the tray cover and partially on the leaves. Saturation changes were considered by the automatic monitoring system by using dynamic thresholds based on 30% and 90% of the pixels and on 5% and 95% of the pixels corresponding to the area of the saturation channel and the hue channel, respectively.

The distance between tray and LED was constant during cultivation, so it decreased with crop growth and light reflection changed when leaves were very close to the LED. From about 10 cm the color quality of the images rapidly decreased. This was compensated using the texture measures and edge detection of the image in gray format to extrapolate the fine structures of the leaves. To detect leaf discoloration and tomato flowers, the difference of the red and green channel was used. The RGB threshold to be applied for each tray was based on the crop information that the on-site operator manually recorded in a shared file, which listed the status of each plant growth tray (Alfonso et al., 2019), e.g., what plant is located in a given tray and when a crop was moved from the nursery to the production trays.

The evolution in time of the ROI in each sector of the daily RGB images was used for the early detection of anomalies. The total number of segmented leaf pixels was compared to the pixels of the previous day. When the size of the ROI decreased by an amount exceeding a preselected threshold of 95% a hard warning was generated by sending an automated e-mail to a human expert, including a description of the detected anomaly and a link to the images leading to the warning (actual and previous) (see Figure 9).
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Figure 9 | Images of consecutive days of the two trays monitored by the camera L2-2C; for sake of the simplicity only the sectors of the right tray are drawn. The artificial mistreating of the plant leaves in sector three causes a warning. Note that, in this particular case, no plants are growing in sector four of the right and the left tray.




The rate of increase of the ROI was used to calculate a growth curve. The parameters of the growth curve were refined daily. Expected harvest time and a crop performance indicator to evaluate crop performance were extracted from it. The latter was done on a daily basis through comparison of the latest predicted maximum growth rate and harvest day to the maximum growth rate and harvest day of the best performing previous cycle of the same crop. If the performance was not satisfactory (either lower growth rate or later harvest), a soft warning was sent out by e-mail and the decline in performance was mentioned (as %) as well as a plot of the extrapolated growth (and the previous, better one) was included.




Description of the University of Florida Tasks

NDVI is one of the most heavily utilized indices of plant photosynthetic activity and health, and the approach has a long and deep history of data capture and analytic procedures to draw upon. However, NDVI-like approaches are a new area of science when applied to highly controlled environments such as the EDEN ISS MTF, where photons of input and output can be regulated and studied. Thus, application of NDVI-like approaches is an active research area for discoveries related to monitoring plant health in highly controlled environments. Within the FEG and EDEN ISS concept of operations, NDVI and NDVI-related indices provide plant health monitoring that complement morphology, size, and color, and are being investigated as early warning measures of plant stresses.

The operational model is that Dual Wavelength Spectral Imaging System NDVI data provide an additional layer of plant health monitoring, which would then inform operators of any potential areas of concern and provide feedback to the operations of the FEG (see Figure 10A) (Beisel et al., 2018). The raw, unprocessed images are typical RGB images yet, because of the filtering, the images lack all green coloration (see Figure 10B). The images are then processed for NDVI and false coloring to assist in analysis (see Figure 10C).
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Figure 10 | (A) The basic information path that was used for the Dual Wavelength Spectral Imaging System (DWIS) integrated into the FEG. (B) An example of an unprocessed image taken by the Dual Wavelength Spectral Imaging System over the tomato growth tray. The filter in the imager removes most of the green wavelength from the image. (C) A false colored NDVI processed version of the image in (B). The false coloring is provided by a Look Up Table for the NDVI pixel values. The Look Up Table can be varied to adjust the visual presentation of the processed values within each pixel (Beisel et al., 2018). In this example, all of the leaves are essentially healthy and this example shows the range of NDVI pixel false-color values in healthy tomato plants.







Results After 1 Year of Operations



HD Color Imaging System

The first year of EDEN ISS plant growth operations was smooth and did not involve serious problems. In fact, most of the warning emails were caused due to issues in the punctual update of the shared plant tray status file by the on-site operator (e.g., following harvest events). This manual procedure could be improved during the next years of operations. A few of the other warnings were caused by natural causes, such a varying orientation of leaves (which can significantly affect the ROI, particularly in young plants), and could easily be dismissed by the experts. Similar effects can be caused due to removal of leaves by cultivation activities. Nevertheless, the hard warning system was accurate on the one failure that was artificially generated (see Figure 9). However, the frequency of one image per day is probably too low for on-time response of leafy crops.

The prediction of harvest time did not prove useful, as a trained on-site operator was in the greenhouse (almost) daily and could assess this by himself. Nevertheless, it could be seen that 1 week after transplanting, harvest day could be predicted within ± 2 days. Prediction of harvest time may be more useful whenever an untrained crew has to plan activities in the greenhouse.

The correlation between the crop performance indicator and final yield has been analyzed only on lettuce, with mixed results. There was much variation in the final fresh weight for lettuce, whose best predictor proved to be the variation in crop duration (time lapse between transplanting and harvest, caused by the busy schedule of the on-site operator), rather than our indicator. Nevertheless, even for a subset of cycles without correlation between yield and crop growth cycle duration (37 through 39 days), the variation in fresh weight (15%) was larger than the variation in our indicator (6%, Figure 11). Clearly, there is a need to evaluate further (and possibly re-define) the performance indicator.
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Figure 11 | Final edible fresh weight (g/tray) of two cultivars of lettuce, vs the performance indicator, for all cycles long 37 through 39 days. The dotted lines are the linear best fit. The indicator cannot explain the variation in final weight of Lactuca sativa L., type Batavia, cv. “Othilie,” and rather poorly of Lactuca sativa L., type Crispy Green, cv. “Expertise.”




As our limited dataset did not contain enough examples to effectively train a deep-learning algorithm (Birrell et al., 2019), the classical image processing algorithm that we applied did not need images in its training process, as it was based on a fixed set of handcrafted features for its image segmentation. However to cope with situations, such as fruit detection hindered by partial leaf occlusion and flower detection due to flower orientation and occlusions, a Mask R-CNN should be applied. A camera calibration and image rectification will enhance the image quality and allow more accurate measurements of some features such as the flower dimensions. A diffuse illuminance and the use of non-reflecting materials should be used to reduce the reflections.




Dual Wavelength Spectral Imaging System

The Dual Wavelength Spectral Imaging System proved to be a largely reliable imaging system within the FEG, returning to the project typically two images per day from each of the two imagers. Because each of the imagers was independently controlled by software settings within the camera itself, there were some operational tendencies that suggest improvements for the next deployment. For example, the clock settings within the GoPros tended to drift from the clocks within the FEG, prompting needs for operator resets of the imagers. However, the concept of having a movable imager that can be positioned at various places within a large growing system proved to be a success in that several growth systems were imaged over the course of the year.

The FEG proved to be an effective operational test-bed for using NDVI for monitoring plant health. For example, in late April and early May of 2018, there was an unrecognized problem in the Nutrient Delivery System for one of the trays of tomato plants. From the color cameras, there was no discernable difference in the appearance of the tomato plants, but the Dual Wavelength Spectral Imaging System NDVI images showed a quantitative decline in plant health preceding overt visual indications by several days (see Figure 12). The changing of the NDVI values preceded the visual notification by the crew by 3–5 days. When the nutrient solution was replaced, the NDVI images returned to normal. These observations indicate that there is value to NDVI imaging in operational production spaces, and suggest further study on the applicability of NDVI to other stresses such as plant disease and infestation.
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Figure 12 | An example of plant suboptimal health indications from May of 2018 where the Dual Wavelength Spectral Imaging System (DWIS) recorded an anomaly in the health of one of the trays of tomato plants in the FEG. The graph depicts the count of pixels within the image of a particular NDVI value (Beisel et al., 2018). The Y axis is the number of pixels of each NDVI value, normalized to a range from 1 to 256. From April 23 to 25 2018, the pixel values begin to drop and shift to higher NDVI values and reach a maximum change near May 1. The images to the right show portions of the unprocessed image (top) and the corresponding false color NDVI image (bottom) for each of the given imaging days. The graphs were obtained from equal regions of interest out of each NDVI image such that non-plant parts of the image were not included in the pixel value counts.
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Introduction: Traveling to nearby extraterrestrial objects having a reduced gravity level (partial gravity) compared to Earth’s gravity is becoming a realistic objective for space agencies. The use of plants as part of life support systems will require a better understanding of the interactions among plant growth responses including tropisms, under partial gravity conditions.

Materials and Methods: Here, we present results from our latest space experiments on the ISS, in which seeds of Arabidopsis thaliana were germinated, and seedlings grew for six days under different gravity levels, namely micro-g, several intermediate partial-g levels, and 1g, and were subjected to irradiation with blue light for the last 48 h. RNA was extracted from 20 samples for subsequent RNAseq analysis. Transcriptomic analysis was performed using the HISAT2-Stringtie-DESeq pipeline. Differentially expressed genes were further characterized for global responses using the GEDI tool, gene networks and for Gene Ontology (GO) enrichment. 

Results: Differential gene expression analysis revealed only one differentially expressed gene (AT4G21560, VPS28-1 a vacuolar protein) across all gravity conditions using FDR correction (q < 0.05). However, the same 14 genes appeared differentially expressed when comparing either micro-g, low-g level (< 0.1g) or the Moon g-level with 1g control conditions. Apart from these 14-shared genes, the number of differentially expressed genes was similar in microgravity and the Moon g-level and increased in the intermediate g-level (< 0.1g), but it was then progressively reduced as the difference with the Earth gravity became smaller. The GO groups were differentially affected at each g-level: light and photosynthesis GO under microgravity, genes belonged to general stress, chemical and hormone responses under low-g, and a response related to cell wall and membrane structure and function under the Moon g-level. 

Discussion: Transcriptional analyses of plants under blue light stimulation suggests that root blue-light phototropism may be enough to reduce the gravitational stress response caused by the lack of gravitropism in microgravity. Competition among tropisms induces an intense perturbation at the micro-g level, which shows an extensive stress response that is progressively attenuated. Our results show a major effect on cell wall/membrane remodeling (detected at the interval from the Moon to Mars gravity), which can be potentially related to graviresistance mechanisms.

Keywords: Arabidopsis, fractional gravity, microgravity, stress response, RNA-Seq, spaceflight



Introduction 

Long-term exploration of the Solar System will require that humans travel within a nearly close life-support systems, reducing to the minimum the amount of water, oxygen, and nutrients to be transported and optimizing the recycling of reusable waste. Such a system is being under development, for example, in the Melissa project from the European Space Agency (Godia et al., 2004), but it will require an edible plant to be successfully cultivated in the environmental conditions expected to be achieved during spaceflight and on arrival at nearby objects. Isolation chambers could avoid, at least partially, some of the suboptimal environmental conditions that can greatly compromise organism adaptation to spaceflight (Beckingham, 2010), including temperature, radiation, air, and soil composition constrains. However, providing artificial gravity will require large diameter centrifuge (Van Loon et al., 2008) or even expensive railroad-based platforms that could be subjected to other biological limitations.

Gravity influences the direction of plant growth and the pattern of development, from seedlings to adult plants (Volkmann and Baluska, 2006), and even gravitational effects on in vitro plant cell cultures have been reported (Babbick et al., 2007; Barjaktarovic et al., 2007). Light is the only tropistic response that plays a substantial role in determining overall plant architecture with a contribution similar to gravity. Typically, plants orient their roots towards the gravity vector (positive gravitropic response), and away from blue/white light exposure (negative phototropic response). Shoots show the opposite orientation, growing away from the gravity vector (negative gravitropic response) and towards a blue/white light source (positive phototropic response; Kutschera and Briggs, 2016; Briggs, 2014; Chen et al., 1999). Any tropistic response is divided into three stages; perception, transduction and response. During the perception phase, starch-filled statoliths interact with other cellular components in the specialized columella cells. Once the gravity signal is perceived, a differential auxin gradient develops along the root to the root elongation zone (transduction stage), where differential plant growth occurs and leads to reorientation of the root in the direction of the gravity vector (reviewed in Vandenbrink et al., 2014).

Phototropism and gravitropism have been well characterized, but little was known about the interaction among tropisms until recently. Experiments with plants in microgravity have allowed for the study of phototropism in the absence of the influence of gravity (Kiss, 2015). Our previous research showed that light perception by the roots can have an effect on shoot gravitropism in Arabidopsis thaliana (Hopkins and Kiss, 2012). In addition, phototropic curvature of roots in response to unilateral blue light was tied to the magnitude of the gravity vector (Vandenbrink et al., 2016). This latter study also identified an association between red-light-based phototropism in roots and the magnitude of the gravity vector. Other experiments involving assays of cell growth and cell proliferation have demonstrated that there is an imbalance between these key plant development functions in microgravity (Matía et al., 2010) in dark-grown plants. Recent spaceflight results also demonstrated that red light can compensate this effect (Valbuena et al., 2018), particularly increasing cell growth (i.e., as assayed by ribosome biosynthesis in the nucleolus) that was depleted without light stimulation.

Studies on the response of living organisms to altered gravity are greatly facilitated by the development of ground-based facilities for simulation of gravity alterations to perform basic science as well as to design and prepare for space experiments (Herranz et al., 2013). The biological system (cell proliferation and growth during early plant development) had previously been studied under real microgravity in the ISS (Driss-Ecole et al., 2008; Matía et al., 2010; Mazars et al., 2014). Similar effects to the ones observed during spaceflight (increased cell proliferation rates together with decreased cell growth parameters) also were observed in root meristem cells in simulated microgravity studies (Bouchern-Dubuisson et al., 2016; Valbuena et al., 2018) and in two partial-g paradigms. The imbalance of the cell proliferation and cell growth rates is also observable at the Moon´s gravity level, while less pronounced effects were observed at Mars g level (Kamal et al., 2018; Manzano et al., 2018).

In terms of spaceflight transcriptional experiments, a number of studies performed in orbit are available in public databases (Paul et al., 2012; Paul et al., 2013; Johnson et al., 2017; Zupanska et al., 2017). In these studies, some Gene Ontology categories as responses to biotic or abiotic stress, oxidative stress, cell wall reorganization and secondary metabolism remodeling commonly show the highest variation in gene expression. Transcriptional response in microgravity is different in each experiment, due to both the biological material (developmental stage or organ analyzed) and the technical/environmental constraints of each spaceflight experiment [late or early access to the sample during spaceflight, the hardware used, type of dissection/fixation/preservation see for example (Kruse et al., 2017)].

In a previous report, we focused on the effects of microgravity in the transcriptional profile of blue-light photostimulated seedlings (Vandenbrink et al., 2019). Here, we will describe the plant transcriptional response to several partial gravity levels in young blue-light photostimulated A. thaliana seedlings cultivated into the European Module Cultivation System (EMCS) centrifuge on board the International Space Station (ISS). The results from plants cultivated on the ISS within the SEEDLING GROWTH experiment series illustrate the adaptation strategy of plants at the level of the whole transcriptome to cope with reduced gravity conditions.




Materials and Methods



Seedling Growth Spaceflight Experiments

Seeds of A. thaliana ecotype Landsberg erecta (Ler) were flown to the ISS via the SpaceX Dragon. Spaceflight experiments were conducted utilizing the European Modular Cultivation System (EMCS) in the Columbus Module of the ISS. The EMCS facility provides two centrifuges for creation of simulated gravity vectors, as well as atmospheric, temperature and hydration monitoring and control (Brinckmann and Schiller, 2002; Brinckmann, 2005; Kiss et al., 2014). In addition, the EMCS contains a video camera for image acquisition as well as monitoring of growth. The Seedling Growth series of experiments was conducted in two parts. The first set of seedlings were uploaded on SpaceX CRS-2 (March 2013) followed by return via CRS-3 (May 2014), and the second set of seedlings were carried to the ISS on SpaceX CRS-4 (September 2014) and returned on CRS-5 (February 2015).




Spaceflight Procedures

Experimental containers were uploaded to the ISS and loaded into the EMCS as previously described (Kiss et al., 2014; Vandenbrink and Kiss, 2016; Vandenbrink et al., 2019). Experimental conditions were controlled remotely from the Norwegian User Support and Operations Centre (N-USOC; Trondheim, Norway). The experiment was initiated via hydration of the seeds. Plants were grown under 6 nominal gravity conditions produced by different rotational speeds on the EMCS centrifuge, microgravity (stopped EMCS centrifuge), 0.1, 0.3, 0.5, 0.8, and 1.0 g. The angular speed to generate each fractional gravity level was calculated for the cassette in the center of the Experimental Container. In the case of the 1.0 g cassettes, the value was calculated for the fifth cassette in order to prevent values higher than Earth nominal gravity. Seedlings were illuminated under white light (30–40 µmol m−2 s−1) for 96 h, followed by 48 h of unidirectional photostimulation with blue light. Light sources were LEDs (Kiss et al., 2014). RNA-Seq analysis was only conducted on seedlings exposed to unidirectional blue light. After conclusion of the experiments, seedlings were frozen in dedicated holders by placing them at -80°C in the General Laboratory Active Cryogenic ISS Experiment Refrigerator (GLACIER) freezer of the ISS. Upon return of frozen seedlings to Earth, samples were transported on dry ice and immediately preserved with RNALater for subsequent RNA-Seq analysis.




RNA Extraction and Sequencing

RNA was extracted individually for each EC TROPI cassette for most of the samples (i.e. from 24 cassettes, 20 samples were obtained to collect approximately 10–15 seedlings per extraction). A plant specific RNA extraction NucleoSpin kit (MACHEREY-NAGEL, Catalog # 740949.250) including a DNase treatment was used to isolate whole plant mRNA. The quantity and quality of the extracted RNA was determined by Nanodrop 2000 (Thermo Scientific). Extracted RNA was keep frozen at −80 C until shipped on dry ice to the David H. Murdoch Research Institute in Kannapolis; North Carolina, USA. During sequencing, twenty total RNA samples were used to generate twenty sequencing libraries using the Illumina TruSeq RNA Library Preparation Kit (Illumina, USA). Samples were individually indexed. The samples then were combined at equimolar proportions into three pools with 6–7 samples per pool. Each pool was loaded onto a single lane of a flow cell. A 125bp paired end sequencing run was performed on the Illumina HiSeq2500.

Paired-end 125bp reads were aligned to the Arabidopsis TAIR10 genomes using the HISAT2 pipeline on the Clemson University Palmetto Cluster (Kim et al., 2015). Fragments with a Phred score below 33 were filtered using Trimmomatic (Trimmomatic, 2013). HISAT2 (v2.1.0) was used to align sequencing reads. Reads were assembled into transcripts using StringTie (v1.3.4). Annotation was conducted using TAIR10 FASTA sequence the TAIR10 genome GTF annotation file (https://www.arabidopsis.org). This transcriptional dataset has been submitted to the GENELAB database (https://genelab.nasa.gov) and it will be released with the reference GLDS-251.




Differential Gene Expression Analysis

Statistical analyses of differential gene expression was conducted utilizing DESeq2 (v1.18.1; Anders and Huber, 2010). A multiple-test corrected p-value (q-value; Benjamini and Hochberg, 1995) of 0.05 was employed. The 20 samples were organized to reduce the g-level interval within biological replicates so the following groups were established: microgravity (stopped EMCS centrifuge, 4 replicates), low gravity (0.09 ± 0.02g, 3 replicates), Moon gravity (0.18 ± 0.04g, 3 replicates), Mars gravity (0.36 ± 0.02g, 3 replicates), reduced Earth gravity (0.57 ± 0.05g, 4 replicates) and 1g control (0.99 ± 0.06g, 3 replicates). Venn Diagrams comparing the number of differentially expressed genes (DEG) across gravity levels were created using jvenn [http://jvenn.toulouse.inra.fr/app/index.html (Bardou et al., 2014)] with both q-value < 0.05 and p-value < 0.05. Afterwards, gene ontology (GO) analysis of specific groups of DEGs was performed using BinGO (Maere et al., 2005) with the full list of GO terms (GO_Full) or using PANTHER (Mi et al., 2019) with the molecular functions, biological process and cellular component GO lists. Subcellular localization of DEGs was analyzed using the abundance tool (MMAP) of the Subcellular Localization Database for Arabidopsis Proteins [SUBA4, (Hooper et al., 2017)].

For a global view of the whole genome transcriptional status along g-levels into the SG1 and SG2 experiment (comparisons versus 1g), global expression patterns were calculated using the Gene Expression Dynamics Inspector (GEDI v2.1) program analysis (Eichler et al., 2003). GEDI profile allows the visualization of the gene expression across the transcriptome generating a mosaic image or dot matrix, consisting of 5 x 9 pixels (average of 5–14 probe sets/tile) using a self-organizing map algorithm and standard setting of the software (Eichler et al., 2003). Analysis was done using the signal log2 ratio of the selected probe sets through using the 5,571 probes with any significant (p < 0.05) change in expression from more than 21,000 sequences assignated to annotated genes. The same study was repeated adding the false discovery rate correction (FDR, q < 0.05, 861 genes). Each pixel represents a group or cluster of genes that share a similar transcriptional profile in any experimental condition. Each pixel has a color which reflects the average expression of the genes included in the cluster for each experimental condition compared to 1g control in each panel. The GEDI program SOM algorithm determines which genes should be assigned to each cluster, and then places similar clusters in a nearby area of the mosaic, creating an image and allowing global transcriptome analysis as a single entity for display in different gravitational conditions. For certain pixels of interest, the gene list extracted from the clusters was used to find functional links between genes using Genemania App embedded into the Cytoscape v3.6.1 (Shannon et al., 2003) software with default settings.





Results



Identification of Differentially Expressed Genes (DEG)

We performed transcriptomic studies with young seedlings of A. thaliana that were grown on the ISS at different gravity levels depending on the rotational speed of the EMCS centrifuge (nominal g levels) and the distance of each cassette to the rotation center (Figure 1). Seeds were hydrated to initiate our spaceflight experiment as previously described (Kiss, 2015; Vandenbrink and Kiss, 2019) showing a positive blue-light phototropism in the microgravity samples that it is greatly reduced at 0.1g, and effectively negated at 0.3g and higher gravity levels (Vandenbrink et al., 2016). Root growth was also determined after blue-light stimulation. The results show longer roots in microgravity and 1g samples in comparison with 0.1g seedlings (Vandenbrink et al., 2016).
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Figure 1 | Setup of SG1/SG2 experiment on board the International Space Station. (A) Image of an experimental container with 5 seedling cassettes inside the European Modular Cultivation System (EMCS) with the direction to the EMCS rotor center included. (B) Calculated g-level in each of the five culture chambers depending on the distance to the EMCS centrifuge rotor (note that only samples in the 3 positions in bold were included in this analysis, cassettes at 174 and 206 mm from EMCS center did not contain wildtype samples) and different EMCS rotational speed (nominal g value). Different background grey tones are used to indicate the samples that were used as replicates for low gravity (0.09 ± 0.02g, 3 replicates), Moon gravity (0.18 ± 0.04g, 3 replicates), Mars gravity (0.36 ± 0.02g, 3 replicates) and reduced Earth gravity (0.57 ± 0.05g, 4 replicates) and 1g control (0.99 ± 0.06g, 3 replicates) in addition to the microgravity samples (stopped centrifuge, 4 replicates). (C) Closer view of 6 day-old seedlings growing within a seed cassette at microgravity (CC116), low g (0.07g, CC136), Moon g (0.21g, CC156) or 1g control (1.05g, CC175) conditions with blue light stimulation (from the left). Hypocotyls show a clear positive phototropism at any g-level but roots only show this tropism at microgravity (arrows). For comparison, seed cassettes at low g (0.07g, CC126) and 1g control (1.05g, CC165) conditions exhibiting root positive phototropism to red light stimulation (from the left) are provided (see Vandenbrink et al., 2016 for a detailed phototropism discussion).




Differential expression analysis was conducted via DESeq2 (Anders and Huber, 2010) among all five reduced gravity conditions taking into account the calculated g-level experienced in each EC due to the geometry of the EMCS container (Figure 1B), using Earth’s gravity (1g) as the reference group, extending previous results from the microgravity samples (Vandenbrink et al., 2019). Initially, a reduced stringency analysis was done to isolate all genes identified as differentially expressed with a p-value of p < 0.05. Comparison between µg and 1g revealed 2067 differentially expressed genes, comparisons between low gravity (lower than 0.1g) and 1g peaked at 2552 genes, comparisons between Moon g-level and 1g reduced to 2088 genes, comparisons between Mars g-level and 1g revealed 978 genes, and lastly, comparisons between reduced Earth g-level (0.57g) and 1g identified only 411 differentially expressed genes (Figure 2A). In addition to an uncorrected p-value of p < 0.05, a stringent Benjamini and Hochberg (1995) FDR q-value <0.05 was used in the identification of differentially expressed genes (Figure 2B). Comparison between µg and 1g revealed 296 differentially expressed genes, while fractional gravity comparisons between low gravity (lower than 0.1g) and 1g revealed 568 genes. Comparisons between Moon g-level and 1g revealed 123 genes and comparisons between Mars g-level and 1g revealed 19 genes. Lastly, comparisons between reduced Earth g-level (0.57g) and 1g identified only 2 differentially expressed genes. Only one DEG appeared in all reduced gravity conditions (AT4G21560, VPS28-1 a vacuolar protein sorting homolog gene), another in all but reduced Earth g level (AT5G45428). There were 12 common DEG in microgravity, low g and Moon g conditions, being most of them related with calcium signaling, redox status and stress response (Supplementary Table 1).
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Figure 2 | Differentially expressed genes (DEGs) across the different gravity levels. (A) Venn diagram classifying DEGs using uncorrected p-value (p < 0.05). (B) Venn diagram classifying DEGs including an adjusted FDR q-value (p and q < 0.05). (C) Ten most significant gene ontology (BinGO GO Full Enrichment) categories from DEG in µg vs. 1g only (FDR q < 0.05). (D) Ten most significant gene ontology (BinGO GO Full Enrichment) categories from DEG in low gravity (circa 0.1g) vs. 1g only (FDR q < 0.05). (E) Ten most significant gene ontology (BinGO GO Full Enrichment) categories from DEG in Moon gravity vs. 1g only (FDR q < 0.05).




The ten most significant GO terms (BinGO full GO terms list) of the genes differentially expressed (obtained with the adjusted q-value in Figure 2B) specifically expressed in µg, low-g, or Moon gravity only were identified (Figures 2C–E). Not only the number of significantly affected genes, but also the type of genes affected, were clearly different with the increasing partial g level. In microgravity, we observed an enrichment in GO terms related with light and photosynthesis. In low gravity, there was a quite global stress effect together with chemical and hormone responses. Finally, when plants are grown under the Moon gravity level, the more representative enrichment is related to cell wall and membrane structure and function related genes. In fact, the differential subcellular localization of the DEGs at the Moon g level shows a clear enrichment in plastid related genes and other cell wall/membrane systems, while the general stress response observed at the low g level is characterized by the very large unassigned Subcellular compartment group (Supplementary Figure 1 and Supplementary Table 2).




Partial Gravity Differential Effect

Although the effects of partial-g on gene expression (at the levels of the Moon or Mars) appeared limited in the first analysis (Figure 2), we then evaluated how the expression recovers to normal values from microgravity to 1g condition by using a visual tool that creates a mosaic image for each g-level representing the gene expression level of similarly behaving DEG (in at least one of the conditions, n = 5571, p < 0.05 without FDR correction, Figure 3 first row). Except in the case of the low g condition, it is clear that the areas in red (up-regulated gene clusters) and the areas in blue (down-regulated genes clusters) that appear in the microgravity panels became quantitative and qualitatively smaller with increasing g-level. In the case of the low g condition, different clusters and with greater expression changes appears, suggesting an overlapping of two different responses at <0.1g level. The same result is shown if we apply the FDR correction (n = 861, p < 0.05 and q < 0.05 FDR correction, Figure 3 second row).
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Figure 3 | Whole-genome transcriptional status variations along g-levels into the SG1/SG2 experiments (comparisons versus 1g). A 5x9 clustering analysis of the differentially expressed genes (in at least one of the partial g levels, using normal p values (first row, n = 5,571 genes) or adjusted q-values (second row, n = 861 genes) on the transcriptome have been done with the average of each gene expression level within a similarly expressed cluster across the samples. Values are shown according to the log2 ratio scales at the border of the figure (from highly overrepresented in red to highly down-represented in blue). The mean value of −0.3 or −0.7 indicates an overall repression in gene expression under microgravity. The gene density maps are shown in the middle of the figure for each analysis. Calculated g-levels have been obtained by considering replicates the more similar samples across the nominal µg, 0.1g, 0.3g, 0.5g, 0.8g and 1g (precisely, µg (4 replicates), 0.09 ± 0.02g (3 replicates), Moon level (0.18 ± 0.04g, 3 replicates), Mars-level (0.36 ± 0.02g, 3 replicates), 0.57 ± 0.05g (4 replicates) and control 1g (0.99 ± 0.06g, 3 replicates).




Additionally, we took advantage of the GEDI self-organizing maps to select the list of commonly upregulated genes due to reduced gravity from the clusters in the first row of the GEDI panels. When the list of obtained genes (Supplementary Table 3) is used as a query in GeneMANIA, a tool to create networks from gene database content, a putative pathway for gravity response is proposed. Several processes related to mitochondria, plastid, cell wall and cell membrane processes are clearly affected together with 4 proteins (out of 156 annotated in the genome) belonging to the F-box/RMI-like/FDB-like domain family (including members as TIR-1 auxin signaling gene, cell wall remodeling and even cyclins, Figure 4).
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Figure 4 | Fifteen up-regulated genes in reduced gravity conditions can be connected in a gravity-response putative pathway. Large circles shown the genes detected in the first row clusters from the previous GEDI analysis (Figure 3) and small circles are candidates to be members of a shared pathway (as detected by Genemania App in Cytoscape v3.6.1). While most of the genes have unknown function, color have been used to highlight shared features among their GO properties. Solid lines shown related features as detected by Genemania app, dotted lines have been added by manual datamining comparisons. Note that four genes expressing F-box/RMI-like proteins (in red) out of 156 genes (related examples are auxin polar transport genes as TIR-1, cell wall remodeling and even cyclins) in the genome may be key in the definition of a microgravity specific pathway characterized by the highly interconnected nodes in this graph.




Finally, in an attempt to further dissect the differential response to partial gravity, we analyzed separately the up-regulated and down-regulated DEGs (Figure 5 and Supplementary Table 2). We can observe a general pattern in which the number of DEG fades with increasing g level but with a remarkable exception. In the list of down-regulated DEGs without FDR correction there is an unusually high number of affected genes in both low g and Moon g level (not shown). These DEGs are more clearly confirmed only in low g after FDR correction, in which more than 50% of the non-corrected DEG remains significant after the FDR correction. These genes belong to stress related GO terms, particularly related with the accessibility to plant nutrients (Figure 5).
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Figure 5 | Biological processes affected by reduced gravity (Panther Enrichment in biological process GO). Total number of up-regulated and down-regulated DEG (p < 0.05) are shown for the five reduced gravity conditions vs. 1g control. The ten most significant gene ontology (Panther biological process GO Enrichment) categories for the three upregulated and the three downregulated DEGs are shown for the microgravity, low gravity (circa 0.1g) and Moon gravity (0.18g) vs. 1g (*** FDR q < 0.001, **FDR q < 0.01, *FDR q > 0.05).







Discussion



Blue Light Phototropism May Be Enough to Reduce the Gravitational Stress Response on Orbit

Image analysis of seedlings grown during the Seedling Growth suite of experiments previously characterized a novel blue-light phototropic response in roots of A. thaliana grown in conditions of microgravity (Vandenbrink et al., 2016). This relationship was shown to be linearly related to the magnitude of the gravity vector for plants exposed to red light, but plants exposed to blue light showed rapid attenuation of the response in the presence of increasing gravity levels. To determine the differential response to reduced gravity and attempt to dissect the molecular mechanisms of gravisensing, we performed RNA-seq analysis to characterize changes in gene expression that may be associated with the novel blue phototropic response. Interestingly, the effect of blue-light illumination is clearly observable in the microgravity samples, with a clear enrichment in GO terms related with light perception, photosynthesis and biosynthesis of the photosynthetic complexes as previously reported (Vandenbrink et al., 2019), but it is barely appearing in the GO enrichment analyses that we performed on partial gravity samples, even bellow 0.1g (low g conditions). Surprisingly, the phototropic response to the blue light seems to be enough to cancel the effects of other genes of interest in gravitational research (as the ones observed at low g or Moon g level) to be not significantly affected in microgravity conditions. This result may be complementing previous reports from the same Seedling Growth spaceflight experiment but with plants exposed to red photostimulation. Fundamental plant functions, as cell proliferation and cell growth activity in root meristems, known to be affected by microgravity in the absence of light (Matía et al., 2010) are balanced just by providing a red photostimulation phase (Valbuena et al., 2018). In both red and blue photostimulation samples within the Seedling Growth experiment, roots are exhibiting a positive phototropism that can compensate the gravitropism stimuli role that it is required to preserve meristematic competence in orbit, as shown by the longer root growth in microgravity and 1g samples in comparison with 0.1g seedlings (Vandenbrink et al., 2016).




Low-g Effect: Competition Between Tropisms or Artifacts of Reduced-Gravity Simulation?

The large number of DEGs detected in the low-g conditions (<0.1g) is a striking result of this study. The type of transcriptional response observed in this group is similar to stress-related responses reported in other spaceflight or simulated microgravity datasets (Paul et al., 2012; Correll et al., 2013; Sugimoto et al., 2014; Ferl et al., 2015; Kwon et al., 2015; Johnson et al., 2017; Paul et al., 2017; Shi et al., 2017; Zupanska et al., 2017; Choi et al., 2019). In this case, there is a very clear component of “Response to General Stress” with a FDR q value <10−10, without any other GO terms to be similarly affected. In contrast the responses at the microgravity level (FDR q value <10−6), or at the Moon g-level (FDR q value <10−2) are very subtle. We explain these results as being the consequence of the combination of two tropistic responses acting with very low intensity. It is very likely that the subtle blue phototropism and the weak gravitropism signal at approximately 0.09g are competing to take the leading role in providing the fundamental cue for driving seedling growth and plant development. The result is a stress for the plant (blue-LEDS are located laterally while the gravity vector is towards the bottom of the cassette), which needs to adapt its developmental plan to an environment without the usual tropistic cues. The transcriptional adaptation to provide a response to this evolutionary novel and challenging environment requires the modification of more than five hundred genes, while microgravity only requires half of this number.

An alternative explanation to the low-g effects that cannot be completely excluded could be put in connection with simulated microgravity experiments. Secondary effects of microgravity simulation facilities (shear or inertial forces) and even small variations in the environmental conditions of experimental and control samples may lead to gene expression variations in a similar set of genes as those observed in the low-g subgroup in this work. Similarly, it is important to take into account the existence of hardware effects when growing plants in real microgravity (Kiss, 2015), including lack of convection, reduced CO2 levels, improper temperature, elevated ethylene, spacecraft vibrations, increased radiation exposure, among others.

However, the tropism conflict interpretation introduced early on this section seems to have a greater contribution than the artifacts of centrifugation in the low-g effects. A hardware side-effect explanation is less conceivable since the present study was conducted utilizing the European Modular Cultivation System, which contains an air scrubbing/filtration system designed for removing excess ethylene from the seedlings during the growth phase (Kiss et al., 2014; Kiss, 2015). Thus, even with proper ventilation, a reduction in gene expression of photosynthetic genes was observed in the microgravity samples (Vandenbrink et al., 2019). In the case of the samples exposed to centrifugation, the ventilation effect should be less important, but the centrifugation by itself could lead to additional stress in the samples. However, this centrifugation factor is also present in the 1g control sample, exposed to even higher angular speeds.

Spaceflight experimentation is required to verify that simulation strategies on Earth analogues are reliable and worthy. The continuous validation of the best simulation strategies will optimize and increase our chances of success in future spaceflight experiments (Herranz et al., 2013). Additional research in simulated low-g conditions on Earth or even in the Moon surface will help to extend and validate this research work.




Moon and Mars-g Effects and the Consequences for Manned Spaceflight Missions

Cultivating plants as part of life support systems in nearby objects of our planet will require us to expose the plants to the partial-g interval within the two values we examined here, namely, Moon g-level (0.18 ± 0.04g) and Mars gravity (0.36 ± 0.02g). Although some of the genes and GO terms observed affected at lower g-levels also appeared in these conditions, the existence of the gravitropic response, in combination with blue light illumination, seems to be enough to restore a nearly normal transcriptional state, particularly at the Mars g-level. These results are consistent with previous data coming from partial gravity simulation paradigms that validated that Arabidopsis developmental plan is still affected at the Moon g-level (even more intensely affected than in similar simulated microgravity samples) but that the “normal” developmental plan is almost completely restored at Mars g-levels (Kamal et al., 2018; Manzano et al., 2018).

The identity of some of the GO terms significantly affected at the Moon g-level suggest some structural stress at the level of the cell wall and membrane systems. This result is consistent with other results in spaceflight experiments (Kwon et al., 2015; Johnson et al., 2017; Zupanska et al., 2017). This effect is progressively weaker from Moon-g (almost similar to microgravity) to Mars-g, which shows a less intense response, but it is still visible at g-levels as high as 0.57g, when utilizing the less stringent analysis (Figure 2A). At these g-levels, gravitropism response may be acting and suppressing the recently described blue-light root phototropism, (already at the Moon g-level, see Figure 1C).

Therefore, we suggest that this transcriptional response could be related with the graviresistance signal that the cells without professional gravisensing organelles (as the statolith in the columella cells of the root) may use to detect g-force (Soga, 2013). Particularly at the Moon g-level, the very weak gravitropic signal may be still in conflict with a graviresistance tension in the cell wall and membrane systems (also weak), inducing and additional stress that is progressively removed when Mars g-level is reached. In that regard, we have found that some of the genes changing throughout the series of reduced gravity levels can be connected in a pathway in which certain genes may have a central position (Figure 4). The most connected nodes in the pathway would be the genes involved in the cross-talk between the cell-membrane-localized (AT3G44430 and AT2G34840) and the F-box/RMI-like/FDB-like domain proteins (AT5G56370 and AT5G56380) candidate genes. An important caveat to our results is that RNA was obtained from whole seedlings, despite our assumption that the root is the organ that can discriminate better the weak phototropism and gravitropism signals that are proposed here to be responsible of the transcriptional variations we have shown here.





Conclusions

The results of this study take advantage of the induction of subtle blue-light phototropism in roots in spaceflight to discern the transcriptional responses to different tropisms in orbit. Removal of the influence of gravity on blue-light-illuminated seedlings showed a reduction in gene expression in multiple pathways associated with photosynthesis, suggesting shared molecular pathways between the two tropistic responses, or a functional compensation among them.

It is important to emphasize that the effects shown at microgravity here are gradually removed by increasing g-load. While the phototropic effect is noted at the microgravity level, a general stress response is detected at <0.1g, probably due to conflicting stimuli, just at the detection threshold of photo- and gravi-sensing mechanisms. Membrane-related gene ontologies became the more significant at the Moon g-level, and they become progressively weaker at higher g-levels, allowing us to discriminate the differential contribution of the classical statolith-based gravitropism from other responses based on cell tensegrity that may require a higher g-threshold to be fully active (Hoson et al., 2005; Hoson and Wakabayashi, 2015). Therefore, our results are starting to isolate, at the whole transcriptional level, the global effects that are produced by the gravitropism, phototropism and graviresistance mechanisms, working at different g-level thresholds. Future use of mutant lines will help us to confirm and extend these findings, which suggests an intricate connection between gravity and light perception in A. thaliana. In the long term, these results on the interaction among tropisms will be important for the use of plants in bioregenerative support systems needed for the human exploration of the Solar System.
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Life on Earth has evolved under the influence of gravity. This force has played an important role in shaping development and morphology from the molecular level to the whole organism. Although aquatic life experiences reduced gravity effects, land plants have evolved under a 1-g environment. Understanding gravitational effects requires changing the magnitude of this force. One method of eliminating gravity’s influence is to enter into a free-fall orbit around the planet, thereby achieving a balance between centripetal force of gravity and the centrifugal force of the moving object. This balance is often mistakenly referred to as microgravity, but is best described as weightlessness. In addition to actually compensating gravity, instruments such as clinostats, random-positioning machines (RPM), and magnetic levitation devices have been used to eliminate effects of constant gravity on plant growth and development. However, these platforms do not reduce gravity but constantly change its direction. Despite these fundamental differences, there are few studies that have investigated the comparability between these platforms and weightlessness. Here, we provide a review of the strengths and weaknesses of these analogs for the study of plant growth and development compared to spaceflight experiments. We also consider reduced or partial gravity effects via spaceflight and analog methods. While these analogs are useful, the fidelity of the results relative to spaceflight depends on biological parameters and environmental conditions that cannot be simulated in ground-based studies.

Keywords: Arabidopsis, clinostat, plant growth, simulated microgravity, random positioning machine, reduced gravity, spaceflight experiments



Introduction

Plants have evolved under the influence of Earth’s gravity, a force of “1 g.” This ubiquitous force affects plant growth, development, and morphology at all levels, from the molecular to the whole plant (Vandenbrink et al., 2014). In addition, gravity underlies other physical phenomena like buoyancy, convection, and sedimentation, which affect many physical and chemical processes and therefore also shape plant growth and development. For example, buoyancy affects gas exchange, cellular respiration, and photosynthesis, but itself is a function of varying densities (Braun et al., 2018).

Studying the direct and indirect effects of gravity on plant growth, however, is complicated by the difficulty of changing gravity on Earth. One means of reducing gravity’s influence is to establish free fall and eliminate the effect of gravity either for a few seconds in so-called drop towers and parabolic flights or for the long term by using orbital free fall, which creates weightlessness. This condition is achieved by the balance between Earth’s gravity and the velocity required to maintain free fall (Kiss, 2015). Experiments focusing on plant growth and development have been carried out in this environment almost from the advent of human spaceflight in the 1960s (Wolverton and Kiss, 2009; Vandenbrink and Kiss, 2016).

Fascinating insights into plant biology have been provided by spaceflight studies aboard orbiting spacecraft. For instance, at the cell/molecular level, changes in the cell cycle (Manzano et al., 2009; Matía et al., 2010) and the cell wall (Soga et al., 2002; Johnson et al., 2015) have been observed when plants develop in microgravity. Recently, there have been a plethora of spaceflight experiments on the effects of varying gravity levels on gene expression in plants (Paul et al., 2012; Correll et al., 2013; Kwon et al., 2015; Johnson et al., 2017; Paul et al., 2017; Choi et al., 2019). And facilitated by the absence of significant gravitational accelerations in spaceflight, novel mechanisms of phototropism (Molas and Kiss, 2009) have been discovered in flowering plants (Millar et al., 2010; Kiss et al., 2012; Vandenbrink et al., 2016). On the applied side of plant space research, there has also been progress on cultivating plants for use in bioregenerative life support systems (Braun et al., 2018).

Because of the scarcity of access to spaceflight, researchers have used other approaches to minimize or eliminate constant 1-g conditions (Kiss, 2015). These methods include drop towers (samples are weightlessness for seconds), parabolic flights in specialized airplanes (samples are weightlessness for approximately 10–20 s), and sounding rockets (minutes of weightlessness) as attractive alternatives (see also Beysens and van Loon, 2015). Sounding rockets are retrieved in the same general area after their launch without entering into orbit. In the free-fall phase, these missions typically provide 3–8 min of microgravity (Böhmer and Schleiff, 2019). In recent years, private companies such as Blue Origin and Virgin Galactic are promising suborbital flight with several minutes of microgravity (Pelton, 2019). However, for most systems in plant biology, these suborbital methods provide a period of weightlessness that is too short to effectively assay growth and development. A conceptual alternative to these methods of creating brief free-fall conditions is to develop conditions in which the direction of the gravity vector is constantly changing through the use of clinostats and similar devices.




Clinostats

Clinostats have been developed since gravity was identified as a major contributor of plant growth and development by Knight, Sachs, and Ciesielski in the late 1800s (reviewed in Hoson et al., 1997; van Loon 2007; Hasenstein, 2009; Herranz et al., 2013). A clinostat is a device that rotates specimens around one or more axes. A number of different types of clinostats have been used to study plant growth and development as well as to address basic issues in fundamental biology. These clinostats can be divided into several types: one-axis clinostats with slow (1–4 rpm) or fast (50–120 rpm) rotation and clinostats with two or three axes of rotation. If the rate of rotation for the axes varies, such systems are distinguished as random positioning machines (RPMs). In addition to these instruments, magnetic levitation has been used to balance gravity (Kamal et al., 2016).



One-Axial Clinostats

The first experiments to expose plants to altered gravity environments were performed nearly 160 years before humans reached low-Earth orbit. Early in the 19th century, T.A. Knight used a water wheel as a centrifuge to expose oat seedlings to variable acceleration, demonstrating that plants were indeed sensing this physical force when carrying out “geotropic” growth (Knight, 1806). Later in the same century, Sachs developed a device, which he named a “klinostat,” to alter the effects of gravity by constantly rotating its longitudinal axis horizontally, thereby averaging the presumed effect of the gravitational force over the rotated axis (Sachs, 1882).

Clinostats have been employed as a control for the gravitational force in numerous studies investigating plant development and responses to directional stimuli (Figure 1). The clinostat has frequently been used for studies in which the researcher wished to reorient the organ or cell in the gravitational field for a period of time, then eliminate, as much as possible, the influence of constant gravity on the organ. Such was the use of clinostats in experiments investigating both the presentation time, perception time, and lag time of the gravitropic response of various species and organs (Pickard 1973; Johnsson and Pickard, 1979; Kiss et al., 1989). The theoretical justification for the use of clinostats was elaborated by Dedolph and Dipert (1971); they demonstrated the importance of the rotation rate on the effectiveness of the clinostat due to its influence on the sedimentation path of the starch statoliths, thought to be the primary means of gravity susception in plants (Kiss, 2000). They found that rotation rates of 2–4 rpm corresponded to a more effective randomization because it minimized the path length of statolith sedimentation.
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Figure 1 | A standard two-dimensional clinostat used to grow Medicago seedlings (green arrows) at 1 rpm. Blue arrow indicated the direction of rotation. Scale bar, 10.5 cm.




In addition to their use as a means of minimizing the unidirectional effects of gravity, several studies have incorporated modified versions of the clinostat that expose the axial organ to a fractional g treatment either through a programmed rotation pattern or through the incorporation of a centrifuge as the innermost rotating axis of the clinostat. These instruments have been key in estimating the threshold acceleration necessary to activate gravity perception and growth responses (Shen-Miller et al., 1968; Brown et al., 1995; Laurinavicius et al., 1998; Galland et al., 2004; Duemmer et al., 2015; Bouchern-Dubuisson et al., 2016; Frolov et al., 2018), as well as identifying cellular-level responses of plants to microgravity (Murakami and Yamada, 1988; Kraft et al., 2000; Dauzart et al., 2016; Manzano et al., 2018) and the persistence of the gravity stimulus (John and Hasenstein, 2011).

Despite their usefulness for temporarily changing the unidirectional force of gravity, there is also evidence that such treatments introduce their own sets of stimuli that may compete with or confound interpretation of those pathways of most interest to the user (Hasenstein and van Loon, 2015). Centrifugal forces resulting from rotation about one or two axes varies as a function of the position of the organ under study along the radius and speed of rotation, and the organ will experience variable g levels across its axis. Because the force of gravity itself is never altered, the bending due to differential growth will cause the position of the organ with respect to the radius of rotation to change over the course of an experiment. For example, the growth of an axial organ over the course of a long-term experiment will result in the organ experiencing a change in acceleration if the growth direction is away from the center of the axis of rotation. This factor is one source of complexity when interpreting the results of clinostat experiments, as indicated by the observation that plants respond differently when rotated around one axis versus the other (John and Hasenstein, 2011; Hasenstein and van Loon, 2015).

Long-term experiments on clinostats are particularly challenging because as the organs increase in mass, the changing weight distribution will cause bending stresses and other non-random mechanical stimulation that will vary as a function of the specific load-bearing structure of each organ. Thus, growing plants on a rotating clinostat can result in mechanical stress (van Loon, 2007; Manzano et al., 2009). The use of clinostats to study developmental effects of gravity are also limited because of their inability to control for constantly changing loads and rotational forces, thus restricting their usefulness with plants mainly to studies of directional growth responses. Thus, many factors, such as weighting distribution and rotation velocity, need to be considered when designing clinostats for life science experiment (Brown et al., 1996).

Despite these disadvantages, the simplicity and availability of clinostats are the main reasons that these devices are the most common approach to attempt to simulate altered gravity conditions. Although the artifacts associated with clinostats require caution of the assessment of gravitational effects, they can provide valuable comparisons with space experiments and have been widely used by many researchers (e.g., Brown et al., 1995; Kraft et al., 2000).




Fast-Rotating Clinostats

Slow-rotating clinostats as described above simply consider the overall geometry and develop a scheme of rotation that fulfills certain conditions (such as centrifugal accelerations less than 10−3 g). However, fast-rotating clinostats (typically 50–120 rpm) also utilize the path of sedimentation in a fluid, usually an aqueous growth medium for small (<1 mm) organisms (Aleshcheva et al., 2016; Warnke et al., 2016).

In liquids, sedimentation and a relatively slow rotation result in potentially significant artifacts including spirally movements from centrifugation, sedimentation, and a viscosity-dependent Coriolis force. When the speed of rotation is increased as in a fast-rotating clinostat, sedimentation of a particle will be less than the movement of the liquid, thereby resulting in a reduced radius that finally produces a smaller diameter than the size of the particle or a cell. Thus, in the conditions as found in the fast-rotating clinostat, the rotation stabilizes the fluid around the particle, which in turn eliminates the gravity effects for all practical purposes. While the fast-rotating clinostat can provide conditions that mimic weightlessness very well, it is limited to small organisms such as unicells or bacteria but, generally, not applicable for plant studies (Cogoli, 1992).




Non-Uniformly Rotating Clinostats

In addition to positioning one-axial clinostats at certain angles to mimic fractional gravity levels (<1 g), it is possible to achieve a similar condition by changing the rate of horizontal rotation such that the rotation is stopped during the bottom time (Brungs et al., 2016). The bottom dwell time determines the effective residual acceleration. When uniform rotation represents complete gravity compensation for a 1-rpm (~0.1 rad s−1) clinostat, extending each rotation by the amount of gravity that is supposed to be established, for example 0.1 g, would require a bottom dwell time of 6 s. The extra 6 s relative to the normal rotation of 60 s (=1 rpm) spent at the “bottom” position (Figure 2) creates 0.1 g net acceleration. Because additional acceleration or deceleration needs to be minimized, the movement requires precise algorithms and motor control. The advantage of such designs is that fractional g-levels can be established. Nonetheless, this principle also depends on rotation and therefore suffers from the same shortcomings as standard clinostats (Hasenstein and van Loon, 2015).
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Figure 2 | Motion profile of a an object experiencing fractional gravity as a result of non-uniform rotation. The trace of a point rotating around an axis shows an extended resting position during phase T1. The ratio between the dwell time in the bottom position (T1) and complete rotation (T0) corresponds to the fractional gravity experienced by plants, provided that the dwell time does not exceed the gravity perception time.






Random Positioning Machines

The limited ability to average gravity effects by horizontal rotation led to the evolution of RPMs in order not to generate constant accelerations in any particular direction (Kraft et al., 2000; van Loon, 2007; Herranz et al., 2013). The idea is to provide a more complex motion patterns than constant rotation around one or two axes such that no directional preference remains. Ideally rotation should occur around all three spatial axes (x, y, and z, i.e., pitch, yaw, and roll) and would require a three gimbal or Cardan suspension. However, most RPM systems are based on two axes or an “altazimuth mount” such that the two axes are mounted perpendicular to each other (Figure 3). This arrangement is sufficient to position any object on the experimental platform in any desirable direction (i.e., the vector normal to the experimental platform can point in any direction). Thus, seedlings that develop on an RPM appear to grow randomly as achieved in spaceflight (Figure 4).
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Figure 3 | Three random positioning machines (RPMs) each with two independently driven perpendicular frames. The discrete rotation axes allow the implementation of slip rings to provide power and exchange data with the experiment that can be mounted onto the inner frame. Both the full-sized RPM (A) and the two desktop models (B) are shown with 10-cm square Petri dishes (pd). The diameter of the disk (asterisk) on the full-sized RPM is 40 cm and provides the generation of partial gravity.
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Figure 4 | Arabidopsis seedlings grown in spaceflight hardware for 3.5 days in the dark. Arrowheads indicate the hypocotyl apex. (A) Seedlings that germinated and developed on the random positioning machine (RPM) are disoriented. (B) Ground controls (GR) are oriented to the gravity vector which is toward the bottom of the photograph. Scale bar, 6 mm. Figure is from Kraft et al. (2000) and is used with permission from Springer Nature publishers.




Randomness is achieved when the rotational angle differs between the two axes and changes over time. While these systems provide the best gravity compensation, they do so despite apparently exceeding the maximum permissible angular acceleration (approx. 30 deg s−1 for a 10-cm radius). Apparently better results are obtained when the sum of both axes movements exceeds 60–80 deg s−1 (Brungs et al., 2016). While this puzzling observation deserves future studies, it also highlights some postulated gravisensing mechanisms, namely that the movement of the suspected gravity sensors (starch-filled amyloplasts; Kiss, 2000) is sensitive to mechanostimulation, and thus describes dynamic gravisensing (Hasenstein, 2009).

Nevertheless, in gravity-perceiving root columella cells, the position of amyloplasts was similar in weightlessness in spaceflight and on the RPM, but was significantly different between spaceflight and two-axial clinostats (Figure 5). For in vitro systems like Arabidopsis cell cultures, it is important to realize that in fluid-filled experimental containers, there is also a fluid shear applied to the cells (Leguy et al., 2017). This issue can be mitigated by increasing the cell substrate viscosity (Kamal et al., 2019).
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Figure 5 | Plastid position in central columella cells of root tips of Arabidopsis seedlings grown on the ground (GR), during spaceflight (FL), on a random positioning machine (RPM), and on a clinostat (CL). These cells are involved in gravity perception (Kiss, 2000). There is no statistical difference (P > 0.05) between the FL and RPM samples as indicated by *, while the FL samples are significantly different (P < 0.05) from the CL specimens as indicaated by ** and determined by an ANOVA followed by a Tukey post-test.




Thus, the RPM can be a useful proxy for weightlessness for certain biological parameters, as shown in studies with plant cells, Drosophila, and mammalian cell cultures (Kraft et al., 2000; Herranz et al., 2010; Wuest et al., 2015). In addition, due to the difficulty, availability, and cost of spaceflight experiments, the RPM may in fact be one of the best substitutes/analogs especially when this instrument can potentially generate results comparable to those in true microgravity. This scenario is true especially when the changes in direction are faster than the response time of the object (e.g., plant body) to gravity (Borst and van Loon, 2009).





Magnetic Levitation

In contrast to the various clinostats that attempt to randomize the effect of gravity by changing the direction of its vector, magnetic forces counteract the gravity force by a magnetic force that results from a magnetic gradient and the diamagnetic susceptibility of the object which together generate a force that can be equal to gravity (Geim et al., 1999; Kamal et al., 2016). Interestingly, based on the orientation of the magnetic core, this gradient exists in two opposing directions such that in a vertically oriented magnetic field the top gradient balances gravity effects on biological, i.e., diamagnetic material at the point where Fmag = Fg. The opposite pole of the magnetic gradient also generates a 1-g force equivalent and therefore provides a 2-g equivalent (1 g attributed to the magnetic gradient in addition to the original gravity). While the effect of magnetic gradients and diamagnetic properties of the levitated object (e.g., frogs, seeds, or seedlings) balances the effect of gravity (i.e., stably suspend biological objects is space), the very strong magnetic field (about 15 T) and gradient is likely to affect the movement of charged particles (ions) and therefore alters the physiological conditions which affect gene expression (Paul et al., 2006). In addition, the small space in a magnet bore, the requirement to cool magnets while maintaining “room temperature” for biological objects, and to provide light, contributes to the complexity of magnetic levitation. The required strong magnetic field and gradient (about 1,400 T2/m) also require specialized magnetic systems that are expensive to operate.

Additional research is needed to determine which systems best mimic reduced gravity conditions, especially for plants that occupy a large volume and are therefore affected by any gradient of rotational, inertial, or magnetic conditions. Despite the above-mentioned complications, the ability to produce partial or even excess gravity forces makes magnetic gradients an attractive alternative to clinostat-based research. As indicated earlier, the precise and narrow space that corresponds to the desired level makes studies on whole plants problematic because the compensation point averages all forces acting on the levitated object by susceptibility, density, and distance. Thus, the most valuable aspect of high-gradient magnetic fields is the ability to precisely move (levitate) cellular organelles, such as statoliths in roots (Kuznetsov and Hasenstein, 1996), hypocotyls (Kuznetsov and Hasenstein, 1997), rhizoids (Kuznetsov and Hasenstein, 2001), and seedlings (Hasenstein and Kuznetsov, 1999). In addition, magnetic levitation has been shown to be a useful ground-based proxy for microgravity in a number of other systems including osteoblast cells (Hammer et al., 2009), Drosophila melanogaster (Herranz et al., 2012), and bacteria (Dijkstra et al., 2010).




Centrifuges

Although it sounds somewhat counterintuitive, we can also explore the effects of microgravity by the application of centrifuges. This reduced gravity paradigm (RGP) is based on the premise that adaptations seen going from a hypergravity level to a lower gravity level are similar to changes seen going from 1 g to microgravity (van Loon, 2016). Using such a paradigm, we are not focusing on the absolute acceleration values but rather on the responses generated due to the change between the two accelerations levels. The premise of such an experiment is that the plant sample has to be adapted and stable to a higher gravity level such as 2 g. Then, as the g-level is lowered to 1 g, the plant will respond to this reduced gravity level. It is hypothesized that the processes in such adaptations are of the same type as one would see going from 1 g into free fall, although the magnitude might be different. Thus, this reduced gravity paradigm is best used for stable and steady systems at a certain higher g level combined with measuring a relatively fast responding phenomenon when reducing the acceleration load.




Reduced or Partial Gravity Studies

Numerous studies on plant growth and development have been performed in space (Wolverton and Kiss, 2009; Vandenbrink and Kiss, 2016). In contrast, we know little about plant physiology in reduced gravity environments, which are less than the normal 1 g that characterizes Earth-based studies. Reduced gravity can also be termed partial-g or fractional-g. The exploration of the Moon and Mars will be important in the future and will rely upon optimized plant cultivation because plants will be essential for life support systems (Kiss, 2014). Therefore, it is important to develop new knowledge about the biology of plants at the lunar and Martian g-levels, 0.17 g and 0.38 g, respectively. Studies on plants in partial gravity environments also can provide new information on basic biological questions such as what is the threshold of gravisensing in plants (e.g., Kiss et al., 1989; Perbal, 2009; Duemmer et al., 2015).

To establish partial gravity on-board sounding rockets or orbiting laboratories, a centrifuge is needed to produce the desired accelerations. Centrifuges can be used to generate any acceleration from near zero to 1 g. Especially 1-g experiments are valuable as in-flight controls, which provide context for the analyses of spaceflight experiments (Vandenbrink and Kiss, 2016). Fortunately, there are several facilities on the International Space Station (ISS) that are equipped with centrifuges, and the ISS can be used to study partial gravity effects on plant development.



Plant Responses in Reduced or Partial Gravity in Spaceflight

A series of experiments have recently been performed on the ISS with Arabidopsis thaliana and have focused on 1) the interaction between gravitropism and phototropism in microgravity and fractional gravity (Kiss et al., 2012; Vandenbrink and Kiss, 2016; Vandenbrink et al., 2016) and 2) identification of the threshold for gravity perception in roots in the wild-type and starchless (pgm-1) mutants (Wolverton, in progress). These experiments utilized the European Modular Cultivation System (EMCS) which had onboard centrifuges allowing for gravitational ranges from microgravity to small fractions of a g up to 1 g (Kiss et al., 2014). The EMCS was decommissioned in 2017, but international space agencies have developed hardware such as Cell Biology Experiment Facility (CBEF) and Biolab support research at fractional g (Brinckmann, 2012).

In experiments in which directional light and fractional gravity were applied simultaneously, Kiss and colleagues reported strong positive phototropism in response to unilateral red light in the stem-like hypocotyls and roots of plants grown in microgravity (Millar et al., 2010). In time course studies, shoots had positive phototropism in response to red light in microgravity and at 0.1 g, and the curvature was not significantly different between two gravity conditions (Figure 6A). However, the red-light-based phototropism at 0.3 g was not significantly different from the red-light phototropic response of the 1-g control, and there was significant reduction of red-light phototropism at 0.3 g and 1 g (see also Kiss et al., 2012).
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Figure 6 | Time course studies of positive phototropic curvature in seedlings of Arabidopsis at indicated gravity levels in a spaceflight experiment. Different letters indicate significant differences among the plots. (A) Response of the shoot-like hypocotyls of Arabidopsis seedlings to red light. The response at 0.3 g was not significantly different from the value of the 1-g control, and there was attenuation of red-light phototropism at 0.3 g and 1 g. (B) Response of the roots of Arabidopsis seedlings to red light. The responses at 0.1 g and 0.3 g were not significantly different from the value of the 1-g control, and these values were attenuated compared to the robust response in microgravity. Figure is adapted from Kiss et al. (2012).




In experiments with seedlings, roots exhibited a strong positive phototropism in response to unidirectional red illumination in microgravity conditions (Figure 6B). In contrast to the experiments with shoots, the red-light-based phototropic response in roots at 0.1 g was reduced and not significantly different from the red phototropic curvature at 0.3 g and 1 g. Thus, our fractional gravity experiments demonstrated a reduction of red-light-based phototropic curvature in the shoot-like hypocotyls at the level of 0.3 g, but the level of 0.1 g was enough to reduce the red-light-based phototropism in roots. This range of fractional gravity is approximately the same as the g-levels found on the Moon and Mars, 0.17 g and 0.38 g, respectively. Taken together, our results suggest that this range of reduced g represents a significant sensory threshold.

This hypothesis is being investigated further in a separate series of experiments designed to test the threshold force required to activate gravity sensing and response of Arabidopsis seedlings in the EMCS. Ground-based clinostat experiments have estimated the gravity perception threshold at or around 0.003 g (Shen-Miller et al., 1968; Laurinavicius et al., 1998; Duemmer et al., 2015). This threshold was tested in these space experiments, and the analysis currently is in progress. Extending these results to include the starchless mutant in addition to wild-type seedlings will allow for the comparison of gravity perception threshold in roots that lack sedimenting statoliths (Kiss et al., 1989), which we predict will require greater accelerations to activate perception and response in these seedlings.




Plant Responses to Simulated Partial or Reduced Gravity Using Analogs

While the main focus of this paper has been on the simulation of microgravity, we also see that there is potential to use the analog devices to simulate partial or reduced gravity conditions that are found on the Moon and Mars (Kiss, 2014). This approach has been recently used in RPM studies of the effects of simulated partial gravity on the balance between cell growth and cell proliferation during early plant development (Manzano et al., 2018). In another recent study using Arabidopsis tissue culture cells, cell proliferation and growth were uncoupled under simulated reduced gravity also using an RPM (Kamal et al., 2018).

The results of these few studies are promising and encourage future exploration of simulated partial gravity for other biological systems. Successful application of partial gravity simulation could develop into new avenue of research. For example, the simulated Mars gravity of 0.38 g could be used in various biological studies to help prepare for a human mission to Mars.





Conclusions and Future Directions

Numerous studies have compared the biological effects of clinostats and other microgravity analogs to space experiments (e.g., Brown et al., 1996; Kraft et al., 2000; Herranz et al., 2013; Huang et al., 2018). The experiments to date suggest that while these devices may be useful tools in some cases, there are great differences observed between plants that grow and develop on these devices and plants that are grown in weightlessness during spaceflight. In fact, rotation on certain types of clinostats may have deleterious effects in some biological systems (Hensel and Sievers, 1980; Kozeko et al., 2018; Ruden et al., 2018).

The conditions under which ground-based simulation can provide useful information and compare various gravitational regimens need to be systematically determined through carefully controlled experiments in which ground analog studies are compared with spaceflight experiments. A problem with past studies of microgravity simulators/analogs is that it can be difficult to compare results between spaceflight experiments to those of simulation devices (Herranz et al., 2013). Thus, ground-based experiments should be performed to maximize comparability between spaceflight and experimental ground-based devices. For example, in plant studies, factors to consider include identical seed stock, growth substrate, nutrient media, and light composition and intensity. In addition, containers should be identical for space and ground-based studies. This latter consideration can be made difficult by the reluctance of space agencies to provide access to their expensive spaceflight hardware (Kiss, 2015).

Nevertheless, in this era of the International Space Station, we must take advantage of its unique facilities to compare effects observed in clinostats and other space simulators. We also should use the centrifuges available on the ISS to systematically explore the effects of partial gravity on plant growth and development. Understanding plant biology in space under different gravity levels will be useful as we develop technologies needed for human habitation of other worlds.
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Potatoes (Solanum tuberosum L.) have been suggested as a candidate crop for future space missions, based on their high yields of nutritious tubers and high harvest index. Three cultivars of potato, cvs. Norland, Russet Burbank, and Denali were grown in walk-in growth rooms at 400 and 800 µmol m−2 s−1 photosynthetic photon flux (PPF), 12-h L/12-h D and 24-h L/0 h D photoperiods, and 350 and 1,000 ppm [CO2]. Net photosynthetic rates (Pnet) and stomatal conductance (gs) of upper canopy leaves were measured at weekly intervals from 3 through 12 weeks after planting. Increased PPF resulted in increased Pnet rates at both [CO2] levels and both photoperiods, but the effect was most pronounced under the 12-h photoperiod. Increased [CO2] increased Pnet for both PPFs under the 12-h photoperiod, but decreased Pnet under the 24-h photoperiod. Increased PPF increased gs for both [CO2] levels and both photoperiods. Increased [CO2] decreased gs for both PPFs for the 12-h photoperiod, but caused only a slight decrease under the 24-h photoperiod. Leaf Pnet rates were highest with high PPF (800), elevated [CO2] (1,000), and a 12-h photoperiod, while growing the plants under continuous (24-h) light resulted in lower leaf photosynthetic rates for all combinations of PPF and [CO2]. The responses of leaf photosynthetic rates are generally consistent with prior published data on the plant biomass from these same studies (Wheeler et al., Crop Sci. 1991) and suggest that giving more light with a 24-h photoperiod can increase biomass in some cases, but the leaf Pnet and overall photosynthetic efficiency drops.
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Introduction

Future space travel will require sustainable supplies of food, oxygen, and clean water to support human crews. For current missions like the International Space Station (ISS), food is supplied from Earth, oxygen is provided through resupply or water electrolysis, and drinking water is recovered from condensed humidity and distilled urine, along with resupply from Earth (Anderson et al., 2019). But for longer duration missions, such as living on the surface of Mars, stowage and resupply will become increasingly costly, and more regenerative life support technologies will be needed. One approach would be to grow photosynthetic organisms like plants, which could provide oxygen, remove CO2, and provide food (Wheeler, 2017). Plants could also be coupled to wastewater processing approaches to generate water vapor through transpiration, which then could be condensed as clean water (Wolverton et al., 1983).

A range of crops have been suggested for space life support systems, including leafy greens and vegetables as supplemental foods for early missions (Tibbitts and Alford, 1982; Massa et al., 2015; El-Nakhel et al., 2019), as well as staple type grains, legumes, and tuberous crops for more full nutrition on future missions (Tibbitts and Alford, 1982; Waters et al., 2002; Wheeler, 2017). A species found on many of these crop lists is potato, Solanum tuberosum L. (Tibbitts and Alford, 1982; Wheeler et al., 1986). Potatoes can be propagated vegetatively and grow well in controlled environments, even using hydroponic approaches such as nutrient film technique (Wheeler et al., 1990; Molders et al., 2012; Wheeler, 2017). In addition, when strongly induced to tuberize, potatoes can produce high yields of nutritious tubers with harvest indices as high as 0.7 to 0.8 (Tibbitts and Alford, 1982; Wheeler and Tibbitts, 1997; Wheeler, 2017; Paradiso et al., 2018).

As with many crops, total and edible biomass of potatoes can be increased with increased light and elevated [CO2], although the results can vary depending on the combination of environmental conditions (Demagante and Vander Zaag, 1988; Wheeler et al., 1991; Wheeler and Tibbitts, 1997; Miglietta et al., 1998; Fleisher et al., 2012; Paradiso et al., 2019). For example, proportionately greater growth from elevated [CO2] occurred under short photoperiods, as compared to little or no gain when plants were grown under continuous light (Wheeler et al., 1991). As with whole plant growth, net photosynthetic rates of potato canopies also increase when light and [CO2] are increased (Miglietta et al., 1998; Wheeler et al., 2008; Fleisher et al., 2012; Fleisher et al., 2014), yet these types of measurements require specialized chambers (Wheeler et al., 2008; Fleisher et al., 2012; Fleisher et al., 2014). More typically, photosynthetic rates of single leaves of crops such as potato have been measured using portable gas exchange systems (e.g., Chapman and Loomis, 1953; Dwelle et al., 1981; Dwelle et al., 1982; Dwelle, 1985; Sicher and Bunce, 2001; Lawson et al., 2002; Paradiso et al., 2018). As with whole canopy measurements, these single leaf measurements of photosynthesis typically showed increased rates when light and CO2 were increased (Dwelle et al., 1981; Dwelle et al., 1982; Sicher and Bunce, 2001; Bunce, 2003; Kaminski et al., 2014; Paradiso et al., 2018). But as with some other species, potato leaves can acclimate to prolonged elevated [CO2] and leaf Rubisco protein and total nitrogen levels can drop (Sicher and Bunce, 2001; Leakey et al., 2012).

Interacting effects of [CO2] and light on photosynthesis to light can be complex (Nilwik et al., 1982; Lakso et al., 1984; Hand et al., 1993) and there are few studies examining these interactions for potato. Chapman and Loomis (1953) reported increased photosynthetic rates for potato leaves under elevated [CO2] in field settings, and showed that light saturation could be increased by [CO2] enrichment from 3,000 foot-candles [approximately 585 µmol m−2 s−1 photosynthetic photon flux (PPF)], to 4,200 foot-candles (approximately 820 µmol m−2 s−1 PPF) at 2X ambient [CO2], and to 5,200 foot-candles (approximately 1,015 µmol m−2 s−1 PPF) at 5X ambient [CO2] (irradiance conversions based on Deitzer, 1994). Extrapolating the inflections of their light-[CO2] response curves forms a straight line implying that significantly higher photosynthetic rates might be attainable. Ku et al. (1977) reported that an irradiance of 850 µmol m−2 s−1 (~ ½ full sunlight) was saturating for potato leaves at ambient [CO2], but doubling the [CO2] could approximately double the photosynthetic rate. Others have reported maximum rates in field grown potatoes to occur near 1,200 µmol m−2 s−1 PPF, and that photosynthetic rates were closely correlated to stomatal conductance at high irradiance levels in the field (Dwelle, 1985). Maximum gross photosynthetic rates for some potato cultivars under full sunlight (~2,000 µmol m−2 s−1 PPF) ranged from 50 to 60 mg CO2 dm−2 h−1, or about 32–38 µmol CO2 m−2 s−1 (Dwelle, 1985).

In an earlier paper, we reported on the effects of [CO2], PPF, and photoperiod with potato, where total biomass increased in response to increased [CO2] and PPF with a 12-h photoperiod, and but [CO2] had little or no beneficial effect under a 24-h photoperiod (Wheeler et al., 1991). Likewise, tuber yields were increased with increasing [CO2] and PPF under a 12-h photoperiod, but neither [CO2] nor PPF affected tuber yield under 24-h continuous lighting. This range of effects of [CO2], PPF, and photoperiod on potato tuber and total biomass yields suggest that primary physiological functions, like photosynthetic rates might be affected in complex or interacting ways by these same environmental factors. Here we report on leaf photosynthetic rates and stomatal conductance from these same studies. We hypothesized that the trends in total biomass can be predicted by measurements of leaf net photosynthetic rates. Note that these studies were conducted in 1987 at the University of Wisconsin Biotron (Madison, WI, US), and the ambient [CO2] levels were approximately 350 ppm as compared to ~410 ppm in 2019, 32 years later.



Materials and Methods

Propagation and cultural techniques for the potato plants (S. tuberosum L. cvs. Norland, Russet Burbank, and Denali) have been described in detail previously (Wheeler and Tibbitts, 1987). In brief, plants were started from in vitro propagated stem cuttings planted in 30-cm (19-L) pots containing peat-vermiculite (50:50 vol.) potting mix. Approximately 2/3 of the plantlet stem was buried in the potting medium and the above ground portion was covered with a glass beaker for 3 days to allow the plantlet to acclimate. All pots were watered to excess four times daily with a complete nutrient solution (Wheeler and Tibbitts, 1987). Studies were carried out in walk-in growth rooms at the University of Wisconsin Biotron (Figure 1). Environmental variables examined included: 1) carbon dioxide—ambient (~350 ppm—nominal ambient in 1987) and elevated (1,000 ppm); 2) photoperiod—12-light/12-h dark and 24-h light/0-h dark (i.e., continuous light), and 3) irradiance—400 and 800 µmol m−2 s−1 PPF from a mixture of high pressure sodium and metal halide lamps (Wheeler et al., 1991). The experiment was set up as factorial design with eight different combinations of [CO2], photoperiod, and irradiance. Two growth rooms were used simultaneously for the study, where the [CO2] was controlled to 350 ppm in one room and 1,000 ppm in the second room by supplementing the chamber air with pure CO2. Within each [CO2] controlled chamber, plants were placed on carts positioned under lamps that provided a zone of 400 µmol m−2 s−1 PPF or a zone of 800 µmol m−2 s−1 PPF. This was achieved by placing twice as many lamps over the 800 µmol m−2 s−1 zone. Heights of the carts were adjustable to maintain the target PPF values at the top of the plant canopy. Three pots were placed on each cart, and there were two carts (total of six plants) for each cultivar in each PPF zone (Figure 1) (Wheeler et al., 1991). Carts were moved to a new position each week to minimize position effects in the growth rooms. The growth rooms were both set to a 12-h photoperiod and plants were grown for 90 days and then harvested (Wheeler et al., 1991). Following this, each growth room was replanted, the photoperiod was set to a 24-h (continuous light) and plants were again grown for 90 days. Air temperature and relative humidity were maintained constant at 16°C and 70% for all tests.




Figure 1 | Large walk-in grown chamber at the University of Wisconsin Biotron used for study of potatoes grown at different levels of CO2, photosynthetic photon flux (PPF), and photoperiods. Three cultivars were included: Russet Burbank, Norland, and Denali. Each cultivar had three plants placed on two mobile carts positioned under 400 µmol m−2 s−1 PPF and two under 800 µmol m−2 s−1 PPF (total of six plants per treatment). Cart positions were changed at weekly intervals to reduce position effects.




Net Photosynthesis

Leaf photosynthetic (CO2 assimilation) rates (Pnet) were measured with a Li-Cor LI-6000 portable photosynthesis system at 3, 4, 5, 6, 8, 10, and 12 weeks after planting. A total of 12 measurements (two per plant from three plants on two separate carts) were taken on exposed, fully-expanded terminal or penultimate leaflets for each cultivar at each date under each environmental combination. Leaves were measured in situ with the chamber lighting. Leaves were positioned to be as close as possible to the target PPFs of 400 and 800 µmol m−2 s−1, but incident PPF was reduced approximately 10–15% by the Plexiglas of the cuvette. Approximately 13 cm2 of leaf tissue were enclosed in a 330-ml clear Plexiglas cuvette for the measurements. After enclosing the leaf, the [CO2] draw-down of the cuvette was logged in a series of ten 2- or 4-s intervals depending on the rate of photosynthesis. This draw-down rarely exceeded 30 ppm below the starting [CO2] concentration and each measurement could be completed in less than 1 min. A flow rate of approximately 20 ml s−1 was maintained between the infrared gas analyzer and the cuvette to provide uniform mixing and purging between measurements.

Typically a set of measurements lasted 2 h per room. For the treatments involving 12-h light and 12-h dark photoperiods, measurements began 5 h into the light thereby straddling the middle of the light period (Figure 2). For 1 day prior to any photosynthetic or stomatal conductance measurements, entrance into the growth rooms was restricted to avoid and transient [CO2] fluctuations. During all measurements, gas masks connected by hoses to a vacuum pump outside the room were worn to remove exhaled breath from the rooms (Wheeler and Tibbitts, 1989). CO2 concentrations could thus be held constant during the ~2 h required for the measurements.




Figure 2 | Diurnal plot of net CO2 exchange rates for young, fully expanded potato leaves of cv. Denali grown under a 12-h light and 12-h dark photoperiod at 350 ppm [CO2]. Plants were grown at either 400 or 800 µmol m−2 s−1 photosynthetic photon flux (PPF). Each point represents n = 12 measurements from separate leaves, with standard deviation bars indicated. Positive values of CO2 exchange in the light represent net photosynthesis and negative values in the dark represent respiration.





Stomatal Conductance

Stomatal conductance (gs) data were logged simultaneously with CO2 assimilation data by the LI-6000 portable photosynthesis system. A total of 12 measurements (two per plant from three plants on two separate carts) were taken on exposed, fully-expanded terminal or penultimate leaflets for each cultivar at each date under each environmental combination. Stomatal conductance measurements for plants grown under 12-photoperiods were taken approximately in the middle of light cycle. Measurements taken across the full photoperiod showed a clear diurnal rhythm with rates typically peaking in the middle of the photoperiod (Figure 3), thus stomatal conductance data measured in these tests likely represented peak rates for the plants grown under a 12-h photoperiod. Previous studies showed no measurable differences in conductance or CO2 exchange rates based on time of day for plants grown under continuous light (Wheeler and Tibbitts, 1989).




Figure 3 | Diurnal plot of leaf stomatal conductance rates for young, fully expanded potato leaves of cv. Denali grown under a 12-h light and 12-h dark photoperiod at 350 ppm [CO2]. Plants were grown at either 400 or 800 µmol m−2 s−1 photosynthetic photon flux (PPF). Each point represents n = 12 measurements from separate leaves with standard deviation bars indicated.



Because of the decision to maintain a rapid air flow to the cuvette for rapid purging of the system, cuvette humidity decreased during the logging sequence. Air flow for the LI-6000 device used in this study was cycled through a desiccant column before entry to the IRGA and subsequently returned to the cuvette. Equations used by the LI-6000 accounted for humidity changes in conductance calculations, however in practice, we found that such decreases in humidity resulted in slightly higher estimates of conductance in comparison to measurement at steady state humidity. This was likely a result of water desorption from the cuvette walls and tubing during humidity drops, which the machine interpreted as transpired water. Assuming that such errors were relatively constant, the uniformity in our procedures should allow relative comparisons of conductance between treatments. More updated versions of the Li-Cor portable photosynthesis systems (e.g., the 6200, 6400, 6800 models) maintain near steady state humidity and are not affected by this phenomenon (McDermitt, 1990).



Statistical Analysis

Data averaged over multiple dates during growth and development were compared by calculating standard errors of the means. Data gathered at two developmental stages, i.e., 28 days and 70 days after planting, were compared using analysis of variance using a 2 x 2 x 2 x 3 analysis design (two [CO2] concentrations, two PPF levels, two photoperiods, and three cultivars). Main effects, two-way interactions, and three-way interactions were compared at 95% confidence (P value = 0.05) and 99% confidence (P value = 0.01).




Results

Measurement of leaf CO2 exchange rates for cv. Denali leaves before, during, and after a 12-h photoperiod showed that leaf Pnet rates rose rapidly when the lights came on (09:00) and maintained relatively even rate across the light period (Figure 2). Each point shown in Figure 2 is the average of measurements from 12 different leaves. Prior to the light cycle and after the initiation of the dark period (21:00), CO2 exchange rates were slightly negative indicating a net CO2 efflux from leaf respiration (Figure 2). The dark period respiration rates were slightly greater for the 800 PPF plants than the 400 plants, possibly related to greater accumulation of photo-assimilates in the leaves grown under higher light. These measurements were taken at 28 days after planting at the 350 ppm [CO2] level. Raising the PPF from 400 to 800 µmol m−2 s−1 increased leaf Pnet by 47% across the light period. Simultaneous measurements of stomatal conductance (gs) showed an increase at the beginning of the photoperiod and with peak rates occurring in the middle of the photoperiod (Figure 3). Each point shown in Figure 3 is the average of measurements from 12 different leaves. Conductance rates dropped toward the end of the photoperiod and continued to decrease with the onset of the dark cycle, indicating a typical circadian rhythm effect on stomata (Holmes and Klein, 1986). Raising the PPF from 400 to 800 µmol m−2 s−1 increased gs by 21% across the across the photoperiod, although standard deviations for all but 13:00 measurements overlapped (Figure 3). The greatest relative difference occurred in the middle of the light cycle (Figure 3).

Time course plots of the leaf net photosynthesis (Pnet) rates from day 21 through day 84 for the 12-h photoperiod and 24-h photoperiod grown plants under the various combinations of PPF and [CO2] are shown in Figures 4A, B. Upper canopy leaves of plants grown under 12-h photoperiods showed higher photosynthetic rates than leaves under 24-h (continuous) light throughout all of the growth cycle (Figures 4A, B). Pnet rates were highest for leaves under 12-h photoperiods with elevated [CO2] (1,000 ppm) and high PPF (800 µmol m−2 s−1), but these rates dropped with age (Figure 4A). Time course plots of stomatal conductance (gs) rates from day 21 through day 84 for the 12-h photoperiod and 24-h photoperiod grown plants are shown in Figures 5A, B. Mid-day gs rates for 12-h photoperiod plants were higher than rates of 24-h photoperiod for most of the growth cycle, but the 12-h plants showed a clear diurnal rhythm in their stomatal control (Figure 3), while gs rates for 24-h (continuous light) plants showed little change across the day (data not shown). Mid-day gs rates for 12-h plants grown at 350 ppm [CO2] were higher throughout most of growth cycle compared to 12-h plants grown under 1,000 ppm [CO2].




Figure 4 | (A and B). Time course plot of leaf net photosynthetic rates for upper canopy potato leaves grown under different combinations of photoperiod, [CO2], and PPF. Data show combined values of 12 measurements each for cvs. Denali, Russet Burbank, and Norland (total of 36 measurements) for each point. Panel (A) shows data from plants grown under a 12-h light/12-h dark photoperiod, with measurement taken around the middle of the photoperiod. Panel (B) shows data from plants grown under 24-h or continuous light. Standard deviations for each set of 36 measurements (each point) are indicated.






Figure 5 | (A and B). Time course plot of stomatal conductance for upper canopy potato leaves grown under different combinations of photoperiod, [CO2], and PPF. Data show combined values of 12 measurements each for cvs. Denali, Russet Burbank, and Norland (total of 36 measurements) for each point. Panel (A) shows data from plants grown under a 12-h light/12-h dark photoperiod, with measurements taken around the middle of the photoperiod. Panel (B) shows data from plants grown under 24-h (continuous) light. Standard deviations for each set of 36 measurements (each point) are indicated.



Using analysis of variance for measurements taken from plants at 28 days after planting, leaf Pnet rates taken at the middle of the 12-h photoperiod showed significant main effects for [CO2] (i.e., 350 vs. 1,000 ppm), PPF (i.e., 400 vs. 800 µmol m−2 s−1), and photoperiod (i.e., 12-h vs. 24-h photoperiods), but no significant differences among cultivars (Table 1). Significant two-way interactions were also apparent for [CO2] x photoperiod, and PPF x photoperiod, and a significant three-way interaction occurred for [CO2] x PPF x photoperiod. At 70 days after planting, significant main effects were apparent for PPF and photoperiod for leaf photosynthetic rates, but the [CO2] effect was not significant, and there were no significant interacting effects (Table 2).


Table 1 | Net photosynthetic rates of potato leaves under different photoperiods, CO2, and photosynthetic photon flux levels (28 days after planting).




Table 2 | Net photosynthetic rates of potatoes under different photoperiods, CO2, and photosynthetic photon flux levels (70 days after planting).



Analysis of variance of gs measurements at 28 days after planting showed a significant main effect for [CO2], PPF, and photoperiod but not cultivar, and a significant two-way interaction for [CO2] x photoperiod (Table 3). At 70 days after planting, gs measurements showed significant main effects [CO2], PPF, photoperiod, and cultivar, and significant two-way interactions for [CO2] x PPF, [CO2] x photoperiod, and photoperiod by cultivar (Table 4).


Table 3 | Stomatal conductance rates of potato leaves under different photoperiods, CO2, and photosynthetic photon flux levels (28 days after planting).




Table 4 | Stomatal conductance rates of potato leaves under different photoperiods, CO2, and photosynthetic photon flux levels (70 days after planting).



When comparing leaf net photosynthesis for all ages and all cultivars, increasing the [CO2] from 350 to 1,000 ppm increased Pnet rates the most under the 12-h photoperiod, with an overall increase of 36% occurring at 400 µmol m−2 s−1 PPF and 27% at 800 µmol m−2 s−1 PPF (Figure 6). In contrast, increasing [CO2] from 350 to 1,000 ppm under the 24-h (continuous) light treatment decreased leaf net photosynthetic rates by 11% at 400 µmol m−2 s−1 PPF and 20% at 800 µmol m−2 s−1 PPF, although rates had overlapping standard errors (Figure 7).




Figure 6 | Comparison of time-averaged leaf net photosynthetic rates taken at 21, 28, 35, 42, 56, 70, and 84 days after planting for all cultivars grown under a 12-h photoperiod at two [CO2] concentrations, and two photosynthetic photon flux (PPF) levels. A total of n = 36 measurements were taken at each of the 7 dates, for a total 252 total measurements. Error bars indicate the standard error of the mean for average measurements at each date.






Figure 7 | Comparison of time-averaged leaf net photosynthetic rates taken at 21, 28, 35, 42, 56, 70, and 84 days after planting for all cultivars grown under 24-h (continuous) light at two [CO2] concentrations, and two photosynthetic photon flux (PPF) levels. A total of n = 36 measurements were taken at each of the 7 dates, for a total 252 total measurements. Error bars indicate the standard error of the mean for average measurements at each date.



When comparing photosynthetic rates for all ages and all cultivars, but in this case for PPF effects, the greatest increase occurred with 12-h plants grown at 350 ppm [CO2], showing a 49% increase in Pnet, and plants grown at 12-h with 1,000 ppm [CO2] showing a 40% increase (Figure 6). Plants grown under the 24-h (continuous) light also showed increased Pnet rates in response to increased PPF, but only 27% at 350 ppm [CO2] and 12% increase at 1,000 ppm [CO2], which was not significantly different based on standard errors (Figure 7).

When comparing stomatal conductance (gs) for all ages and all cultivars, increasing the [CO2] from 350 to 1,000 ppm under the 12-h photoperiod decreased gs by 29% at 400 µmol m−2 s−1 PPF by 37% at 800 µmol m−2 s−1 PPF (Figure 8). Under 24-h continuous light, increasing the [CO2] from 350 to 1,000 ppm decreased gs by 8% at the 400 µmol m−2 s−1 PPF, and by 7% at 800 µmol m−2 s−1 PPF (Figure 9).




Figure 8 | Comparison of time-averaged stomatal conductance rates taken at 21, 28, 35, 42, 56, 70, and 84 days after planting for all cultivars grown under a 12-h photoperiod at two [CO2] concentrations, and two photosynthetic photon flux (PPF) levels. A total of n = 36 measurements were taken at each of the 7 dates, for a total 252 total measurements. Error bars indicate the standard error of the mean for average measurements at each date.






Figure 9 | Comparison of time-averaged stomatal conductance rates taken at 21, 28, 35, 42, 56, 70, and 84 days after planting for all cultivars grown under 24-h (continuous) light at two [CO2] concentrations, and two photosynthetic photon flux (PPF) levels. A total of n = 36 measurements were taken at each of the 7 dates, for a total 252 total measurements. Error bars indicate the standard error of the mean for average measurements at each date.



When comparing gs for all ages and all cultivars but in this case for PPF effects, increasing the PPF from 400 to 800 µmol m−2 s−1 increased gs for 12-h plants by 22% at 350 ppm [CO2] and by 8% at 1,000 ppm [CO2] (Figure 8). Under 24-h continuous light, increasing the PPF from 400 to 800 µmol m−2 s−1 increased gs by 25% at 350 ppm [CO2] and by 23% at 1,000 ppm [CO2] (Figure 9).



Discussion

Time course measurements of leaf photosynthesis and conductance showed the highest Pnet rates for 12-h photoperiod, 1,000 ppm [CO2], and 800 µmol m−2 s−1 PPF early in growth, after which Pnet rates of the upper canopy leaves declined with time, which is consistent with reports in the literature (Vos and Oyarzun, 1987; Olesinski et al., 1989; Tekalign and Hammes, 2005; Timlin et al., 2006; Fleisher et al., 2014). Pnet rates for other combinations of photoperiod, [CO2] and PPF tended to remain relatively constant between 21 and 84 days after planting (Figure 4). Time course measurements for stomatal conductance, gs, showed the highest rates early in growth under all of the 12-h photoperiod treatments, followed by a graduate decline with age (Vos and Oyarzun, 1987). In contrast, gs for upper canopy leaves for all the 24-h treatments did not change much with age (Figure 5). No measurements of Pnet or gs were taken at 90 days, when plants were harvested and upper canopy leaves had begun to senesce, but it is likely that Pnet or gs rates for most treatments would have decreased with the onset of upper canopy leaf senescence.

When plants were grown under a 12-light/12-h dark photoperiod, stomatal conductance showed a clear diurnal rhythm of opening in the morning, peaking mid-day, and then beginning to close with the onset of dusk (Figure 3). These rhythms were likely controlled by a circadian cycle entrained to the photoperiod (Holmes and Klein, 1986). This pattern of stomatal opening and closing occurred at both PPFs, and related studies showed that elevating the [CO2] from 400 to 1,000 ppm reduced stomatal conductance in potato leaves, and that diurnal rhythms persist (Wheeler et al., 1999). Clear diurnal patterns for conductance have been reported from in-field grown potatoes (cv. Russet Burbank) and conductance levels rose linearly when PPF was increased from 400 to 2,000 µmol m−2 s−1 (Dwelle et al., 1982).

A statistical comparison of data gathered at 28 after planting showed that [CO2], PPF, and photoperiod all had significant effects on Pnet, and that the effects of both [CO2] and PPF interacted with photoperiod (Table 1). At 70 days after planting, PPF and photoperiod still had significant effects on Pnet, but [CO2] was not significant, and there were no significant interactions among factors (Table 2). This indicates that plant age and stage of development should be considered when comparing the influence of environmental factors such as light and [CO2] leaf photosynthetic rates of potato.

As with Pnet, stomatal conductance at 28 days after planting was affected by [CO2], PPF, and photoperiod, and the influence of [CO2] depended on the photoperiod (Table 3). Unlike Pnet, gs at 70 days after planting was also dependent on the cultivar, and there were interacting effects between cultivar and photoperiod (Table 4). Clearly, the environmental influences on leaf Pnet and gs in potato can complex, and in certain instances change with age and cultivar.


Photosynthetic Photon Flux Effects on Photosynthesis—Pnet

If effects of PPF, [CO2], and photoperiod are averaged for all ages and all three cultivars, some more clear comparisons might be drawn. Leaf Pnet for all cvs. showed a 49% increase under 12-h and at 27% increase under 24-h photoperiod when PPF increased from 400 to 800 µmol m−2 s−1 at 350 ppm [CO2], and 40% increase at 12-h and at 12% increase at 24-h at 1,000 ppm [CO2] (Figures 6 and 7). This suggests that the benefits from increased PPF were reduced at elevated [CO2], and that doubling of the PPF from 400 to 800 µmol m−2 s−1 did not double the Pnet, which is not unexpected as the light intensities approach saturation levels. Dwelle et al. (1981; 1982) reported maximum photosynthetic rates for cv. Russet Burbank leaves occurring from 900 to 1,300 µmol m−2 s−1, Midmore and Prange (1992) reported maximum rates for cvs. DTO-33 and Guarhuash Huayro near 1,100 µmol m−2 s−1, and Paradiso et al. (2018) reported maximum rates for cvs. Avanti and Colomba near 1,500 µmol m−2 s−1. These are higher than 800 µmol m−2 s−1 used in our study, suggesting that photosynthesis for the cvs. in our study could have been increased even further with higher PPF. Some of the very first single leaf photosynthetic rates reported for potato, showed that Pnet rates saturated near 585 µmol m−2 s−1 PPF at 1950 ambient [CO2] concentration of about 300 ppm, but that elevating the [CO2] to 600 ppm increased photosynthetic saturation to about 820 µmol m−2 s−1, and elevating [CO2] further to about 1,500 ppm increased photosynthetic saturation to about 1,015 µmol m−2 s−1 (Chapman and Loomis, 1953). Ku et al. (1977) reported that an irradiance of 850 µmol m−2 s−1 (~1/2 full sunlight) was saturating for potato leaves at ambient [CO2], but doubling the [CO2] could increase photosynthetic rates further.



CO2 Effects on Photosynthesis—Pnet

Leaf Pnet rates for all cultivars were increased with elevated [CO2] by 36% and 27% for 400 and 800 µmol m−2 s−1 PPF with a 12-h photoperiod, but decreased 11% and 20% with elevated [CO2] at 400 and 800 µmol m−2 s−1 PPF at 24-h lighting (Figures 6 and 7). The benefits of [CO2] enrichment on photosynthetic rates for the 12-h grown plants is consistent with numerous reports from other photosynthetic gas exchange studies (Chapman and Loomis, 1952; Sicher and Bunce, 2001; Bunce, 2003; Leakey et al., 2012; Fleisher et al., 2014; Kaminiski et al., 2014), but negative effect of [CO2] enrichment under 24-h lighting was somewhat unexpected. Prior leaf gas exchange measurements with potatoes grown under continuous light showed some benefit with [CO2] enrichment for cv. Norland early in growth, but there was little benefit after about 40 days age (Wheeler and Tibbitts, 1989). Single leaf Pnet measurements for cv. Russet Burbank from that same study showed no benefit or even decreased rates throughout growth (Wheeler and Tibbitts, 1989), which is consistent with what we report here.



Continuous (24-h) Light Effects

The results from this study suggest that continuous light was stressful for the potato leaves and plants over time, and that it reduced the beneficial effect of increasing the PPF or elevating the [CO2] on photosynthesis and biomass gain (Wheeler et al., 1991). Our intent in testing longer photoperiods, including continuous lighting, was to determine upper limits for potato tuber yield per unit area per unit time for space life support systems (Wheeler et al., 1986). For many studies, use of continuous light did indeed increase yields by providing a great daily light integral or DLI to the plants (Wheeler and Tibbitts, 1987; Wheeler et al., 1991; Wheeler and Tibbitts, 1997), but only with cultivars that were physiological tolerant to the continuous light. Depending on the cultivar, overall radiation use efficiency (gram dry mass/mol PAR) for tuber yields always tended to be lower with continuous light as well as other longer photoperiods, such as 16-h light/8-h dark or 20-h light/4-h dark (Wheeler et al., 1986; Demagante and Vander Zaag, 1988; Wheeler et al., 2008). This could be related to end-product inhibition, such as carbohydrate accumulation in the leaves under continuous light, especially with elevated [CO2] (Ehret and Jolliffe, 1985; Peet et al., 1986; Sicher and Bunce, 2001), or the fact that most potatoes tuberize better under short photoperiods (Batutis and Ewing, 1982; Wheeler and Tibbitts, 1986; Demagante and Vander Zaag, 1988). Any suppression of tuber initiation under continuous light may have limited potential carbohydrate sinks (i.e., tubers) from developing, and is consistent with the lower harvest index values reported from the same plants used in this study (Wheeler et al., 1991). In studies where potatoes where moved between environments with a 12-h photoperiod and continuous light, plants produced the greatest yields when they were started under short days, which presumably initiated a large number of tubers early in growth, followed by moving them to a continuous light environment, which provided more total light (Wheeler and Tibbitts, 1997). Unfortunately, no leaf photosynthetic measurements were taken for those studies.



Stomatal Conductance

Elevated [CO2] reduced stomatal conductance, gs, for all the cultivars grown under the 12-h photoperiod for both PPFs in our study (Figure 8), which is consistent with numerous reports in the literature (Morison, 1987; Fleisher et al., 2012; Kaminski et al., 2014; Leakey et al., 2019). A comparison of gs between potato plants grown at 8 h light/16 h dark, and 16 h light/8 h dark showed little difference (Ezekiel and Bhargava, 1992), but each of these environments provided a defined light/dark cycle for the leaf circadian entrainment (Holmes and Klein, 1986), unlike the continuous light grown plants in this study, which consistently showed lower gs in comparison to 12-h light grown plants. Under the 24-h light treatment, elevated [CO2] actually increased conductance under 400 µmol m−2 s−1 PPF and decreased it only slightly under 800 µmol m−2 s−1, which was unexpected based on the volume of literature looking at [CO2] effects on stomata (Morison, 1987; Leakey et al., 2019).

If the effects of PPF on gs are compared for all the cultivars over all dates, increasing the PPF from 400 to 800 µmol m−2 s−1 increased gs by 22% at 350 ppm [CO2] and by 8% at 1,000 ppm [CO2] for plants grown under a 12-photoperiod (Figure 8). Under 24-h continuous light, increasing the PPF from 400 to 800 µmol m−2 s−1 increased gs by 25% at 350 ppm [CO2] and by 23% at 1,000 ppm [CO2] (Figure 9). Increases in gs with PPF are consistent with previous reports in the literature, including potato leaves (Vos and Oyarzun, 1987), and it is interesting to note that this occurred regardless of the photoperiod, unlike the [CO2] effects on gs discussed above.



Comparison of Leaf Photosynthesis and Yield

Total plant biomass data reported for this same study showed significant effects for [CO2], PPF, and cultivar, and significant interactions of [CO2] X cultivar and PPF X cultivar for plants grown under 12-h lighting (Wheeler et al., 1991). For plants grown under 24-h lighting, total biomass was affected by PPF and cultivar, with significant interactions between [CO2] X PPF and PPF X cultivar. Unfortunately, plant biomass yields for each photoperiod were analyzed separately and so the statistical effects of photoperiod were not determined. Leaf Pnet rates for these same plants showed significant effects for [CO2], PPF, and photoperiod at 28 days after planting, and for PPF and photoperiod at 70 days after planting. But unlike total biomass and tuber yields, cultivar had no significant effect on leaf Pnet rates (Tables 1 and 2).

When averaged for all cultivars, tuber yields increased in response to elevated [CO2] by 39% under the 12-h photoperiod and 400 µmol m−2 s−1 PPF (as compared to leaf Pnet rates that were increased by 36%); tuber yields increased by 27% by elevated [CO2] at 800 µmol m−2 s−1 and a 12-h photoperiod (as compared to 27% increase for leaf Pnet); tuber yields increased 9% in response to elevated [CO2] under 24-h lighting at 400 µmol m−2 s−1 (as compared to a decrease in Pnet by 11%); and tuber yields decreased 9% in response to elevated [CO2] under continuous light and 800 µmol m−2 s−1 PPF (as compared to a decrease in Pnet 20%) (Wheeler et al., 1991). Similar trends occurred between total plant dry mass and upper canopy Pnet rates (Wheeler et al, 1991). The greater deviation between upper canopy Pnet rates and tuber biomass under continuous light could have been related to increased side lighting to the plants (Went, 1957), which were taller than the 12-h photoperiod plants. Likewise, the significant effect of cultivar on tuber and total biomass yields (Wheeler et al., 1991) but not on leaf photosynthetic rates (Tables 1 and 2) may have been related to shoot growth habits of the different cultivars (Norland plants tended to be shorter than Russet Burbank and Denali), which likely resulted in different amounts of side lighting. Thus our expectation that leaf photosynthetic rates are a good predictor of final yields for potatoes held for some, but not all combinations of light, CO2 and cultivar. The trends in leaf Pnet for 12-h photoperiod plants seemed to match biomass and tuber yields better than for 24-h photoperiods. A better experimental approach would be to grow the plants in solid stands and only harvest plants surrounded by guard rows, or for limited space in controlled environments, use some form of side screening or shading to minimize complications from side lighting (Went, 1957).



Implications for Space Life Support

The comparison of leaf Pnet rates, and in particular, plant biomass yields for potato show that there is little benefit to increasing the PPF and [CO2] if continuous lighting is used, although increasing just PPF or [CO2] could provide some benefit. Stated differently, there is little benefit to using continuous light if you can [CO2] enrich and/or provide a higher instantaneous PPF. For all cases, radiation use efficiencies decreased under continuous light. Whether this is true for other long photoperiods (e.g., 16-h or 20-h) would require further study. Studies comparing tuber yields of cvs. Norland, Norchip, Superior, and Kennebec showed increased tuber yields with Norland at 16 and 20-h photoperiods at 400 µmol m−2 s−1 (Wheeler et al., 1986), but decreased yields for cv. Kennebec. This suggests that late season cultivars like Kennebec may be more obligate for short days to promote tuberization, while early season cultivars like Norland may be more day neutral with regard to tuberization (Wheeler et al., 1986). In addition, some cultivars like Kennebec, Superior and Norchip were physiologically intolerant to continuous light, a phenomenon that has reported with tomato and several other species (Hillman, 1956; Wheeler and Tibbitts, 1986).

When compared to terrestrial systems, space habitats and life support systems will all be constrained by mass, energy, and volume (Drysdale et al., 1999). To achieve a target crop yield and oxygen production could require higher light levels when growing area and volume are limited (Wheeler et al., 2008). Assuming that the crop yield is a response largely to the daily light integral, then this can be manipulated by increasing the instantaneous PPF, extending the photoperiod, or both. Assuming this would be done with electric lighting systems like LEDs, the total light produced would be constrained by the available electric power (Drysdale et al., 1999) (note, there are situations and approaches where solar lighting could be used in space; Nakamura et al., 2009). There can also be complications depending on the maximum output of the electric lighting fixtures and/or power allocations that might change throughout the day. Short day crops like potato can make things a bit more complex to manage if the longer photoperiods tend to suppress tuber development (likewise for short-day flowering of crops like soybean and rice); use of longer photoperiods can increase total biomass but harvest index (edible biomass/total biomass) might decrease. Moreover, if the crops are physiologically intolerant to very long photoperiods, as with some potato cultivars (Wheeler and Tibbitts, 1986), long photoperiods may not be an option. But we have seen a range of responses in potato cultivars with regard to photoperiod and tuberization (Wheeler and Tibbitts, 1986), and even tolerance to continuous light, so many of these challenges might be resolved by selecting appropriate genotypes or breeding/engineering for tolerance to longer photoperiods.

When we began these studies, we assumed the enriching the [CO2] to a level of 1,000 ppm would be beneficial for a C3 crop like potato because it would increase photosynthesis, growth, and water use efficiency, regardless of the lighting (Hand et al., 1993; Leakey et al., 2012; Leakey et al., 2019). Surprisingly, this was not the case under continuous light (Wheeler et al., 1991). [CO2] in closed atmospheres of spacecraft or habitats with humans is typically elevated well above current Earth ambient, where for example, the ISS [CO2] levels have ranged from 3,000 and 7,000 ppm (Law et al., 2014), so [CO2] enrichment should not be difficult to implement in space. Based on our findings with potato, this suggests that shorter photoperiods would be the most efficient approach to take advantage of the elevated [CO2] environment, and if energy for lighting is limited, the greatest benefits from [CO2] enrichment would occur at low to moderate PPF (e.g., 400 µmol m−2 s−1). These recommendations are focused on trying to optimize the environment to improve the performance of the crop. Alternatively, the crops, including potato, might be altered to accommodate the environment. This can be done through selection from existing genotypes, conventional plant breeding, or the use of genetic engineering approaches to develop better “space crops.”
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For long-term manned interplanetary missions it is not feasible to carry the necessary oxygen, food, and water to sustain the astronauts. In addition, the CO2 exhaled by the astronauts has to be removed from the cabin air. One alternative is to utilize photosynthetic organisms to uptake the CO2 and produce oxygen. In addition to higher plants, algae are perfect candidates for this purpose. They also serve to absorb wastes and clean the water. Cyanobacteria can be utilized as food supplement. Early ground-based systems include micro-ecological life support system alternative, closed equilibrated biological aquatic system, and the Biomass Production Chamber. The AQUARACK used the unicellular flagellate Euglena which produced the oxygen for fish in a connected compartment. A number of bioregenerative systems (AQUACELLS, OMEGAHAB) have been built for experiments on satellites. A later experiment was based on a 60-ml closed aquatic ecosystem launched on the Shenzhou 8 spacecraft containing several algae and a small snail living in adjacent chambers. Recently the Eu : CROPIS mission has been launched in a small satellite within a Deutschen Zentrum für Luft- und Raumfahrt (DLR) program. In addition to tomato plants, Euglena is included as oxygen producer. One new approach is to recycle urine on a bacterial filter to produce nitrogen fertilizer to grow vegetables.
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Introduction

If humans should ever decide to send astronauts to Mars or other distant celestial bodies, the mission will pose a number of difficult problems. In addition to challenging technological tasks and microgravity- and radiation-related health issues, the crew needs to carry food and oxygen for a long-term interplanetary travel lasting months or years (Merrill et al., 2015; Lazendic-Galloway and Overton, 2017). The exhaled CO2 has to be removed from the cabin air (Rogers et al., 2017; Kamire and Yates, 2018) while water can be recycled as is already been done on the International Space Station (Moores et al., 2015; Ritter, 2018). On the International Space Station (ISS) all water (graywater, sweat, moisture in breath and urine) is collected in a closed-loop recycling system where impurities and contaminants are filtered out of the water.

Since these requirements for humans are too big a burden for current technological possibilities, alternatives have been considered during the last decades. One important approach was to engage bioregenerative life support systems to recycle at least the gases. For this purpose photosynthetic organisms are ideal components since they absorb the exhaled CO2 from the cabin air and produce oxygen as a side product. Algae are promising organisms to support humans during long space travel because they can recycle waste, remove carbon dioxide, and provide oxygen. However, green algae induced digestive problems even at small doses in the diet while cyanobacteria were found digestible (Escobar and Nabity, 2017) (https://ttu-ir.tdl.org/bitstream/handle/2346/73083/ICES_2017_311.pdf?sequence=1&isAllowed=y).


Ground-Based Bioregenerative Life Support Systems

MELISSA (micro-ecological life support system alternative) has been developed to grow vegetables on the MIR station. In addition to a compartment for higher plants, it has a gas-lift photobioreactor for Spirulina platensis (Hendrickx et al., 2006). Spirulina is a photosynthetic cyanobacterium. It is edible and the Aztecs as well as some African tribes are reported to use it as human food. The organisms contains 55–70% protein, 15–25% carbohydrates, 18% essential fatty acids in addition to vitamins, minerals, and pigments. CEBAS (closed equilibrated biological aquatic system) was another development to test various organisms for their suitability in life support systems in space. The system has been tested with a 150-L container for more than 13 months (Bluem and Paris, 2001). Later an 8.5-L minimodule was built which contained the hornweed Ceratophyllum demersum as oxygen producer, the green swordtail (Xiphophorus helleri), and the air-breathing freshwater snail (Biomphalaria glabrata) as consumers (Blüm, 2003). This system was tested during two space shuttle missions (STS-89 and STS-90). In another experiment a small edible aquatic plant (Wolffia arrhiza) was used (Bluem and Paris, 2001).

The NASA Biomass Production Chamber (BPC) has been built to produce higher plants such as wheat, soybean, lettuce, and potato on a 20 m2 area (Wheeler et al., 1996). This system has been running for over 1,200 days without major problems. Likewise a bioregenerative life support system (Bios-3) has been developed in Krasnoyarsk, Siberia which uses higher plants or green algae to remove carbon dioxide, produce oxygen and even food (Salisbury et al., 1997). The largest system devised as closed bioregenerative life support system is biosphere 2 located near Oracle, Arizona. It is a large glass dome (480 m3) which harbored diverse biomes, such as ocean, lower thornscrub, and savannah and housed eight crew members for 2 years (1991–1993) (Nelson et al., 1993). The design concept was to create an independent ecosystem with no material transport from or to the outside but with energy input from the outside. However, this experiment was not successful because of oxygen depletion. The usage of plants in space-flown bioregenerative life support systems generates a number of problems. Any portion of the plant that is not part of the astronaut’s diet such as stems, roots, etc. must be treated as waste (Gitelson et al., 2003). This is also true for algae, although the algae could be part of a fish diet, and the fish be part of the human diet (Taub, 1963).

An early concept to study long-term cultivation in an algal bioreactor was proposed by Häder and Kreuzberg (1990). This design used an external CO2 and fresh media supply. Important physical and chemical parameters were measured on-line with inserted electrodes. At regular intervals part of the cell suspension was pumped through a closed loop with an observation cuvette in which the motility and orientation of the cells could be monitored using automatic cell tracking.

The next developmental step was based on the concept of a completely closed system (AQUARACK) without external supply of nutrients and CO2 (Lebert and Häder, 1998). Also in this system important chemical and physical parameters were constantly monitored and the motility and orientation analyzed at regular intervals. This system was used for long-term cultivation of the unicellular freshwater flagellate Euglena gracilis Ehrenberg for more than 600 days in an 11-L tank (Porst et al., 1997) (https://www.researchgate.net/publication/11803867_Long-term_cultivation_of_the_flagellate_Euglena_gracilis). This flagellate is about 80–120 µm long and possesses a single apical flagellum. It uses light (phototaxis) and gravity (gravitaxis) to orient itself in its microenvironment (Häder and Hemmersbach, 2017; Häder and Iseki, 2017). In the absence of light the cells can also grow heterotrophically on various organic media including sugars and amino acids. Because of its easy growth conditions, the organisms are often used in school experiments. The flagellate is not toxic, it is consumed by invertebrates such as Daphnia and fish since it is rich in protein and has a high nutritional value. The organisms are also grown as a food source for humans in the form of health supplements and drinks (https://www.runsociety.com/food-nutrition/euglena-a-superfood-with-powerful-benefits/). Further advantages are that the flagellates can be stored at room temperature and ambient light as a unialgal stock culture for years. The long-term culture experiment described above showed that the flagellates were not overgrown by other microbes. Large-scale cultivation of Euglena is described in a recent review (Suzuki, 2017).

In addition to monitoring oxygen concentration as well as motility and orientation, absorption spectra were measured to determine the chlorophyll and carotenoid content of the cells. During about a month a second aquarium was connected holding 15 snails (B. glabra) and 4 fish (X. helleri) to substitute for human consumers. The fish were fed automatically to sustain their growth (Strauch et al., 2008). The water with the oxygen produced by Euglena under external irradiation was passed to the zoological compartment via a membrane exchanger, which also allowed transporting the CO2 and waste products in the opposite direction to support photosynthesis and growth of the algae. The cell density increased over the first 150 days and then dropped to almost the initial value. At the end of the experiment the cell density sharply declined. Motility and velocity were almost constant over the duration of the experiment while gravitaxis steadily declined over time. The latter effect could be explained since the specific cell density decreased over time (as measured after the end of the long-term cultivation) so that it was not sufficient to exert enough pressure on the membrane-sensitive ion channels responsible for mechanoperception (Häder et al., 2009). The oxygen production was sufficient to support the animals in the zoological compartment. A closed loop photobioreactor for algae (Chlorella vulgaris) biomass production was tested on parabolic flights (Bretschneider et al., 2016). This system is part of the DLR photobioreactor in the life support rack designed to be installed on board the ISS in the Destiny module. It combines a bioreactor housing algae as oxygen producers with a carbon dioxide concentrator (Keppler et al., 2018).



Bioregenerative Life Support Systems in Earth Orbit

After these initial terrestrial closed systems a number of bioregenerative systems (AQUACELLS, OMEGAHAB) have been built for space missions mounted on Russian Foton satellites.

The AQUACELLS experiment was mounted in the Russian Foton M1 satellite launched in October 2002. Unfortunately the Soyuz rocket carrying the satellite failed and the hardware was destroyed. A reflight on Foton M2 was successfully launched on 31 May 2005 (Häder et al., 2006). The AQUACELLS hardware was housed in a single container. It consisted of a 1,450-ml tank holding a Euglena suspension (Figure 1). Photosynthesis was constantly driven by red light-emitting diodes (LEDs). The fish tank had a volume of 1,237 ml and housed 26 larval cichlids (Tilapia, Oreochromis mossambicus). Since the fish excrete ammonium the water from the fish tank was first cleaned by a filter with bacteria which metabolized the ammonium to nitrate. Subsequently the water was pumped through 12 cylindrical tubes which span the algal tank to exchange oxygen and carbon dioxide. The oxygen concentration in the fish container was determined with an Oxy 4 min system (Precision Sensing, Regensburg, Germany). Once a day some of the Euglena suspension was pumped in a closed loop into a cuvette where the movement of the cells could be observed in infrared with a miniaturized microscope and recorded on video tape. After the mission the tapes were analyzed to determine motility, velocity, swimming direction, and cell form parameters (Häder, 1992; Häder, 2017). The oxygen concentration in the fish tank slowly decreased during the first 9 days and subsequently increased probably due to the fact that 7 fish had died in the mean time (Figure 2). The sharp decreases in oxygen coincide with the feeding of the fish when they consume more oxygen due to digestion. After this the concentration increased again.




Figure 1 | Schematic view of the Aquacells hardware showing the algal (A) and fish (F) tanks (combined in one transparent cylinder with screwed-on front and rear disks), the internal batteries, (B) the electronic boards (E), and the heat exchangers (H). The fish were filmed with a video camera (VF) via a mirror (M) and the swimming flagellates were filmed with a video microscope (VA). The algal tank had a volume of 1,450 ml and the fish tank had a volume of 1,237 ml.






Figure 2 | Oxygen concentration (in mg/L) measured in the fish tank of the Aquacells experiment. The sudden drops in the oxygen concentration correspond with the feeding times of the fish. The x-axis shows the dates from May 4 to 22, 2005. (modified from Häder et al., 2006).



OMEGAHAB (Oreochromis Mossambicus-Euglena Gracilis-Aquatic HABitat) was launched with the Russian Foton-M3 for a 12-day orbital flight mission (Strauch et al., 2008). The algae were contained in a 1,350-ml polycarbonate tank and irradiated with red LEDs to sustain photosynthesis but not to induce phototaxis, which uses a blue-light photoreceptor. For extended space flights within the solar system solar light could be used to drive photosynthesis of the algae. The fish tank had a volume of 1,260 ml and housed 35 larval cichlids. The water from the adjacent fish tank was pumped via plastic foam filters, which keep the larvae from leaving the fish tank, through polymer tubes running through the algae container for exchange of O2, CO2, and ammonium excreted by the fish (Strauch, 2009). Ammonium is a problem in closed life support systems since it is toxic for fish, plants, and humans (Randall and Tsui, 2002; Kudo and Kawashima, 2003; Esteban et al., 2016). E. gracilis is a good choice as photosynthetic component since it tolerates ammonium as an N-fertilizer source (Takemura et al., 2017). In addition, it absorbs toxic substances such as nickel and other heavy metals cleaning the water (García-García et al., 2018). However, this could be a disadvantage if the cells are used as food directly or indirectly. The temperature of the fish and Euglena media was kept constant using Peltier elements.

In order to monitor motility and orientation, the algal cells were transported by a peristaltic pump into a closed loop containing a chamber where they were recorded for 10 min per day by a custom-made miniaturized microscope on video tape during the mission to monitor their swimming behavior in microgravity. During the initial 6 days the larval fishes lived off their yolk sacks; after that they had to be fed using an automatic feeder. The fish were kept in a 12/12 h day/night cycle (yellow LEDs) and were also filmed to analyze their development and movement. Housekeeping data including temperature were transmitted by downlink and used to adjust the values in an identical ground reference experiment. The experiment container was mounted in the Foton satellite (Figure 3) and the Soyuz rocket was launched from Baikonur (Kasachstan). As expected, in the absence of gravity the flagellates swam in random directions and at higher velocities than under 1-g conditions (Häder et al., 2006).




Figure 3 | The Omegahab hardware during installation into the Foton satellite. Size: 360 x 400 x 250 mm, weight 18 kg, power consumption 8.1 kWh for the whole mission (Strauch et al., 2008).



The oxygen content was monitored inside the tank. After an initial increase the oxygen concentration dropped continuously from about 7 to 1 mg/L. Because of the low oxygen level at the end of the mission only 11 of the 26 fishes survived. During fish feeding the value dipped downward.

In cooperation with Chinese scientists a closed aquatic ecosystem of 60 ml was flown. An experiment including two different algae and snails were flown on the Shenzhou 8 mission for more than 2 weeks (Nasir et al., 2014; Li et al., 2017). In addition to testing the O2 production and CO2 removal several biochemical and molecular genetic experiments have been carried out. The results confirmed that the algae are exposed to stress conditions during microgravity conditions.

Recently the Eu:CROPIS mission has been developed and launched (Hauslage et al., 2018). One new approach is to recycle urine on a nitrifying trickle filter on a lava rock as a fertilizer to grow vegetables (Micro-Tina tomatoes) which are grown from seeds germinated after launch. Euglena is used as additional producer of oxygen.



Outlook

Based on the experience obtained with the various ground-based systems as well as those flown in Earth orbits it seems possible to utilize bioregenerative life support systems on extended manned space missions (Aronowsky, 2017). The next generation of life support systems being developed within the European space life sciences program will concentrate on a modular approach in order to understand the interactions between different species in ecological like support systems (Häder et al., 2018). To optimize the efficacy of such systems the specific needs of each organism has to be explored and the physico-chemical conditions precisely controlled by automatic systems. In case of failure of one or more modules ample backup will be necessary. Careful control of potential contaminants and protection from unpredictable parasites such as viruses, bacteria, and fungi is an essential requirement for future human space travel exploring the solar system and beyond.
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When positioned horizontally, roots grow down toward the direction of gravity. This phenomenon, called gravitropism, is influenced by most of the major plant hormones including brassinosteroids. Epi-brassinolide (eBL) was previously shown to enhance root gravitropism, a phenomenon similar to the response of roots exposed to the actin inhibitor, latrunculin B (LatB). This led us to hypothesize that eBL might enhance root gravitropism through its effects on filamentous-actin (F-actin). This hypothesis was tested by comparing gravitropic responses of maize (Zea mays) roots treated with eBL or LatB. LatB- and eBL-treated roots displayed similar enhanced downward growth compared with controls when vertical roots were oriented horizontally. Moreover, the effects of the two compounds on root growth directionality were more striking on a slowly-rotating two-dimensional clinostat. Both compounds inhibited autotropism, a process in which the root straightened after the initial gravistimulus was withdrawn by clinorotation. Although eBL reduced F-actin density in chemically-fixed Z. mays roots, the impact was not as strong as that of LatB. Modification of F-actin organization after treatment with both compounds was also observed in living roots of barrel medic (Medicago truncatula) seedlings expressing genetically encoded F-actin reporters. Like in fixed Z. mays roots, eBL effects on F-actin in living M. truncatula roots were modest compared with those of LatB. Furthermore, live cell imaging revealed a decrease in global F-actin dynamics in hypocotyls of etiolated M. truncatula seedlings treated with eBL compared to controls. Collectively, our data indicate that eBL-and LatB-induced enhancement of root gravitropism can be explained by inhibited autotropic root straightening, and that eBL affects this process, in part, by modifying F-actin organization and dynamics.
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Introduction

Plants are sessile organisms that are limited by their location. As such, they have evolved sensitive and delicate ways to respond to environmental cues allowing them to reprogram their growth when presented with changes in their surroundings. One of the adaptive behaviors that plants exhibit in response to external signals is the ability to redirect the growth of their major organs towards or away from a perceived stimulus. These phenomena, collectively called tropisms, shape the above and belowground architecture of the plant. One of the most widely studied tropisms is gravitropism, which describes the growth of shoots and roots away or toward the gravity vector, respectively. Gravity perception occurs in the columella cells located in the root cap or endodermal cells in shoots. Columella and endodermal cells contain starch-filled amyloplasts, called statoliths, which sediment to the lower side of the cell when the plant is reoriented relative to the gravity vector (Sack, 1997; Tasaka et al., 1999; Kiss, 2000). The physical signal triggered by statolith sedimentation is transduced to the growing regions of the organ resulting in differential growth between the upper and lower sides (Blancaflor and Masson, 2003; Sato et al., 2015).

Plant organs typically have a defined gravitropic set point angle (GSA). Although the GSA of a specific organ is influenced by the developmental stage of the plant and other environmental cues, it is under tight genetic control allowing for the maintenance of a defined growth angle relative to gravity when other external signals are kept constant. For instance, under carefully controlled laboratory conditions, the main shoot axis typically grows vertically upward (negative gravitropism) with a GSA of 180˚ and the primary root grows vertically downward (positive gravitropism) with a GSA of 0˚. Lateral roots and shoot branches typically have a GSA between these values (Firn and Digby, 1997).

Recently, mechanisms underlying GSA of plant organs that exhibit non-vertical growth, such as lateral roots and shoot branches, have been shown to be dependent on auxin and plant nutritional status (Roychoudhry et al., 2013; Roychoudhry et al., 2017). Most studies on gravitropism have focused on understanding biological processes that lead to the initial redirection of organ growth when the plant is reoriented. However, gravitropism has been viewed as a composite response that includes restrained or anti-gravity growth readjustment in which the organ eventually straightens after the initial growth redirection. The latter phenomenon is known as autotropic straightening or autotropism (Stankovic et al., 1998a; Stanković et al., 1998b). Although it is well established that the initial gravitropic response (i.e. downward root growth and upward shoot growth) is modulated by auxin redistribution (Swarup et al., 2001; Rakusova et al., 2015), there is accumulating evidence that most of the major plant hormones participate in gravitropism through overlapping signaling pathways (Guisinger and Kiss, 1999; Lofke et al., 2013; Vandenbussche et al., 2013; Pernisova et al., 2016). By contrast, little is known about the underlying mechanisms regulating autotropism. It has been debated whether induction of autotropic straightening is triggered by gravity itself (Myers et al., 1995) or as an autonomic counter response to gravitropic bending (Tarui and Iino, 1999; Bastien et al., 2013; Okamoto et al., 2015). It has also been suggested that the term autotropism should be used exclusively in situations when plant organs straighten after withdrawal of the gravity stimulus through randomization of the gravity vector on a clinostat or in microgravity (Stanković et al., 1998b).

The cytoskeleton has been proposed to play major roles in all phases of gravitropism (Blancaflor, 2002; Bisgrove, 2008). Microtubules and filamentous-actin (F-actin) are the core protein components of the cytoskeleton, and their dynamics and higher order organization within the cell are defined by many regulatory proteins (Blancaflor, 2013). Most studies implicating the cytoskeleton in gravitropism have employed pharmacological approaches in which roots or shoots were exposed to cytoskeletal inhibitors, and the subsequent response of the organ to a horizontal reorientation was quantified (Blancaflor, 2002). Interestingly, such approaches have revealed that chemical inhibitors of F-actin such as latrunculin B (LatB) or cytochalasin B can elicit stronger gravitropic responses in shoots and roots (Blancaflor and Hasenstein, 1997; Yamamoto and Kiss, 2002; Blancaflor et al., 2003; Hou et al., 2003; Hou et al., 2004). The stronger gravitropic response of roots and shoots after treatment with F-actin antagonists was recapitulated in Arabidopsis thaliana mutants disrupted in vegetative actin isoforms (Kato et al., 2010; Lanza et al., 2012). Furthermore, the A. thaliana shoot gravitropic response9 (sgr9) mutant, which had reduced shoot gravitropism and statolith sedimentation, could be rescued by LatB treatment (Nakamura et al., 2011). Recently, delayed root gravitropism in A. thaliana actin-related protein 3 (arp3) mutants was linked to abnormal amyloplast sedimentation and bundled F-actin in the columella cells. The delay in root gravitropism was reversed by LatB exposure (Zhou et al., 2016). It was postulated that actin disruption promoted gravitropism by increasing gravity sensing potential through unimpeded statolith sedimentation (Blancaflor, 2013). However, this hypothesis remains to be tested experimentally.

As noted, gravitropism is modulated by most of the major plant hormones, but in the context of past actin inhibitor studies, brassinosteroid is the plant hormone that is of most interest. Like LatB, eBL promoted gravitropism in shoots and roots (Meudt, 1987; Kim et al., 2000; Li et al., 2005; Kim et al., 2007; Lanza et al., 2012). The effect of eBL on root gravitropism was explained primarily through its interaction with auxin (Kim et al., 2000; Kim et al., 2007). In A. thaliana, eBL induced the accumulation of the auxin efflux carrier PIN-FORMED 2 (PIN2) protein in the root elongation zone (Li et al., 2005). The effect of eBL on PIN2 accumulation was proposed to involve the actin cytoskeleton through an increase in the expression domains of ROP2 (for Rho of Plants), a small GTPase regulator of F-actin dynamics (Li et al., 2005). Furthermore, it was shown that exogenous eBL treatment altered both actin organization and PIN2 polar localization in A. thaliana roots in a manner similar to that of auxin (Lanza et al., 2012). Taken together, the actin cytoskeleton appears to be a component of the signaling pathways by which eBL promotes gravitropic growth responses in plants.

The promotive effect of LatB and eBL on gravitropism has been explained primarily in regard to their impact on gravity sensing events or on the differential growth responses resulting from altered auxin redistribution (Hou et al., 2003; Hou et al., 2004; Li et al., 2005; Lanza et al., 2012; Blancaflor, 2013). However, a recent study with A. thaliana mutants disrupted in genes encoding the actin motor protein myosin presents an alternative hypothesis to explain the LatB- or eBL-induced enhancement of root gravitropism. The apparent promotion of tropistic organ responses brought about by altered actin function may instead be due to its inhibition of the autotropic straightening response (Okamoto et al., 2015). In the study by Okamoto et al. (2015), inflorescence stems of A. thaliana myosin XI mutants bent strongly when the initial gravity stimulus was withdrawn by clinorotation, an observation that mirrored the persistent curvature of Z. mays roots treated with LatB (Hou et al., 2003). Here, we show that eBL-treated roots exhibited persistent curvature responses when the initial gravity response was withdrawn by clinorotation in a similar manner as LatB-treated roots. Our results indicate that the apparent promotion of root gravitropism by eBL can be explained by its inhibitory effect on autotropic straightening that resulted, in part, from eBL-mediated alterations in F-actin dynamics and organization.



Materials and Methods


Zea mays Root Growth and Drug Treatments

Maize (Zea mays L. cultivar Merit) seeds were soaked for 10 to 12 h in deionized water. After soaking, seeds were planted side by side with the embryo facing down on 45 × 35 cm opaque plastic trays lined with moist germination paper (Seedburo Equipment Co. USA). The seeds were covered with a second layer of germination paper and gentle pressure was applied to the paper so that surface tension between the two sheets of paper held the seeds in place. A second opaque plastic tray was placed on top of the first tray so that the two layers of germination paper containing the seeds were secured between the two trays. The trays were oriented vertically in a plastic tub filled with water to a depth of 5–10 cm to keep the germination paper moist. After 48 h, seedlings with 1–2 cm long straight primary roots were selected and treated with working solutions of LatB, eBL or the corresponding solvent control, which consisted of diluted dimethyl sulfoxide (DMSO). To treat roots, a set-up consisting of 1.5 ml microfuge tubes oriented vertically on microfuge holders was prepared. The center of the lid of the microfuge tube was punctured with the tip of a heated metal probe to create a 2 mm diameter hole, and 1 ml of the treatment solution was added to each tube. Selected seedlings were transferred one at a time to each microfuge tube by inserting the roots into the hole so that 20 mm of the root tip was immersed vertically in the solution. Seedlings were stabilized during treatment by mounting the kernel to the microfuge tube with caulking compound. Roots were incubated with 100, 250, 500, and 1,000 nM LatB and eBL and DMSO controls using this set-up for 1 h. Soaking, germination and treatment was done in a Conviron growth chamber (Controlled Environments Ltd, Canada) set to 24°C with 14 h (120 μmoles m-2 s-1)/10 h day/night cycle.

Stock solutions of LatB (1mM; Calbiochem, USA) and eBL (10 mM; Santa Cruz Biotechnology, USA) were prepared with 100% (v/v) DMSO (Sigma-Aldrich, USA) and stored at -20°C prior to use. Working solutions were prepared by adding the appropriate volume of stock solution to sterile de-ionized water.



Z. mays Clinorotation Assays

After treatment, five seedlings were selected from each treatment group and mounted on 10 × 10 cm square Petri dishes with double-sided foam tape. The lid of the Petri dish was lined with two layers of wet germination paper (Seedburo Equipment Co., USA) to maintain high humidity. The Petri dishes were sealed with parafilm and mounted on a custom-built two-dimensional (2-D) clinostat located in the same Conviron growth chamber (Controlled Environments Ltd, Canada) used for seed germination and root treatment. The Petri dishes were first mounted so that the roots were vertical (Appendix 1). After 60 min the Petri dishes were rotated by 90° so that roots were in a horizontal position. After 20 min, the clinostat was activated and roots were rotated for 20 h at 1 revolution per minute (RPM). Digital images of the roots after clinorotation were captured using a camera mounted on a copy stand. Each treatment was replicated three times using a total of 15–20 seedlings. Root curvature was measured using ImageJ software (https://imagej.nih.gov/ij/).



Time-Lapse Imaging of Graviresponding Z. mays Roots

Another set of Z. mays seedlings was treated with 100 nM LatB, 500 nM eBL and the solvent control solution and mounted on square Petri dishes following the methods described above. The plates were positioned so that the roots were in a vertical orientation. After 60 min, the plates were rotated 90° so that the roots were horizontal. Immediately after rotation, images were captured every 15 min for 12 h. Time-lapse movies were generated using the Metamorph 5.0 image acquisition software (Universal Imaging Corp, USA). From the generated time-lapse movies, the root tip angle with respect to the horizontal was measured using ImageJ software. Experiments were repeated at least three independent times with 15-20 seedlings per treatment.



F-Actin Labeling and Confocal Microscopy of Fixed Z. mays Roots

Labeling and imaging of F-actin was essentially as described by Dyachok et al. (2016). Briefly, the apical 5 mm of roots incubated in LatB, eBL and the corresponding solvent control for 1 h were fixed in 50 mM piperazine- N,N ′ bis [2-ethansesulfonic acid], 2 mM MgCl2, and 10 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid pH 7.0 (PME buffer) containing 5% DMSO and 2% paraformaldehyde (Electron Microscopy Sciences, USA). After roots were washed with PME buffer, they were sectioned at a thickness of 70 μm using a Vibratome 1500 (Ted Pella Inc., USA). F-actin in the root sections was labelled with Alexa Fluor 488-phalloidin (Molecular Probes, USA) suspended in PME buffer. After mounting sections on glass slides, they were imaged with an inverted Leica TCS-SP8-X confocal laser scanning microscope (Leica Microsystems, Germany) equipped with a 63× oil-immersion objective. Alexa-Fluor was excited with the 488 nm line of the white light laser and emission was detected at 522 nm. To enhance the resolution of F-actin images obtained from fixed roots for downstream quantitative analysis, the HyVolution deconvolution package (Huygens, The Netherlands) was used to process image data directly acquired with the Leica SP8-X system. Five optical sections taken at 0.5 μm intervals were acquired. Each dataset was then processed using the wizard-driven HyVolution user interface linked with the Leica Application Suite (LAS) software.



Generation of M. truncatula Plants Expressing Fluorescent Protein-Based F-Actin Reporters

Transgenic M. truncatula lines expressing UBQ10:Lifeact-mGFP and UBQ10:GFP-ABD2-GFP were generated essentially as described in Jiang et al. (2019). Briefly, Agrobacterium tumefaciens strain EHA 105 harboring Lifeact and ABD2 constructs were streaked on Luria-Bertani (LB) agar plates containing 50 mg ml-1 kanamycin and 25 mg ml-1 rifampicin and cultured at 28°C for 2–3 days. A single colony was picked and then cultured in LB liquid media containing the same antibiotics for 16 h or until the OD600 was 0.6–0.8. The trifoliates located second from the top were collected from 4–6 week-old M. truncatula R108 plants grown at 24/20°C and 16/8 h day/night. The leaves were sterilized with 20% commercial bleach containing a drop of Tween-20 for 10 min and then washed three times with sterile water. The leaves were then infected with the A. tumefaciens suspension that was generated by centrifuging the A. tumefaciens liquid culture at 3,500 rpm for 20 min and then resuspending the pellets in liquid infection medium to an OD600 of 0.2–0.3. The infection procedure included a 10-min vacuum infiltration, a 3–5 min sonication and then another 10-min vacuum infiltration. After this, the infected leaves were blot dried and plated on co-cultivation medium. The trifoliate explants were transferred onto selection medium containing 10 mg ml-1 hygromycin after 24–30 h incubation under 24°C in the dark. Culture of the explants continued for an additional 5–6 weeks under the same conditions or until enough resistant calli were produced. The resistant calli were then transferred onto shoot regeneration medium and cultured under 150 μmoles m-2 s-1 light at 24/20°C and 16/8 h day/night cycle. After 2–3 months, plantlets were fully regenerated with functional roots. A couple of leaflets were sampled from the regenerated plants for DNA extraction. Genomic DNA was extracted using cetyl trimethylammonium bromide. DNA samples were PCR amplified with primers for hygromycin B phosphotransferase gene (forward 5’- AAGGAATCGGTCAATACACTACATGG -3’ and reverse 5’- AAGACCAATGCGGAGCATATACG -3’). Confirmed transgenic plants were then screened using a fluorescent stereo microscope and those with GFP signal were transferred to soil and allowed to go to seed. Multiple, independent lines of both UBQ10:GFP-ABD2-GFP, and UBQ10:Lifeact-mGFP were screened in the subsequent generations until homozygous positive lines were obtained.



Growth Characterization of M. truncatula F-Actin Reporter Lines

Seeds of both reporter lines and wild type (R108) were scarified in concentrated sulfuric acid for 8 min, washed with cold water, and then surface sterilized for 3 min in a solution containing 30% commercial bleach and 0.1% Tween-20. After decanting the bleach solution, the seeds were rinsed and stored overnight in the dark at room temperature. The seeds were placed onto sterile, moist filter paper in Petri dishes and stratified at 4°C in the dark for 2 days and then transferred to a growth chamber at 22°C and 16/8 h day/night (modified from Boisson-Dernier et al. (2001). After germinating, seedlings were transferred to square agar plates supplemented with ½ Murashige and Skoog medium. The plates were moved back to the growth chamber and positioned vertically to allow the roots to elongate on the agar media surface. The root tip of at least 16 plants per genotype was marked with a black dot. This process was repeated two times every 24 h for a total of 3 days. ImageJ was used to measure the average root elongation per day and this measurement was used as an indicator of the root growth rate.

Plants were allowed to grow for four more days in plates, for a total of 7 days. The plates were imaged and RootNav software (University of Nottingham, UK) was used to automatically measure the primary root length (Pound et al., 2013). The plants were then transferred to pots filled with a mixture of turface and vermiculite (3:1), and then grown at 22°C and 16/8 h day/night for three more weeks, for a total of 28 days of growth. After this time, the plants were removed from the pots and the soil mixture was washed away from the roots. Roots and shoots were separated, bagged, and dried at 65°C for one week, before obtaining shoot and root dry weight.



Clinorotation and F-Actin Imaging of M. truncatula Expressing F-Actin Reporters

M. truncatula seeds were scarified with 150 grit sandpaper (3M, USA). Next, seeds were sterilized with 6% (v/v) sodium hypocholorite in 50 ml Falcon tubes (Corning, USA) for 10 min in room temperature, with intermittent rotation. Post-incubation, the seeds were rinsed six times with sterile deionized water and were spread out on 10% (w/v) agar (Sigma- Aldrich, USA) plates in 100 × 25 mm round petri dishes. Seeds were stratified for 2 days in the dark at 4°C. Plates were flipped upside-down and seeds were germinated by transferring them to a 24°C incubator for 20 h. Six seedlings with straight radicles that emerged into the air were selected and transferred onto a 10 ×10 cm square plates containing 10% (w/v) agar (Sigma-Aldrich, USA) for subsequent treatment with germination paper (Seedburo Equipment Co., USA) that was pre-soaked with either 100 nM LatB, 5 μM eBL or DMSO solvent control. The soaked germination paper was laid on the radicles of the seedlings for an hour in room temperature and the plate was set up vertically to enable radicles to continue growing vertically straight.

Plates for clinorotation assays were prepared by filling 10 × 10 cm square plates with 10% (w/v) agar (Sigma-Aldrich, USA) up to half of the height of the plate. Once the agar had set, half of the agar was cut and removed from the plate with a razor blade. In addition, six shallow indentations for the cotyledons of six seedlings was cut with a razor blade. Each seedling was fitted into its respective indentation, with its cotyledon held by the agar and its radicle suspended into the air in the plate. Next, 52°C molten agar was pipetted on the cotyledons to hold each seedling firmly in its location. After growing seedlings vertically for 1 h, the plates were rotated 90° for 20 min followed by clinorotation for 15 h at 1 rpm on the clinostat. Post-treatment, images of the roots were taken using a camera mounted on a copy stand and root curvature was measured using ImageJ software.

To image F-actin, 2-day-old seedlings with straight roots were transplanted onto 64 × 48 mm cover slips coated with a 2 mm thick slab of 1% agar. Transplanting was done by gently lifting the agar slab and placing the root on top of the cover slip. The lifted agar was then used to hold the root in place so that it lay between the agar and coverslip. Roots treated with LatB and eBL for 1 h were imaged immediately. Another set of transplanted seedlings was used to evaluate the quality of F-actin labeling in non-treated seedlings. For this set of seedlings, the cover slip with transplanted seedlings was placed in a 9 cm round Petri dish and transferred to the same Conviron (Controlled Environments Ltd, Canada) used for Z. mays clinostat assays. The Petri dishes were tilted at an angle of 60° to enable the root to grow close to the bottom surface of the coverslip. One to 2 days after transplanting, seedling roots were imaged with a Leica SPX-8 confocal microscope (Leica Microsystems, Germany).



Live Cell Imaging of Dark Grown UBQ10:Lifeact-mGFP M. truncatula Hypocotyls

M. truncatula seeds expressing UBQ10:Lifeact-mGFP were stratified on agar plates with ½ Murashige and Skoog medium at 4°C for 12–24 h. Seeds were exposed to light for 4 h and then kept in darkness for 3–5 days in a Conviron (Controlled Environments Ltd, Canada) set to 24°C and 14 h (120 μmoles m-2 s-1) and 10 h day/night cycle. The elongated hypocotyls were incubated in 500nM eBL and DMSO solvent control solution for 1 h. Fine actin filaments of epidermal cells adjacent to the hook region were imaged every second for 1 min with an UltraView ERS spinning-disk confocal microscope (Perkin-Elmer, USA) equipped with a 100× oil immersion objective (Staiger et al., 2009).



Quantification of F-Actin Organization and Dynamics of Z. mays Fixed Roots and M. truncatula Live Roots

For occupancy, skewing and eccentricity analysis, HyVolution processed images from fixed maize roots and live barrel medic roots were cropped manually using Adobe Photoshop CS5 so that only individual root cells occupied the image field of view. Each of the cropped images was processed by canceling the background noise followed by marking F-actin with one pixel-wide lines following the methods described in (Wang et al., 2008; Vidali et al., 2009; Dyachok et al., 2014; Sparks et al., 2016). Eccentricity was calculated from compact ellipse sections from cropped root images. This process included extraction of the intensity distribution of a low frequency spectrum at 95% CI (Confidence Interval) after applying fast Fourier transform (FFT) to the F-actin images following Dyachok et al. (2011); Nakashima et al. (2014) and Burkart et al. (2015). Therefore, eccentricity reflects the alignment properties of F-actin within each cell. Algorithms and software for occupancy and eccentricity analysis were written in MATLAB and used to automatically analyze all cell samples.

Quantitative analysis of cell dynamics from movies obtained from an UltraView ERS spinning-disk confocal microscope (Perkin-Elmer, USA), was conducted essentially as described in Dyachok et al. (2014) and Vidali et al. (2010). The algorithms and software were developed in MATLAB. Briefly, the software extracted 60 frames in the movie (1 frame per second). The software calculated the correlation and difference of each frame by averaging correlation and difference between this frame and all other frames. The correlation was defined as two-dimensional correlations between two matrixes, and the difference was considered by subtracting two matrixes after preprocessing for each matrix.




Results


Epi-Brassinolide-Treated Z. mays Roots Exhibit Persistent Curvature on a Slowly Rotating Clinostat and Enhanced Gravitropism

Previous reports have shown that LatB and eBL promoted gravitropism in roots (Hou et al., 2003; Hou et al., 2004; Li et al., 2005; Kim et al., 2007; Lanza et al., 2012). The enhancement of gravitropic response in LatB-treated roots was more strongly manifested on a slowly-rotating 2-D clinostat. For instance, Z. mays roots treated with LatB displayed persistent root curvature on the clinostat, as opposed to untreated roots that straightened (Hou et al., 2003). We hypothesized that the enhanced gravitropism of eBL-treated roots was likely to also be more prominent under clinorotation. Our experiment involved applying a perpendicular gravistimulus to roots for 20 min after pre-treating them for an hour with LatB or eBL followed by clinorotation for 20 h (Appendix 1). We found that eBL-treated roots mirrored the persistent curvature responses of LatB-treated roots (Figure 1A; Hou et al., 2003). Quantification of the angle of root curvature that developed on the clinostat revealed that LatB was more potent than eBL when tested at the same concentrations. For instance, LatB induced a strong curvature response at 100 nM concentration, whereas eBL elicited a similar curvature at a higher 500 nM concentration (Figure 1B).




Figure 1 | Epi-Brassinolide (eBL) and LatB enhanced gravitropism and dampened straightening of Z. mays roots. (A) Representative images of Z. mays roots grown on a 2-D clinostat for 20 h to test autotropic straightening after withdrawal of the gravity signal. Vertical roots treated with LatB and eBL for 1 h were mounted on a 2-D clinostat and kept horizontal for 20 min (white arrow indicates the direction of gravity) prior to clinorotation for 20 h. Note that untreated roots (solvent controls) straightened after reaching an angle of about 45° while roots treated with eBL or LatB did not. (B) Dose response of root curvature on a clinostat after eBL and LatB treatment. Angle of curvature was obtained as shown by the yellow arrow above the graph. Bars are means (n > 14 plants) ± S.E. ***P < 0.001, * P < 0.05 (Student’s t-test). (C) Time course of root gravitropism after vertically growing roots were placed horizontally without clinorotation. Statistical significance was determined by one-way ANOVA. Means (n > 12 plants) ± S.E. Different letters indicate significant differences among means (P < 0.05, Tukey’s test).



Next, we compared the kinetics of gravitropism of Z. mays roots pretreated for 1 h with 100 nM LatB or 500 nM eBL under continuous gravistimulation (i.e. roots reoriented 90° from the vertical without clinorotation). We found that roots treated with the solvent control solution grew downward and reached a maximum angle of about 80° from the horizontal at approximately 200 min. Control roots maintained this angle for the entire 720 min time course. By contrast, LatB- and eBL-treated roots overshot the vertical and reached maximum angle of approximately 110° after 250 min (Figure 1C). Overshooting of the vertical by LatB- and eBL- treated roots was followed by a correction to the vertical that began at about 300 min after orienting roots horizontally. Although both LatB- and eBL-treated roots exhibited similar kinetics with regard to their overshooting of the vertical, the subsequent overcorrection was more pronounced in eBL-treated roots. eBL-treated roots returned to an angle of about 60° at 450 min after gravistimulation, but eventually stabilized to a 90° growth angle by about 600 min. At the end of the 720 min time course, eBL-treated roots reached a similar angle as controls. By contrast, LatB-treated roots returned to about 90° at 450 min and maintained this growth angle for the duration of the time course (Figure 1C).



Epi-Brassinolide Modifies F-Actin Organization in Z. mays Roots

The similar effects of LatB and eBL on maize root gravitropism and autotropic root straightening on a 2-D clinostat (see Figure 1) led us to hypothesize that eBL may cause LatB-like effects on the actin cytoskeleton. To test this hypothesis, we studied F-actin organization in maize roots that were treated with LatB and eBL at concentrations that produced comparable root phenotypes (i.e.100 nM for LatB and 500 nM for eBL). After exposure to the compounds, roots were chemically fixed, sectioned and F-actin was labeled with phalloidin conjugated to a fluorophore (Dyachok et al., 2016). Consistent with our previous studies (Hou et al., 2003), distinct qualitative differences in F-actin organization were observed between roots treated with solvent controls and roots treated with 100 nM LatB in the meristem, transition zone and elongation zone. Whereas controls had extensive F-actin networks in various root developmental zones, LatB-treated roots had diffuse labeling or severely fragmented F-actin manifested primarily as bright puncta (Figure 2A). By contrast, roots treated with 500 nM eBL still had abundant F-actin networks in the various root developmental zones that appeared similar to control roots. Since roots treated with 500 nM eBL did not show obvious qualitative differences in F-actin organization compared with control roots, we increased the eBL treatment concentration to 1 and 5 µM. Nonetheless, even after treatment with 1 µM eBL, F-actin in various regions of the root appeared similar to untreated roots. Qualitative disruptions to F-actin only became obvious when eBL concentration was increased to 5 µM. At this concentration some root cells had diffuse fluorescence and fragmented F-actin that resembled LatB-treatment to some degree (Figure 2A). However, unlike LatB-treated roots, roots treated with 5 µM eBL contained more cells with intact F-actin networks that were similar to untreated roots. This result suggested that while eBL disrupts actin, its effects were milder than LatB.




Figure 2 | Epi-Brassinolide (eBL) modified F-actin organization in Z. mays roots. (A) Single optical confocal micrographs of chemically-fixed and longitudinally-sectioned Z. mays roots stained with Alexa Fluor 488-phalloidin. Note that LatB-treated roots had diffuse staining and fragmentation of F-actin in the form of puncta and short filaments (arrowheads). Untreated (solvent controls) had extensive F-actin networks. 500 nM and 1 µM eBL on the other hand did not result in any visible effects on F-actin. At 5 µM eBL, some regions of the meristem, transition and elongation zone have diffuse fluorescence (arrows) and fragmented F-actin (arrowheads). (B, C) Combined box and scatter plots showing quantitative analysis of F-actin occupancy (density B) and skewness (bundling C) in root cells of the transition/elongation zone. Statistical significance was determined by one-way ANOVA. Asterisks (*) refers to individual data points and + mark outliers. Bars are means (n > 100 cells) ± S.E. Different letters indicate significant differences among means (P < 0.05, Tukey’s test). Scale bars = 20 μm.



To quantify the effect of LatB and eBL on the root F-actin networks, we acquired occupancy values from images of root cells within the transition and elongation zone. We focused on these root zones because they have been shown to contribute most to the differential growth during the gravity response (Baluska et al., 1996). Occupancy is a quantitative metric used to depict F-actin density with higher values indicating a denser F-actin network (Higaki et al., 2010b). Compared with controls, occupancy of F-actin in roots treated with 100 nM LatB, 500 nM eBL, and 5 µM eBL was lower. Surprisingly, F-actin occupancy was significantly higher in roots treated with 1 µM eBL compared to control roots (Figure 2B). Taken together, our results show that eBL modifies F-actin organization in maize roots by causing a significant reduction in density. However, unlike roots treated with LatB, which showed more widespread disruption of F-actin, roots treated with eBL required higher concentrations (i.e. 5 µM) to detect distinct qualitative and quantitative effects on F-actin structure. Even at this higher concentration, impacts on F-actin appeared to be localized to random regions of the root (Figure 2A).

Another metric that we used to quantify eBL effects on F-actin structure is skewness, which measures the degree of asymmetry of fluorescence intensity distribution. Skewness has been shown to be a good indicator of F-actin bundling (Higaki et al., 2010a). We found that while LatB treatment resulted in a small but significant increase in bundling, eBL at all concentrations, did not (Figure 2C).



Lifeact-mGFP and GFP-ABD2-GFP Reporters Decorate Extensive F-Actin Networks in Living M. truncatula Seedlings

Our studies on chemically-fixed roots of Z. mays, support the hypothesis that the effects of eBL on root gravitropism and autotropic straightening on a 2-D clinostat are due to disruptions in normal actin function (Figures 1 and 2). However, the results indicate that eBL only had modest effects on overall F-actin organization based on qualitative and quantitative analyses of chemically-fixed Z. mays roots (Figures 2A–C). Therefore, we next asked if effects of eBL on F-actin would be more obvious in living roots. To address this question, transgenic M. truncatula plants that expressed two live cell F-actin reporters (Lifeact-mGFP and GFP-ABD2-GFP) under the control of the ubiquitin 10 (UBQ10) promoter were generated (Wang et al., 2008; Vidali et al., 2009; Dyachok et al., 2014; Sparks et al., 2016). Before using the lines for clinorotation assays, we first examined the quality of F-actin labeling in seedling roots. We found that Lifeact-mGFP and GFP-ABD2-GFP decorated extensive F-actin networks in various developmental regions of seedling roots. Distinct F-actin arrays were present in border cells, meristematic cells and cells in the transition/elongation zone. Similar to previous reports in A. thaliana, both Lifeact-mGFP and GFP-ABD2-GFP reporters labeled end walls and phragmoplasts in the meristem, and random and longitudinal F-actin cables in the elongation zone of M. truncatula seedling roots (Figure 3A). In agreement with previously published work with fixed and living roots, both reporters did not label distinct F-actin networks in the columella despite the presence of clear F-actin bundles in the peripheral cap and border cells. Only diffuse fluorescence was observed in the central columella of both reporter lines (Figure 3A; Baluska et al., 1997; Blancaflor, 2013). Lifeact-mGFP and GFP-ABD2-GFP also labeled extensive F-actin arrays in growing root hairs that were reminiscent of F-actin organization in A. thaliana lines expressing these two reporters (Figure 3B; Dyachok et al., 2014; Sparks et al., 2016). Moreover, other cell types in transgenic lines expressing GFP-ABD2-GFP and Lifeact-mGFP including guard cells, minor leaf veins and epidermal cells in nodules exhibited dense F-actin arrays (Figures 3C–E). Although primary root length and growth rate of 5-day-old M. truncatula seedlings expressing Lifeact-mGFP and GFP-ABD2-GFP were similar to wild type (Figures 3F, G), dry weights of the same lines at 28 days were lower compared to wild type (Figures 3H, I).




Figure 3 | Representative images of F-actin in various cells and tissues of M. truncatula seedlings expressing the UBQ10:GFP-ABD2-GFP and UBQ10:Lifeact-mGFP reporters. (A) F-actin in various developmental regions of seedling primary roots. Numbers (1-5) in (A, B) correspond to regions of the bright field image of the root shown in (panel A). 1 = root cap, 2 = border cells, 3 = meristem 4 = elongation zone, 5 = root hairs. Note that while peripheral cap (pc) and border cells (bc) have distinct F-actin arrays, the columella (c) region has diffuse fluorescent signal. Arrowheads in the root meristem mark the phragmoplasts. (B) Both UBQ10:GFP-ABD2-GFP and UBQ10:Lifeact-mGFP decorate F-actin in growing root hairs. Extensive F-actin networks were also documented in guard cells of cotyledons (C), epidermal cells of minor veins of a young leaf (D) and epidermal cells in a young nodule (E). Scale bars = 10 µm (for A, C, D) 20 µm (for E), 50 µm (for low magnification images in B) and 10 µm (for high magnification images in B). Primary root length and primary root growth rate were not affected in UBQ10:GFP-ABD2-GFP and UBQ10:Lifeact-mGFP lines, compared to wild type (F, G). Actin reporter lines showed smaller root and shoot dry weight when compared to wild type, after 28 days of growth (H, I). Statistical significance was determined by one-way ANOVA. Bars are means (n > 16 plants) ± S.E. Different letters indicate significant differences among means (P < 0.05, Tukey’s test).





Epi-Brassinolide Triggers Enhanced Root Curvature Responses in M. truncatula on a Clinostat, But Only Had Mild Effects on F-Actin Organization

We next asked if eBL could elicit similar enhancement of root curvature responses in M. truncatula on a clinostat that was previously observed in Z. mays roots (Figure 1). As 5 μM eBL was required to observe clear effects on F-actin in chemically-fixed Z. mays roots (Figure 2), we used the same concentration for the M. truncatula clinostat assays. Furthermore, we focused our clinostat assays on lines expressing GFP-ABD2-GFP. The GFP-ABD2-GFP lines were chosen for our root clinostat assays because F-actin in the transition and elongation zone was finer and less bundled compared to Lifeact-mGFP lines, an observation consistent with previous work on A. thaliana (Dyachok et al., 2014). Consistent with previous reports, LatB-treated M. truncatula roots expressing GFP-ABD2-GFP exhibited enhanced curvature on a clinostat (Figures 4A, B; Hou et al., 2003). Like in Z. mays roots, eBL treatment caused M. truncatula roots to curve strongly on a clinostat (Figures 4A, B). Although, enhanced curvature on a clinostat was observed in LatB- and eBL-treated M. truncatula roots, the final average curvature was less than that observed in Z. mays (Compare Figure 1 and Figure 4).




Figure 4 | Epi-Brassinolide (eBL)- and LatB- dampened straightening of M. truncatula roots expressing UBQ10:GFP-ABD2-GFP. (A) Representative images of M. truncatula roots grown on a 2-D clinostat for 15 h to test autotropic straightening after withdrawal of the gravity signal. Vertical roots treated with 100 nM LatB and 5 μM eBL for 1 h were mounted on a 2-D clinostat and kept horizontal for 20 min prior to clinorotation. (B) Quantification of angle of curvature after 15 h of clinorotation. Statistical significance was determined by one-way ANOVA. Means (n > 14 roots) ± S.E. Different letters indicate significant differences among means (P < 0.05, Tukey’s test).



Having established that M. truncatula roots expressing the GFP-ABD2-GFP F-actin reporter exhibited enhanced curvature on a clinostat, we then asked if F-actin organization in living roots was modified by eBL. We focused our analyses on root cells within the transition and elongation zone. Consistent with observations in chemically-fixed Z. mays roots, F-actin in M. truncatula roots expressing UBQ10:GFP-ABD2-GFP was clearly disrupted after treatment with 100 nM LatB. While root epidermal cells in the elongation zone of untreated roots had extensive cortical F-actin networks, F-actin in the same region after 1 h exposure to 100 nM LatB were less dense and fragmented (Figure 5A). Moreover, F-actin in live M. truncatula roots treated with LatB had lower occupancy values, which corroborated results with chemically fixed Z. mays roots (Figure 5B). Experiments with eBL were less conclusive, particularly with regard to the impact on F-actin density. Surprisingly, F-actin in roots treated with 5 µM eBL had intact cortical F-actin networks that were qualitatively similar to untreated roots (Figure 5A). Quantitative analysis showed that F-actin occupancy values were consistent with the observation that 5 µM eBL had no significant effects on F-actin density in living roots (Figure 5B). Furthermore, while F-actin skewness increased in LatB-treated roots, this metric was not affected by 5 µM eBL (Figure 5C).




Figure 5 | F-actin organization in epidermal cells of living M. truncatula roots expressing UBQ10:GFP-ABD2-GFP after 1 h exposure to LatB or eBL. (A) Representative single confocal optical section images of cells in the elongation zone. Note the reduced fluorescence and extensive fragmentation of F-actin in cells treated with LatB but not with eBL. The two right most panels show variable effects of eBL on F-actin organization. (B–D) Combined box and scatter plots showing quantitative analysis of F-actin occupancy (density), skewness (bundling) and eccentricity in root cells of the transition/elongation zone. Unlike LatB-treatment, no significant differences between eBL and solvent controls were detected with regard to F-actin occupancy (B) and skewness (C). However, a significant difference was observed between eBL and solvent controls with regard to the eccentricity metric, which refers to alignment of F-actin (D). Asterisks (*) refers to individual data points and + mark outliers. Statistical significance was determined by one-way ANOVA. Bars are means (n > 50 cells) ± S.E. Different letters indicate significant differences among means (P < 0.05, Tukey’s test). Scale bar = 20 μm.



Next, we asked if eBL had other measurable quantitative impacts on F-actin organization in living M. truncatula roots. For this analysis, the degree of orientation of F-actin in root cell images was analyzed using a metric called eccentricity. Lower eccentricity values indicate a more disordered F-actin network. Modified cortical F-actin eccentricity was reported in Physcomitrella patens ROP4 RNA interference (RNAi) lines (Burkart et al., 2015). Using metrics developed by Burkhart et al. (2015), we found that F-actin in living M. truncatula roots treated with 100 nM LatB and 5 µM eBL had significantly lower eccentricity values than F-actin in untreated roots. This result indicated that both LatB and eBL treatments led to more disordered F-actin (Figure 5D).



Epi-Brassinolide Inhibits Global F-Actin Dynamics in Etiolated Hypocotyls of Living M. truncatula Seedlings

Because actin function is defined not only by overall organization within cells, but also by dynamics (Staiger et al., 2009; Burkart et al., 2015), the effects of eBL on F-actin dynamics were analyzed. For these experiments, epidermal cells of etiolated barrel medic seedlings expressing UBQ10:Lifeact-mGFP were used for analyzing F-actin dynamics. We used lines expressing UBQ10:Lifeact-mGFP for these analyses because the F-actin arrays in hypocotyls of these lines were more readily visualized than those expressing UBQ10:GFP-ABD2-GFP. Roots were not used for this analysis because they grew out of the field of view within the desired 1 min period required for global actin dynamics analysis. Furthermore, the thick roots from M. truncatula were difficult to keep in the same focal plane during imaging, which complicated the interpretation of results.

Cortical F-actin in M. truncatula hypocotyls were captured every second for 1 min and movies were used to quantify global changes in F-actin following the metrics developed by Vidali et al. (2010) (Supplemental Movies S1 and S2). These metrics included pixel difference values that capture intensity differences between images every second, and correlation coefficients that indicate the degree of change (Figures 6A, B). A larger difference between pixels over time and a steeper decay in the correlation coefficient indicated a more dynamic F-actin network (Vidali et al., 2010; Dyachok et al., 2014; Burkart et al., 2015). The F-actin network in epidermal cells of eBL-treated etiolated M. truncatula hypocotyls had lower intensity difference values and a more gradual decay of the correlation coefficient compared to solvent control seedlings (Figures 6C, D). Taken together, these data imply that eBL treatment suppressed F-actin dynamics in etiolated M. truncatula hypocotyls.




Figure 6 | Epi-Brassinolide (eBL) inhibited global F-actin dynamics in etiolated hypocotyl epidermal cells of M. truncatula expressing UBQ10:Lifeact-mGFP. Representative images of three time points (20, 40 and 60 s) of solvent controls (A) and eBL treated (B) cells as separate color channels in red, green and blue (RGB) image. White overlay in each image indicates low dynamics. Scale bar = 10 μm. Time-lapse movies corresponding to the merged images are presented as Supplemental Movie S1 (for untreated) and S2 (eBL-treated). Quantification of global F-actin dynamics based on changes in pixel (C) and decay of the correlation coefficient (D). Statistical analyses of correlation coefficients and total difference in hypocotyl epidermal cells as a function of temporal intervals. Correlation/difference for solvent controls versus eBL-treated hypocotyls are as follows: 0.02086*/0.007597* (20 s); 0.03*/0.006639* (40 s) and 0.057/0.006069* (60 s). Adjusted P-values are shown for rejecting equivalence of means; values marked by an asterisk indicate statistical significance at the 0.05 level.






Discussion

In this paper, a slowly-rotating 2-D clinostat was used to gain additional insights into actin-mediated regulation of directional root growth. These experiments showed that brassinosteroids were involved in modulating directional root growth, in part, by modifying the organization and dynamics of the actin cytoskeleton. This conclusion was based on the observation that exogenous application of eBL and LatB triggered similar enhanced root gravitropism and amplified root coiling on a clinostat (Figure 1). The curvature responses of roots treated with eBL and LatB during continuous gravistimulation and on a clinostat are reminiscent of the behavior of inflorescence stems of A. thaliana myosin XI and actin8 mutants (Kato et al., 2010; Okamoto et al., 2015; Talts et al., 2016). The hyperbending of inflorescence stems of myosin and actin A. thaliana mutants was proposed to be the result of inhibited autotropism. With an aberrant acto-myosin system in fiber cells, it was proposed that the stems could no longer perceive their posture to initiate a straightening response (Okamoto et al., 2015). Here, we propose that a similar mechanism may be operating in roots, and that eBL is a component of the root organ straightening response through its impacts on F-actin.

Most of the studies implicating the actin cytoskeleton in gravitropism have emphasized its role in the gravity perception phase (Blancaflor, 2013; Su et al., 2017). In gravity sensing cells such as the columella, actin has been proposed to interact with amyloplasts to facilitate conversion of the physical gravity signal to a biochemical signal (Zheng et al., 2015). Because actin inhibitors such as LatB or mutations to genes encoding actin itself led to stronger root gravitropic curvature (Yamamoto and Kiss, 2002; Hou et al., 2003; Kato et al., 2010; Lanza et al., 2012), it was proposed that the unrestrained sedimentation of amyloplasts may amplify the gravity sensing signal leading to a more robust graviresponse (Blancaflor, 2013). However, work on A. thaliana myosin XI mutants (Okamoto et al., 2015) and results presented here, suggest a more prominent role for actin in the graviresponse phase, and more specifically in the autotropic straightening response that enables plant organs to correct their orientation (Stankovic et al., 1998a; Stanković et al., 1998b). Furthermore, given the difficulties in obtaining clear images of F-actin in the columella (Figure 3), we cannot rule out the possibility that a secondary mechanism of gravity sensing in the root transition zone might be affected by LatB (Wolverton et al., 2002).

A number of studies have implicated eBL in directional root growth control. For instance, eBL application mirrored the enhanced root waving and gravitropism of A. thaliana actin2 mutants and caused disruptions in F-actin configurations in wild type (Lanza et al., 2012). Enhanced root gravitropism was also observed in wild-type A. thaliana roots treated with eBL and this process was proposed to be mediated by ROP2-dependent modification of F-actin assembly and disassembly (Li et al., 2005). While our results expand on these previous observations, experiments with a clinostat implicated eBL as a potential regulator of autotropism, and like previous results with LatB-treated roots, provide an alternative explanation of why this hormone has an apparent promotive effect on gravitropism. Although previous studies have shown that eBL modifies F-actin organization in A. thaliana roots (Lanza et al., 2012), we found that eBL effects on F-actin organization in fixed Z. mays roots and living M. truncatula roots were not as pronounced and consistent as those induced by LatB. Higher concentrations of eBL were needed to elicit distinct qualitative and quantitative changes in F-actin in both chemically-fixed Z. mays roots and living M. truncatula roots. In fact, it was surprising to find that 1 µM eBL led to increased F-actin occupancy values compared to controls, while concentrations lower (500 nM) or higher (5 µM) than 1 µM led to reduced values (Figure 2B). Moreover, F-actin occupancy and bundling in living roots treated with 5 µM eBL was not different from untreated controls (Figures 5B, C). LatB-treatment on the other hand, led to an increase in F-actin bundling, which was likely due to aggregation of F-actin fragments in some of the root cells analyzed. Although occupancy and bundling were not affected by eBL, we found that eccentricity of F-actin in LatB- and eBL-treated roots were reduced relative to controls (Figure 5D). It is tempting to speculate that eBL-induced reduction in F-actin alignment alone is sufficient to account for a large part of the root autotropic inhibition observed here. It is important to note, however, that all of the F-actin analyses reported here were conducted pre-clinorotation. It is possible that changes in F-actin organization during the process of clinorotation were unaccounted for in our analyses. Experiments involving chemically fixing roots at various time points during clinorotation or a system in which live roots expressing the F-actin reporters can be imaged on a clinostat, will be necessary to address such possibilities.

Okamoto et al. (2015) proposed that the long F-actin cables in the inflorescence stem fiber cells were the structures that modulated organ straightening possibly by regulating cytoplasmic streaming. It is possible that eBL regulation of root autotropic straightening is facilitated by a population of F-actin in specific root cell types that are not detected by the quantitative metrics used in our studies. This could explain why eBL had only modest effects on overall F-actin organization, but still caused LatB-like autotropic straightening defects. Another possibility is that dampening of global F-actin dynamics by eBL as revealed by live cell imaging of etiolated M truncatula hypocotyls could account for autotropic straightening defects. Suppressed global F-actin dynamics after eBL exposure could modify targeting of plasma membrane-associated proteins, such as PIN2, leading to dampened autotropism (Li et al., 2005; Lanza et al., 2012). Unfortunately, we were unable to obtain global F-actin dynamic data on M. truncatula root cells because of technical difficulties associated with keeping actively growing roots within the microscope field of view. As such, a direct link between root F-actin dynamics and root autotropism is missing. For the future, a suitable clinostat assay using M. truncatula shoots should help clarify if reduced global F-actin dynamics can explain eBL effects on organ straightening. Furthermore, live fluorescent protein-based F-actin marker lines in Z. mays could help strengthen the link between F-actin organization and autotropic organ growth (Wu et al., 2013).

For more than a decade, genetically-encoded F-actin reporters based on fluorescent protein technology have advanced our understanding of actin function during plant development (Voigt et al., 2005; Wang et al., 2008). In addition to new insights into the processes underlying directional root growth control, our work introduces a set of M. truncatula lines expressing two types of genetically encoded F-actin reporters. These new F-actin reporter lines could potentially be used to address a range of biological questions. Specifically, a future gravitational biology-related study in which these new M. truncatula lines would be of value is the dynamic monitoring of F-actin in various tissues of graviresponding roots using vertical stage microscopy (Von Wangenheim et al., 2017). Vertical stage microscopy combined with new imaging modalities such as airy scan should enable super-resolution of F-actin during plant gravity response (Komis et al., 2018). Moreover, some light sheet microscopy platforms allow for plant organs to be positioned vertically. Such methods pave the way for long term and volumetric imaging of F-actin dynamics during plant gravity response using these new M. truncatula lines (Ovečka et al., 2018). Similar to previous reports in A. thaliana plants expressing live cell F-actin reporters (Ketelaar et al., 2004; Dyachok et al., 2014), mature M. truncatula plants expressing Lifeact-mGFP and GFP-ABD2-GFP appear to have growth defects based on their reduced shoot and root dry weights when compared to controls. However, the negative growth effects induced by expressing these reporters were mild and not very pronounced in young seedlings. Thus, if used with caution, these Lifeact-mGFP and GFP-ABD2-GFP M. truncatula lines should be a valuable addition to existing fluorescent protein-based toolkit for studying dynamic cellular processes in legumes (Ivanov and Harrison, 2014; Cvrckova and Oulehlova, 2017; Zhang et al., 2019).

In conclusion, our results implicate brassinosteroids in root autotropism. Brassinosteroids modulate this process by modifying F-actin organization and dynamics in a manner different from that of the actin-disrupting compound LatB. Regardless of the mechanisms by which eBL modifies F-actin, our studies reinforce previous observations that the acto-myosin system is an important component of plant tropistic responses. Finally, through our work, we introduced a set of M. truncatula lines expressing fluorescent protein-based reporters that could enable new studies of actin-mediated processes in legumes.
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Root tropisms are important responses of plants, allowing them to adapt their growth direction. Research on plant tropisms is indispensable for future space programs that envisage plant-based life support systems for long-term missions and planet colonization. Root tropisms encompass responses toward or away from different environmental stimuli, with an underexplored level of mechanistic divergence. Research into signaling events that coordinate tropistic responses is complicated by the consistent coincidence of various environmental stimuli, often interacting via shared signaling mechanisms. On Earth the major determinant of root growth direction is the gravitational vector, acting through gravitropism and overruling most other tropistic responses to environmental stimuli. Critical advancements in the understanding of root tropisms have been achieved nullifying the gravitropic dominance with experiments performed in the microgravity environment. In this review, we summarize current knowledge on root tropisms to different environmental stimuli. We highlight that the term tropism must be used with care, because it can be easily confused with a change in root growth direction due to asymmetrical damage to the root, as can occur in apparent chemotropism, electrotropism, and magnetotropism. Clearly, the use of Arabidopsis thaliana as a model for tropism research contributed much to our understanding of the underlying regulatory processes and signaling events. However, pronounced differences in tropisms exist among species, and we argue that these should be further investigated to get a more comprehensive view of the signaling pathways and sensors. Finally, we point out that the Cholodny-Went theory of asymmetric auxin distribution remains to be the central and unifying tropistic mechanism after 100 years. Nevertheless, it becomes increasingly clear that the theory is not applicable to all root tropistic responses, and we propose further research to unravel commonalities and differences in the molecular and physiological processes orchestrating root tropisms.
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Introduction

Although plants are sessile organisms, their organs including roots are not motionless. Movements of plant have fascinated scientists for ages (Whippo and Hangarter, 2006). This includes Charles Darwin who laid the foundations for accurate studies on movements of different plant organs in response to external directional stimuli, especially light and gravity (Darwin and Darwin, 1880). One particular type of plant movement are tropistic responses, defined as “a directional growth response to a directional stimulus” (Gilroy, 2008). Tropistic responses are distinguished from nastic responses by being directional relative to the stimulus. Tropisms can be classified as “positive” or “negative” according to the exhibited growth toward or away from the directional stimulus, respectively (Schrank, 1950; Gilroy, 2008).

Root tropisms are exerted through differentially-regulated cell growth on opposite sides of the root tip in specific root zones (Gilroy and Masson, 2008). Until the early 2000s the traditional anatomical view identified three main zones in the root tip, directly distal from the root cap: the root apical meristematic zone (MZ), the elongation zone (EZ), and the differentiation zone (DZ), which was based on the premise that cell elongation initiates immediately after the apical meristem (Dolan and Davies, 2004). However, evidence of a distinct cell population in the part of the EZ more distal from the base of the root has been presented in the last three decades. This region was dubbed distal elongation zone (DEZ) initially, and later transition zone (TZ), due to its unique characteristics (Ishikawa and Evans, 1993; Verbelen et al., 2006; Baluška et al., 2010). In the current view, four zones are thus identified, each characterized by specific cell types, cellular activities, and specific responses to tropistic signals (Figure 1, Table 1). The root cap consists of the columella and the lateral root cap surrounding the MZ, a zone of ​​active cell divisions which is followed by the TZ (Figure 1). The cells in the TZ undergo isodiametric cell growth with nuclei located in the center of the cells, similar to the meristem. Following the TZ, cells in the EZ rapidly elongate and nuclei are pushed toward the lateral cell walls due to the formation of large central vacuoles. Cells progressively slow down their elongation and finally reach their mature lengths within the differentiation zone (DZ), which is characterized by root hair development (Figure 1) (Verbelen et al., 2006).




Figure 1 | Schematic representation of a longitudinal cross section of an Arabidopsis root apex, indicating the four distinct developmental zones: the meristematic zone (MZ; pink), the transition zone (TZ; purple), also known as distal elongation zone (DEZ), the elongation zone (EZ; blue), and the differentiation zone (DZ; green). The root cap is indicated in gray and consists of the columella root cap (COL) and the lateral root cap (LRC) that, together with the MZ, surround the quiescent center (QC). Known or suspected sensor and action regions are indicated alongside the root. Tropisms within parentheses are likely not sensu stricto tropisms. BL, blue light; RL, red light. *Specific localization in the cortex of the EZ. **Suspected localizations.




Table 1 | Root tropism sensor regions, signaling mechanism, and action regions in Arabidopsis thaliana.



In the late nineteenth and early twentieth century, several phenomenological studies on tropisms were conducted. During the final decades of the twentieth century, the focus moved to studies on the molecular mechanisms of root tropisms, enabled by new techniques in molecular genetics and supported in the first decade of the twenty-first century by special research environments such as the International Space Station (ISS) (Wolverton and Kiss, 2009; Kiss, 2015). Currently, research on plant tropisms becomes critical for advancing plant-based life support systems in space considering their fundamental role in producing fresh food and recycling of air and water (Lasseur et al., 2010). More in-depth knowledge of root growth response to a directional stimulus is required to design plant-based life support facilities able to guide root growth in a desired direction, as the gravity vector is absent in space. At the same time, the possibility of performing explorative experiments in the space environment, together with the development of new technologies, is also crucial to pave the way toward the goal of deepening our fundamental understanding of plant tropisms and their underlying molecular networks on Earth (Borst and van Loon, 2009; Gómez and Izzo, 2018).

Many different types of tropisms have been proposed over the years. Of these, gravitropism, phototropism, hydrotropism, halotropism, and thigmotropism are the most extensively studied. Physiological studies from around the turn of the twentieth century also investigated directional growth responses to electrical, chemical, and temperature gradients, among others (Bennett, 1904; Fitting, 1905). Some of these have received renewed attention in the 1990's, the most important of which being chemotropism, magnetotropism, electrotropism, and oxytropism. Whether these can be categorized as bona fide tropisms sensu stricto (i.e., directional growth responses to a directional stimulus (Gilroy, 2008) is in many cases still a matter of debate. However, it is certainly possible that more tropisms are still to be identified, as the recently proposed phonotropism illustrates (Rodrigo-Moreno et al., 2017).

In this review, an overview of all known and proposed tropistic responses with a focus on the roots is provided, and current insight into the different types of tropisms and their underlying molecular signaling mechanisms is discussed.



Gravitropism

Our fundamental understanding of the reliable downward movement of plant roots is based on the Cholodny-Went theory (Cholodny, 1927; Went, 1928; Orbovik and Poff, 1993). Their central premise that a differential localization of auxin causes differential elongation still stands firm (Sato et al., 2015). According to this theory, accumulation of auxin in the root tip on the side closest to the direction of the gravity vector triggers a decrease in cell elongation within the basal zone of the root cap, causing the root to bend in the direction of the gravity vector (Geisler et al., 2014; Krieger et al., 2016).

An important elaboration on the Cholodny-Went theory is the auxin fountain model, that proposed how differential auxin levels in the root are established and regulated (Kramer and Bennett, 2006; Grieneisen et al., 2007; Mironova et al., 2012; Geisler et al., 2014). Most of the auxin in plant roots is synthesized in and around the columella cells (Petersson et al., 2009). According to the fountain model, auxin flows upward from these synthesis sites through the epidermis and partially flows back through the cortex, endodermis, and pericycle to the vasculature, where it returns to the root tip. When the root is not positioned in the direction of gravity, the auxin flow toward the basal oriented part is increased, while the flow to the adaxial parts decreases (Geisler et al., 2014; Swarup and Bennett, 2018). After gravitropic bending, not all plant roots are fully oriented in the direction of the gravity vector, but at various angles, based on the developmental stage and environmental circumstances. This fixed growth angle has been called the gravitropic set-point angle (GSA), which is at 0° when the root grows straight downwards (Digby and Firn, 1995).

Like in most responses to environmental signals, three distinct phases are typically recognized in the process of gravitropism: perception of the stimulus, signal transmission, and growth response (Toyota and Gilroy, 2013). Sensing of the gravity vector occurs in the columella cells, located in the center of the root cap (Figure 1). There, starch-rich amyloplasts, called statoliths, sediment in aggregates within the cell in response to gravity, due to their high mass (Leitz et al., 2009). The statoliths are free to sediment through the cytoplasm, in part because the nuclei are located at the top of the cells, the vacuoles are small, and because the endoplasmic reticula (ER) lie close to the plasma membrane (Morita and Tasaka, 2004).

As plastids, the amyloplasts possess a Translocon at the Outer Envelope Membrane of Chloroplasts (TOC) complex, which functions in gravitropism as well (Stanga et al., 2009). Disruption of the central pore protein, TOC75, or one of the receptor proteins, TOC132, strongly enhances the gravitropic deficiency of the altered response to gravity (arg1) mutant. ARG1 and its paralog ARG1-LIKE2 (ARL2) are type-II DnaJ-like peripheral membrane proteins and localize to the plasma membrane and the BFA sensitive endomembrane trafficking pathway (Boonsirichai et al., 2003; Harrison and Masson, 2008). While ARG1 is expressed throughout the whole plant, ARL2 is specifically expressed in the columella cells. Outside of the arg1 mutant background, disruption of TOC132 or TOC75 does not, or only slightly attenuate gravitropism, respectively (Stanga et al., 2009). These findings suggest a role in the early gravitropic signaling for ARG1 and the TOC complex.

In accordance with the starch-statolith hypothesis, starchless Arabidopsis thaliana phosphoglucomutase (pgm) mutants displayed strongly reduced gravitropism (Caspar and Pickard, 1989). However, some gravitropic responsiveness remained in the pgm mutants, suggesting that statolith movement alone may not be sufficient to account for all gravity sensing (Caspar and Pickard, 1989; Kiss et al., 1989).

There are several theories about how the directional sedimentation of the statoliths affects processes in the cell to alter auxin flows (Strohm et al., 2012; Su et al., 2017). According to Leitz et al. (2009), the sedimentation of statoliths on the cortical ER causes ~200 nm indents, resulting in local expansion of the membrane surface of 15–20%. Mechanosensitive ion channels, particularly those for Ca2+, could be activated by this membrane distortion (Hamill and Martinac, 2001). The ER, where the statoliths sediment, is also a major storage compartment for Ca2+ (Urbina et al., 2006). This could connect the sedimentation of the statoliths to the later bi-phasic Ca2+ pulse characteristic of gravitropic signaling (Plieth and Trewavas, 2002). A detailed discussion of Ca2+ kinetics in gravitropism is summarized in Tatsumi et al. (2014).

The protoplast-pressure model is a modification of the ER membrane distortion theory, stating that the pressure of protoplast on the plasma membrane causes mechanosensitive ion channels to open, instead of local pressure exerted by statoliths (Wayne and Staves, 1996; Yoder et al., 2001; Perbal and Driss-Ecole, 2003). Statoliths do however add extra ballast to protoplasts, enabling the application of more pressure on the plasma membrane. Accordingly, 5g acceleration was sufficient to fully restore gravitropism after starchless pgm mutants were exposed to hypergravity conditions during centrifugation (Fitzelle and Kiss, 2001).

The alternative ligand-receptor interaction model adds to both the local and protoplast-pressure membrane distortion theories in explaining more directly how secondary messengers are activated. The ligand-receptor interaction model proposes that the contact between a ligand on the membrane of the statoliths and a receptor on the outer membrane of the ER results in the activation of cortical ER ion channels after sedimentation (Strohm et al., 2012). A promising candidate for interaction with this putative ER receptor was the TOC132 receptor protein, extending into the cytosol from the TOC complex on the statolith membrane (Stanga et al., 2009). However, the cytosolic domain of TOC132 turned out not to be necessary for a full gravitropic response (Strohm et al., 2014). Despite indications that the ligand-receptor model holds true for the alga Chara globularis, to the best of our knowledge, no evidence for the ligand-receptor interaction model has been presented in flowering plants so far (Braun, 2002).

Recently, the membrane phospholipid phospholipase C2 (PLC2) was shown to influence polar distribution of PIN2 in the early gravitropic signaling cascade (Chen et al., 2019). Gravitropic defects of Arabidopsis roots with inhibited PLC activity were previously reported, indicating that PLCs are involved in gravitropism (Andreeva et al., 2010). However, this was possibly due to these seedlings also displaying severe morphological and growth defects. PLC2 is known to produce the common secondary messenger inositol 1,4,5-trisphosphate (InsP3) and 1,2-diacyglycerol (DAG) from the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PtdInsP2) (DeWald et al., 2001). InsP3 is involved in the early stages of gravitropism, before the establishment of the auxin asymmetry (Perera et al., 2006). By generating transgenic lines expressing human type I InsP 5-ptase, which hydrolyses InsP3, levels of InsP3 were reduced by at least 90%. This caused a decrease in establishment of auxin asymmetry, resulting in a slower and 30% decreased gravitropic response compared to wild-type Arabidopsis (Perera et al., 2006). Furthermore, InsP3 has been shown to influence gene expression in reaction to a gravitropic stimulus (Salinas-Mondragon et al., 2010). Of the downregulated genes, a substantial number is related to plastids and mitochondria. Of the upregulated genes, several are transcription factors and protein kinases linked to Ca2+ regulation (Salinas-Mondragon et al., 2010). This link between InsP3 and Ca2+ is corroborated by the observed close association between the two secondary messengers in both timing and effect in relation to PIN regulation (Zhang J. et al., 2011). However, although an InsP3-gated Ca2+ release channel in the ER membrane has been identified in mammalian cells, no such direct link has yet been found in plants (Zhang S. et al., 2011).

Changes in pH are also involved in the early gravitropic signaling. While the root cap apoplast pH decreased from 5.5 to 4.5, the pH of columella cell cytoplasm increased from 7.2 to 7.6 after gravitropic stimulation (Fasano et al., 2001). Preventing the pH increase of columella cytoplasm through the release of caged protons also delayed the onset of gravitropism. Mutants lacking ALTERED RESPONSE TO GRAVITY (ARG1) did not display this pH change in the root cap and show reduced and delayed gravitropism (Boonsirichai et al., 2003). Both ARG1 and plasma membrane H+-ATPases are localized to the plasma membrane and the BFA sensitive endomembrane trafficking pathway, which could be connected to the effect of ARG1 on cytoplasm pH (Boonsirichai et al., 2003).

Using the microgravity (µg) environment of the ISS, the involvement of the cytoskeleton in gravitropism has been established. In microgravity, lentil (Lens culinaris) amyloplasts were clustered in the proximal part of the columella cells, which was contrary to the random distribution of amyloplasts in the plants grown on a clinostat; i.e., a rotating device used to simulate a low gravity environment for plant growth (Perbal and Driss-Ecole, 1989). This result indicated involvement of actomyosin in the positioning of amyloplasts, which was later corroborated (Driss-Ecole et al., 2000). It also showed that the randomization of the gravity vector achieved by the clinostat does not elicit the same effects as the -virtual- absence of the gravity vector in µg conditions (Sievers and Hejnowics, 1992; Hoson et al., 1997). In microgravity conditions, statoliths do not have sedimenting amyloplasts. Thus these cells also lack an asymmetrical distribution of auxin in the root (Ferl and Paul, 2016). Several papers also indicated that actin in the cytoskeleton has a significant role in gravity signaling, as pressure exerted by sedimentation of statoliths on actin polymers could conduct a physical pressure signal toward the plasma membrane or ER membrane, causing ion channels to open (Yoder et al., 2001; Perbal and Driss-Ecole, 2003). Additionally, the ARP3 subunit of the Actin-Related Protein 2/3 (ARP2/3) complex is involved in regulating amyloplast sedimentation kinetics, as Arabidopsis distorted1 (dis1) mutants lacking ARP3 display a delayed response to gravitropic stimulation (Zou et al., 2016). However, the exact role of the cytoskeleton deserves more attention, as pharmacological experiments gave contradictory results, showing both inhibition and promotion of gravitropism (Ma and Hasenstein, 2006; Blancaflor, 2013). A detailed overview of studies of early gravitropic signaling is summarized in Nakamura et al. (2019).

Once perceived by the statoliths, the gravitropic signal generates a differential auxin distribution in the root. This process is dependent on the auxin influx carrier AUX1, which is expressed in the root tip and elongation zone (EZ, also known as the central elongation zone) (Marchant, 1999). Interestingly, recent experiments indicated that auxin is not only involved in the regulation of the gravitropic response, but also indirectly in gravitropic perception. Through the TIR1/AFB auxin receptor signaling pathway, auxin regulates the PHOSPHOGLUCOMUTASE (PGM), ADENOSINE DIPHOSPHATE GLUCOSE PYROPHOSPHORYLASE (ADG) and STARCH SYNTHASE 4 (SS4) starch synthesis genes that are responsible for the establishment of statoliths in the cell (Zhang et al., 2019).

The change in auxin flow direction in roots that are not orientated toward the gravity vector is mediated by relocation of the PIN-FORMED3 (PIN3) and PIN7 auxin efflux carrier proteins (Friml et al., 2002; Kleine-Vehn et al., 2010). When the root is positioned vertically, these proteins are present at all sides of the columella cells. During gravistimulation, vesicles from endosomal compartments containing these PIN proteins relocate to the then lowest part of the cell, thereby providing increased efflux of auxin at that side, and decreased efflux on the opposite (upward oriented) parts of the cell (Geldner et al., 2001; Friml, 2010). For the relocation of PIN3 in the gravity sensing columella cells, ARG1 and ARL2 are necessary (Harrison and Masson, 2008).The innermost columella cells of the second tier are thought to have the most influence on the redirection of auxin (Blancaflor et al., 1998).

Next to roles for PIN3 and PIN7, changes in auxin flux affect the localization and degradation of PIN2 proteins that mediate the basipetal auxin flow. High auxin levels cause PIN2 proteins to be retained longer in the plasma membrane (Paciorek et al., 2005; Abas et al., 2006). Auxin has also been shown to increase proteasomal degradation of PIN2 proteins, suggesting a complex homeostatic mechanism that controls the extension of the polar auxin distribution from the columella cells to the EZ (Abas et al., 2006). Alongside increased auxin, PLC2 is also needed for proper retainment of PIN2 in the plasma membrane (Chen et al., 2019). Additionally, plc2 mutants have reduced auxin content and reduced responsiveness to exogenous auxin. After relocation and degradation of PIN proteins in the root cap, the differential auxin distribution is extended toward the EZ, due to the auxin fountain mechanism (Grieneisen et al., 2007). In the basal part of the transition zone (TZ, also known as the distal elongation zone or DEZ), most of the gravitropic bending takes place in response to the auxin asymmetry (Figure 1) (Krieger et al., 2016).

Based on experiments where gravitropism was induced while the root tip was maintained at a constant angle against the gravity vector, Wolverton et al. (2002) proposed that a second gravity sensor could be located in the apical part of the TZ that contributes ~20% to the total gravitropic curvature (Figure 1). This has been called the “dual motors and sensors” theory. During gravistimulation, the electrical properties of the TZ changed markedly, indicating that this alternative gravity sensor could involve electrical signals (Ishikawa and Evans, 1990a; Collings et al., 1992). The presence of a second sensor and motor could also explain why pgm1 mutants retained one third of the rate of wild type gravitropism, without a need for an auxin gradient (Kiss et al., 1996; Wolverton et al., 2011).

Ion channel activity of plant cells and their selective retention of charges cause electric currents in their cellular environment, which are altered by increased asymmetric proton efflux during gravitropism (Ishikawa and Evans, 1990a; Baluška and Mancuso, 2013). The electrical current density and orientation differ among different regions of maize (Zea mays) roots, as Collings et al. (1992) have noted. The TZ exhibits an inward oriented current, which is contrary to the outward orientation in the meristem, EZ, and basal end of the elongation zone. A similar pattern has been recorded for cress (Lepidium sativum) (Weisenseel et al., 1992). However, while the role of electrical currents in gravitropism is comparable, differences between species are apparent, as blocking of Ca2+ channels in maize had no effect on gravitropism, while limiting Ca2+ availability abolished gravitropism in cress (Collings et al., 1992; Weisenseel et al., 1992).

Within minutes after gravistimulation, the electrical current symmetry is disturbed. An increased proton efflux then creates a strong outward current at the upper surface of the horizontal root, near the root tip. In maize, this phenomenon has been observed at 1 to 2.5 mm from the root tip and in cress at 0 to 4 mm from the root tip (Collings et al., 1992; Weisenseel et al., 1992). This location partly corresponds to the location of the TZ. No basipetally propagating wave of proton efflux was detected in maize. Instead, it seemed that the efflux was synchronized in the youngest cells of the EZ, which is around 2.5 mm distal from the root tip in maize (Collings et al., 1992). While this increase in proton efflux in the TZ is linked by both Collings et al. (1992) and Weisenseel et al. (1992) to cell growth by apoplast acidification, the cytoskeletal rearrangements that are required for elongation are almost completely absent in the TZ. Because of this, the zone is also named the transition zone (TZ) instead of the distal elongation zone (Baluška et al., 2010; Baluška and Mancuso, 2013). As there is little elongation in the TZ, the bending in this second gravitropic motor and sensor region likely requires a different mechanism, as proposed by Wolverton et al. (2002). According to Baluška et al. (2010), the progression of cells into and through the TZ is decreased on the lower side and increased on the upper side of a horizontally oriented root. These differences in developmental speed then cause the root to bend at the TZ. Interestingly, the TZ has a peak of so called “brefeldin A (BFA)-induced compartments” that form because the BFA compound blocks endoplasmic reticulum to Golgi apparatus transport upon pharmacological application (Klausner et al., 1992). This peak precisely coincides with the location of TZ bending (Baluška et al., 2010). Since proper PIN2 localization also functions through a BFA-sensitive pathway, PIN2 retention in the TZ could have a critical role in the TZ gravitropic bending response (Abas et al., 2006).

In response to the established auxin asymmetry, root growth is altered asymmetrically. It is proposed that a large part of this change is caused by Ca2+ waves that elicit a change in pH (Monshausen et al., 2011). Within 2 to 6 min after reorientation, the upper flank epidermis experienced a Ca2+ level reduction and a pH decrease. The lower flank epidermis experiences the reverse, within the same time window (Monshausen and Sievers, 2002; Monshausen et al., 2011). The Ca2+ level reduction and a pH changes are likely connected to cell wall loosening, allowing for expansion when auxin levels are high (Monshausen et al., 2011). Gravitropic curvature in roots is also partially dependent on a transcriptional response to high auxin, enabled through decreased repression of auxin response factors (ARFs) by AUX/IAA proteins (Su et al., 2017).

Reactive oxygen species (ROS) have been shown to accumulate in root tips of gravistimulated maize in response to auxin (Joo et al., 2001). This accumulation was strongly reduced when phosphatidylinositol 3-kinase (PtdIns 3-kinase) activity was blocked, leading to reduced gravitropic reaction of the roots (Joo et al., 2005). A later report specified that the accumulation of ROS was higher at the concave or lower side of the root in the TZ after gravistimulation (Krieger et al., 2016). Other than the involvement of PtdIns 3-kinase and its product, phosphatidylinositol 3-phosphate (PtdIns3P), little is known about the asymmetric ROS gradient generated in response to gravitropically increased auxin levels.

Asymmetric increase of nitric oxide (NO) levels, centered around the TZ of the lower root side, is crucial for root gravitropism (París et al., 2018). When NO was reduced by adding a NO scavenger to the medium, cells of gravistimulated roots did not exhibit a PIN2 asymmetry in their plasma membranes. However, growth of Arabidopsis in general was also severely inhibited, prohibiting the drawing of sound conclusions on the specificity of NO effects on root gravitropism (París et al., 2018).

Similarly, an asymmetric increase of gibberellic acid (GA) levels is found at the lower side of gravistimulated roots (Löfke et al., 2013). Higher auxin levels at the lower side of the root cause a decrease in cycling of PIN2 to the lytic vacuole in the EZ (Kleine-Vehn et al., 2008). High GA levels seem to influence PIN2 retainment in the plasma membrane in the same way, by preventing PIN protein trafficking to the lytic vacuole (Löfke et al., 2013). The relative contribution to gravitropic bending in the EZ of this GA-mediated PIN2 stabilization, compared to the effects of auxin, has however not been determined yet.

Although gravitropism is the most studied tropism in plants, there are still important gaps in the knowledge of the signaling cascade. The sensory mechanism for primary gravitropism is known, but it remains largely elusive how the signal is transduced to InsP3 and later Ca2+ signals. Clearly, auxin asymmetry explains large parts of the gravitropic bending in the EZ. The picture is however complicated by the initiation of gravitropic curvature in the TZ. Additionally, the (possible) roles of various other signals, such as Ca2+, pH, ROS, NO, and GA levels, which are all to a certain extend altered asymmetrically in the EZ of gravistimulated roots, are poorly understood. Whether and how these signaling pathways connect to auxin signaling, or regulate gravitropic responses via parallel pathways, remains to be elucidated. Finally, as these secondary messengers are not necessarily confined to the columella, they could also constitute hubs for interaction of related tropism signaling pathways (Table 2) (Fasano et al., 2002; Salinas-Mondragon et al., 2010).


Table 2 | Secondary messengers and phytohormones (potentially) involved in Arabidopsis thaliana root tropisms. With the following abbreviations: inositol 1,4,5-trisphosphate (InsP3), phospholipase Dζ2 (PLDζ2), phosphatidylinositol 3-phosphate (PtdIns3P), and phosphatidic acid (PA).





Hydrotropism

Water acquisition is an important function of plant roots (Miyazawa et al., 2011). Because water availability in the soil is often spatially and temporally patchy, roots of many species can exert directional root growth toward water; i.e., hydrotropism. Even though hydrotropism has been described as early as 1887 (Von Sachs, 1887), the underlying mechanisms have not yet been fully elucidated (Eapen et al., 2005; Shkolnik and Fromm, 2016). One of the main reasons for this, is that gravitropism is often dominant over hydrotropic responses, making it difficult to study hydrotropism in isolation (Takahashi, 1997). The few reports published on hydrotropism in a natural environment have not observed a directional growth toward water where it was expected (Loomis and Ewan, 1936; Cole and Mahall, 2006). As Takahashi et al. (2009) proposes, this can be due to the balance between the influences of gravity and water being different between species. Hydrotropism has however been observed under lab conditions.

Hydrotropism appears not to function according to the Cholodny-Went theory, as no apparent changes in auxin distribution were observed in roots exhibiting hydrotropism (Shkolnik and Fromm, 2016; Shkolnik et al., 2016). Accordingly, pharmacologic application of auxin influx and efflux inhibitors did not affect hydrotropism, while it drastically decreased the root gravitropic responses (Shkolnik et al., 2016). However, application of the auxin antagonists α-(phenylethyl-2-one)-indole-3-acetic (PEO-IAA), auxinole, and the auxin response inhibitor PCIB gave contradicting results (Kaneyasu et al., 2007; Shkolnik et al., 2016). Possibly, components of auxin signaling are thus necessary, although hydrotropism may not depend on the establishment of an auxin gradient for differential growth per se.

Also contrary to the Cholodny-Went theory is the likely localization of both a hydrotropic sensor and response area in the EZ of Arabidopsis roots (Figure 1) (Krieger et al., 2016). While de novo gene expression in columella cells is not necessary for hydrotropism, laser ablation of stories 1 and 2 of the columella cells did severely decrease the hydrotropic response (Miyazawa et al., 2008). In contrast, preventing de novo gene expression in TZ cells did suppress hydrotropic curvature (Miyazawa et al., 2008). In a later study, laser ablation of the root meristem and columella cells had however no effect on hydrotropism in Arabidopsis (Dietrich et al., 2017). Possibly, multiple sensory regions for water gradients are present in Arabidopsis with the EZ and TZ seeming prominently involved.

Several Arabidopsis mutations have been identified that cause attenuation of the hydrotropic response; no hydrotropic response 1 (nhr1), mizu-kussei 1 (miz1), mizu-kussei 2 (miz2), and altered hydrotropic response 1 (ahr1) (Eapen et al., 2003; Kobayashi et al., 2007; Miyazawa et al., 2009a; Saucedo et al., 2012). The miz1 and miz2 mutants may be specifically disturbed in hydrotropic functioning, as they exhibited a normal response to gravity, and a wild type-like root cap organization. The highly conserved MIZ1 protein is likely located at the cytosolic side of the ER of columella cells and lateral root cap, as well as the TZ, but its molecular function remains unknown (Yamazaki et al., 2012). As miz1 roots show increased levels of auxin, it is thought that MIZ1 has a role in reducing auxin levels (Cassab et al., 2013). This effect of MIZ1 indicates that auxin levels are regulated in hydrotropism, although not asymmetrically (Dietrich, 2018).

The miz2 mutation was identified as a weak GNOM mutant allele, involved in facilitating membrane trafficking (Geldner et al., 2003; Miyazawa et al., 2009b). No change in PIN1 localization was observed in miz2 mutants, even though the ADP ribosylation factor guanine-nucleotide exchange factor (ARF-GEF) GNOM functions in the continuous recycling of PIN1 (Geldner et al., 2003; Miyazawa et al., 2009b). It has, therefore, been proposed that the effect of GNOM on hydrotropism may be distinct from its role in auxin distribution (Moriwaki et al., 2014).

In contrast to miz1 and miz2, little is known about the ahr1 mutant, which displays no hydrotropism when confronted with a water gradient. The root meristem and EZ length, cell cycle duration, and primary growth of arh1 mutants are not decreased following hydrotropic stimulation, as is the case for the wild type (Salazar-Blas et al., 2017). Upon addition of cytokinins, normal hydrotropic growth was restored in arh1 mutants, indicating a critical role for cytokinins in hydrotropism (Saucedo et al., 2012).

Recently, Dietrich et al. (2017) identified a critical role for two subclass III Snf1-related kinases (SnRK2s) in the response of Arabidopsis to hydrotropic stimuli. SnRK2s function upstream of transcription factors in abscisic acid (ABA) phytohormone signaling (Cutler et al., 2010). While high ABA levels decrease root elongation, at low water potential, low ABA levels increase elongation (Rowe et al., 2016). Specifically, SnRK2.2 and SnRK2.3 play critical roles, as the snrk2.2 snrk2.3 double mutant displayed severely inhibited hydrotropism. Strikingly, SnRK2.2 and MIZ1 expression is only needed in the cortex of the TZ and EZ (Dietrich et al., 2017). These results hint to a central role for ABA levels in the elongation and transition zone of the root cortex during hydrotropism, independent from the root meristem. A detailed overview of the components involved in hydrotropism is found in Cassab et al. (2013).

Using natural variation in hydrotropic responses among Arabidopsis accessions, Miao et al. (2018) identified H+ efflux near the root tip as an indicator for hydrotropism. Increases in H2O2 flux and Ca2+ influx in the same root region during hydrotropism were only observed in the strongly hydrotropic Wassilewskija (Ws) accession. Transcriptomic analysis indicated an important role for brassinosteroids and epigenetic regulation in hydrotropism in this accession. Indeed, the strong hydrotropic response of Ws was reduced when brassinosteroid perception was partially deficient. Increased activity of brassinosteroid-activated plasma membrane H+-ATPases was likely linked to the increased H+ efflux of Ws during hydrotropism. Although an increase of brassinosteroid levels was assumed from the expression of a brassinosteroid biosynthesis control gene, the actual brassinosteroid levels, as well as the function and localization of H+, Ca2+, and ROS during hydrotropism remains to be investigated.

The plasma membrane-associated cation-binding protein 1 (PCaP1) potentially functions as a signaling hub in hydrotropism (Tanaka-Takada et al., 2019). This protein is capable of binding Ca2+, Ca2+/calmodulin, and PtdInsP2 and is usually stably associated with the plasma membrane, despite that the protein lacks a transmembrane domain. During hydrotropism, PCaP1 localization in the EZ shifted to the cytoplasm. While hydrotropic bending is controlled in the EZ cortex, the change in PCaP1 localization is especially apparent in the endodermis (Dietrich et al., 2017). This position, combined with the initial membrane localization and the ability to bind Ca2+, points toward a potential central role in the hydrotropic signal transduction pathway. While it is also able to bind the InsP3 precursor PtdInsP2, no role for InsP3 has been confirmed in hydrotropism. It is also possible that the InsP3 binding capability represents a link to the gravitropic signaling mechanism, which needs to be suppressed before hydrotropic bending can take place.

Our understanding of hydrotropism is not as advanced as that of gravitropism, while significant interaction between the tropisms are apparent (Takahashi, 2003). One of the remaining open questions is how asymmetric signals are formed in the root in response to water patchiness and how these signals are transduced. The natural variation in hydrotropic competence of Arabidopsis accessions provide a valuable resource for hydrotropism research, in addition to the four known hydrotropic mutants (Miao et al., 2018). Additionally, experiments in space allow for the investigation of hydrotropic signaling without the interference from gravitropism.



Phototropism

Plants evolved the ability to sense—and respond to—different characteristics of light, such as quantity, quality, duration (photoperiod), and direction, which is mediated by specialized photoreceptor proteins (Galvão and Fankhauser, 2015). Shoots and/or leaves of many plant species can optimize the amount of energy perceived through directional growth when exposed to non-uniform light conditions; called phototropism (Liscum et al., 2014). Already in the nineteenth century it was recognized that roots of some species grow away from light, while others grow toward the light (Von Sachs, 1868). The first response is known as negative phototropism, the second as positive phototropism.

Light conditions perceived in the shoot can also influence root growth and development via e.g., the master photomorphogenesis repressor COP1, influencing root apical meristem proliferation through modulation of PIN1 and PIN2 distribution (Sassi et al., 2012; van Gelderen et al., 2018). Roots can be exposed to light directly as well, despite their underground localization. Not only can light penetrate up to a few centimeters in the upper layers of some soils (Mandoli et al., 1990), the plant itself can also guide light through the stem to the roots due to the “stem pipe effect” (Mandoli et al., 1984; Lee et al., 2016). Aside from the above-mentioned phenomena, roots can also be exposed to light shortly after germination in the top layer of the soil or because cracks in the soil emerge that trigger a phototropic reaction. The precise evolutionary function of phototropism in roots is still under debate, although an increased root efficiency and enhanced seedling survival under dry conditions have been suggested as fitness benefits to the plant (Galen et al., 2007; Kutschera and Briggs, 2012).

Some of the principles and signaling pathways involved in the well-studied shoot phototropism responses also account for root responses to light (Esmon et al., 2005; Briggs, 2014). However, there are also clear differences, as for instance shoots, but not the roots, display distinctly different phototropic reactions to low fluence rate and high fluence rate light exposure (Parks et al., 2001). Moreover, the blue light photoreceptor PHOTOTROPIN2 (PHOT2/NPL1), important for high fluence light shoot phototropism, does not appear to be present in the root (Sakai et al., 2001; Kong et al., 2006). In addition, over 3,000 light-responsive genes are differentially expressed between hypocotyls and roots of Arabidopsis seedlings (Ma et al., 2005). A recent discussion of root and shoot phototropism in response to blue light is provided in Morrow et al. (2018).

Roots of many species respond with positive or negative phototropic growth to red and blue light, while others are insensitive. Early studies demonstrated that roots of about half of the tested species (circa 292) did not react to unidirectional white light, while the other half showed negative phototropism, and only a handful of species displayed a positive response (Hubert and Funke, 1937; Kutschera and Briggs, 2012). Most recent work focused on Arabidopsis, which mainly displays a negative blue light root phototropism (Zhang et al., 2013). The difference between plant species could be caused by the absence or presence of a functional phototropic mechanism for a specific part of the light spectrum, by a different light intensity threshold, or by a difference in balance between responses to diverse tropistic stimuli. Roots of individuals of the same species likely react similarly to light stimuli. Still, Kutschera and Briggs (2012) noticed distinct groups of cress reacting with positive, negative or no phototropism. However, these seedlings were grown in hydroculture, which constitutes a potentially detrimental flooding-like condition (Ashraf, 2012; Sauter, 2013). Indeed, Hubert and Funke (1937) had already rearranged their experimental setup after noticing such damaging effects of hydroculture on roots and found no differences in phototropic response of different cress individuals.

Some researchers have advocated for interpreting the far more abundant negative tropistic reaction to light as a stress reaction (Yokawa et al., 2014). Negative phototropism combined with increased root growth would then constitute an “escape tropism” (Yokawa et al., 2013). As an increase in ROS is part of several stress responses, the increase of ROS in illuminated roots is seen as an indication that root illumination can be considered a stress condition, justifying the term “escape tropism.” However, ROS is also an important part of gravitropic signaling (Krieger et al., 2016). Therefore, the ROS increase under light could represent regular physiological phototropic signaling rather than a stress indicator.

Different light sensors and signaling pathways are in place that mediate blue light and red light phototropisms (BLPT, RLPT) (Goyal et al., 2013). PHOTOTROPIN1 (PHOT1/NPH1) is a sensor for BLPT in roots and is, in Arabidopsis, predominantly localized in the internal tissues of the EZ (Figure 1) (Liscum and Briggs, 1995; Briggs and Christie, 2002). Upon blue light stimulation of Arabidopsis roots, PHOT1 is autophosphorylated at the plasma membrane and around 20% dissociates from the membrane (Sakamoto and Briggs, 2002; Knieb et al., 2004). In maize, only local root cap illumination is able to achieve white light-induced phototropic curvature in the EZ (Mullen et al., 2002). Therefore, it is possible that the expression pattern of phot1 is different in maize, or there is an unknown link between the root cap and PHOT1 in the EZ.

Despite the clear role for phototropins, the BLPT signaling cascade has not been fully elucidated. Following autophosphorylation, PHOT1 binds to PHYTOCHROME KINASE SUBSTRATE 1 (PKS1) together with ROOT PHOTOTROPISM2 (RTP2), a membrane-bound putative scaffolding protein (Inada et al., 2004; Boccalandro et al., 2008). NON-PHOTOTROPIC HYPOCOTYL 3 (NPH3) is dephosphorylated by blue-light-activated PHOT1, which functions as a substrate adapter for a CULLIN3-based E3 ubiquitin ligase (CRL3) (Pedmale and Liscum, 2007; Roberts et al., 2011). Under low-intensity blue light, this CRL3-NPH3 complex mono- or multiubiquitinates PHOT1, which could be connected to PHOT1 dissociation from the plasma membrane (Knieb et al., 2004; Roberts et al., 2011). Under high-intensity blue light, PHOT1 is polyubiquitinated, marking it for 26S proteasome-mediated degradation. This likely functions as a mechanism of receptor desensitization (Roberts et al., 2011).

One prevalent model connected PHOT1 activation to asymmetrical PIN2 distribution through altered trafficking (Wan et al., 2012). In this model, NPH3 functions as a point of interaction for gravitropic and phototropic signaling, that influences PIN2 distribution. In addition, PIN3 polarization is influenced through a GNOM-dependent trafficking pathway (Zhang et al., 2013). By changing the polarity and symmetrical distributions of PIN2 and PIN3, BLPT could function according to the Cholodny-Went theory, through the generation of auxin asymmetry (Pedmale et al., 2010; Zhang et al., 2014). However, a recent study by Kimura et al. (2018) presented critical notes to this model. An asymmetrical increase in auxin was found on the illuminated side of the root, in agreement with some earlier studies (Zhang et al., 2013; Zhang et al., 2014). However, Kimura et al. (2018) attests that this is a gravitropic reaction following the initial phototropic bending. Due to the BLPT-driven reorientation of the root, gravitropism would be activated, generating auxin asymmetry and opposing phototropic curvature. Inhibition or attenuation of auxin production and transport using pharmacological and genetic experiments was also found to increase BLPT, as it obstructed gravitropism (Kimura et al., 2018). These results suggest that auxin asymmetry may not be necessary, but instead antagonistic for establishing phototropic curvature in the root.

One possible mechanism involved in phototropism is the increase of flavonols in the TZ of the illuminated side of the root (Silva-Navas et al., 2016). This establishment of an asymmetric gradient of flavonols (e.g., quercetin and kaempferol) affects auxin signaling, PLETHORA gradient, and superoxide radical content. The resulting reduction of cell proliferation in the illuminated side of the root then causes curvature. Furthermore, cytokinin could be involved through regulation of flavonol biosynthesis, as the cytokinin receptor cre1 ahk1 double mutant displayed reduced BLPT and flavonol accumulation (Silva-Navas et al., 2016).

Recently, a previously unknown positive blue-light phototropic response was identified in Arabidopsis in a microgravity environment (Vandenbrink et al., 2016). The response was only detectable at gravity levels below 0.3g and already attenuated around 0.1g. In addition, pre-treatment with 1 h of red light enhanced the positive blue light phototropism (Kiss et al., 2012; Vandenbrink et al., 2016). As both the phyA and phyB mutants displayed wild type-like curvature, it is likely that another phytochrome is responsible for this red-light mediated enhancement (Vandenbrink et al., 2016). Candidates include phyD and phyE, being both highly expressed in the root tip, with phyD also being expressed throughout the EZ (Salisbury et al., 2007).

In addition to blue light, Arabidopsis roots also respond to unilateral red light with positive tropistic curvature. For this positive red light phototherapy (RLPT) it is also necessary to attenuate gravitropism, either through rotation on a so called “ROTATO” feedback system, that keeps the root tip aligned with the gravity vector based on rotation after image processing and feedback, the use of a mutant (e.g., pgm1) or microgravity conditions (Ruppel et al., 2001; Kiss et al., 2003a; Vandenbrink et al., 2016). Interestingly, positive RLPT has an inverse relationship with the strength of gravity, in contrast to the apparent 0.1–0.3g threshold for positive BLPT (Vandenbrink et al., 2016). Mutations in phyA and phyB only partially inhibited the RLPT response, indicating a possible additive effect of phyA and phyB in RLPT (Kiss et al., 2003b; Kiss et al., 2012; Vandenbrink et al., 2016). The location of positive red-light phototropic curvature was found to be at the basal edge of the EZ (Figure 1) (Kiss et al., 2003b). PKS1 is one of the few proteins known to be involved in the process (Molas and Kiss, 2008). Under red light exposure PKS1 expression is increased in a phyA-dependent manner (Boccalandro et al., 2008). However, experiments with phyA/B pks1 double mutants indicate that the function of PKS1 in RLPT is separate from both phytochromes. In addition, overexpression of PKS1 led to negative curvature in response to unilateral red light (Molas and Kiss, 2008). Whether or not red-light phototropism functions according to the Cholodny-Went theory and how it interacts with blue light phototropism remains to be studied. Based on the latent periods, negative BLPT has been proposed as relatively stronger than positive RLPT, with gravitropism stronger than both (Kiss et al., 2003a; Kiss et al., 2003b). Positive BLPT was only detected in microgravity and would most likely be of similar strength to RLPT, based on the comparable latent periods (Vandenbrink et al., 2016).

The most pressing issue in the study of phototropism has become the basic signal asymmetry causing the growth asymmetry, due to the findings of Kimura et al. (2018), which were critical of the assumed auxin driven explanation of phototropism. Flavonols and cytokinins provide a possible alternative signal gradient in this regard (Silva-Navas et al., 2016). While attenuation of gravitropism has provided insight in positive BLPT and positive RLPT in Arabidopsis, other species with higher phototropic competence would likely more suitable for experimentation on these subtle tropisms (Hubert and Funke, 1937).



Halotropism

High levels of salt are detrimental for growth in most plant species. Plants respond to high salinity by extrusion of salt ions, sequestration, changes in root system architecture, and halotropism (Maathuis et al., 2014; Julkowska and Testerink, 2015). When confronted with a NaCl gradient, Arabidopsis roots can change their growth direction (Sun et al., 2008). This does not seem to be due to osmotic effects, as roots did not bend in response to a non-ionic osmotic mannitol gradient as high as 400 mM (Galvan-Ampudia et al., 2013). In most species, halotropism is negative (i.e., away from the directional stimulus), however, also species with positive halotropism have been identified. The halophyte Bassia indica for instance, displayed increased horizontal root growth toward a higher salt concentration when confronted with a salt gradient (Shelef et al., 2010).

In order to display halotropism, gravitropic growth must be attenuated. For Arabidopsis, the halotropic threshold lies between 50 and 100 mM NaCl (Sun et al., 2008; Galvan-Ampudia et al., 2013). At higher concentrations, the suppression of gravitropism becomes dose-dependent, with 85% of wild-type seedlings showing agravitropic root growth at 150 mM NaCl (Sun et al., 2008). One proposed manner by which halotropism can override gravitropism is the degradation of amyloplasts in the columella (Sun et al., 2008). Without a gravity signal, PIN2 internalization and proteolysis could be suspended, allowing for halotropic signaling, which functions primarily through altered PIN2 trafficking as well (Abas et al., 2006). The salt stress induces increased clathrin-mediated endocytosis of PIN2 in the root tip (Galvan-Ampudia et al., 2013; Zwiewka et al., 2015). If the root is presented with a NaCl gradient, PIN2 endocytosis increases more at the side of the root exposed to the higher NaCl concentration, which depends on phospholipase Dζ2 (PLDζ2) (Galvan-Ampudia et al., 2013). Under NaCl stress, the asymmetrically increased internalization of PIN2 from the plasma membrane causes an asymmetric flow of auxin in the root, which causes halotropic bending.

The increased internalization leads to a decrease in PIN2 abundance at the plasma membrane under severe salt stress (150 mM NaCl) (Sun et al., 2008). At the same time, PIN2 transcript levels decrease in root cells, only to be restored 8 h later (Sun et al., 2008). Even though this restoration has no perceived influence on PIN2 abundance at the plasma membrane, it coincides with the onset of halotropic curvature. Modelling predicted that through PIN2 internalization an auxin level increase of only 12–14% can be obtained at the non-stressed side of the root. This is well below the 30–40% estimated from observations (van den Berg et al., 2016). Increased PIN2 endocytosis alone is therefore likely not sufficient to explain halotropic growth.

No NaCl sensor has been conclusively identified yet, and one possibility is that instead of a discrete sensor, biophysical alterations trigger halotropic growth. This could be in the form of changes in plasma membrane tension due to saline conditions, which are able to directly change the endocytic cycling of auxin transporters, among which PIN1 and PIN2 (Zwiewka et al., 2015). Alternatively, the SALT OVERLY SENSITIVE (SOS) pathway could play a significant role in sensing NaCl concentrations. The sos1-1, sos2-1, and sos3-1 mutants showed stronger agravitropic growth than wild-type when grown in saline conditions, despite these lines exhibiting slower amyloplast degradation (Sun et al., 2008). Additionally, there was no PIN2 transcript level decrease in sos1-1 mutants as seen in wild-type Arabidopsis under salt stress (Sun et al., 2008). The SOS pathway is therefore proposed to be critical for the early stages of halotropism.

Although involvement of auxin transporters other than PIN2 in halotropism has been suggested, only the effects of AUX1 and PIN1 have been corroborated experimentally. The auxin asymmetry generated by salt-induced increases in PIN2 internalization, combined with an asymmetric AUX1 pattern and a transient increase of PIN1 protein levels, could be sufficient in accounting for the total perceived auxin asymmetry (Galvan-Ampudia et al., 2013; van den Berg et al., 2016). Because the halotropic changes in AUX1 localization occur in the EZ and not near the root tip, it is possible that PIN2 is sufficient to explain the establishment of auxin asymmetry in halotropism. While in line with the Cholodny-Went theory, this would distinguish halotropism from the gravitropic PIN3 and PIN7-dependent establishment of auxin asymmetry (van den Berg et al., 2016).

Han et al. (2017) suggested possible involvement of the ATP BINDING CASSETTE-B (ABCB) transporters, PROTEIN PHOSPHATASE 2A (PP2A), and flavonoids in an elaborated halotropism model. Of the ABCB transporters present in Arabidopsis, ABCB1, ABCB4, and ABCB19 are known to use ATP hydrolysis to perform active auxin transport and mutants are affected in tropistic reactions (Peer et al., 2011). PP2A activity is regulated by phosphatidic acid (PA), which is a product of PLD and central to PIN2 recycling (Gao et al., 2013). Therefore, it is possible that PP2A regulates halotropism by dephosphorylating ABCB's and/or PIN2 (Han et al., 2017). The potential involvement of flavonoids in halotropism is inferred from their capacity to prolongate auxin signals and possible inhibition of ABCB transporters (Peer and Murphy, 2007). In addition, flavonoid production increases under saline conditions (Yan et al., 2014). Recent investigations have also revealed an important role for light in modulating root halotropism. While for Arabidopsis halotropic growth in the dark is more pronounced, rough bluegrass (Poa trivialis) show no halotropism without blue light (Yokawa et al., 2014; Petrella et al., 2018).

Despite its recent characterization, substantial progress has been made regarding the functioning of halotropism. Two of the main challenge are the identification of the halotropic sensor and the role of the SOS pathway. There are also strong indications of a link between halotropism and light or phototropism. As seen in rough bluegrass, halotropism can be conditional on illumination. Flavonoids, of which production increases under salt stress, contain a subset of flavonols that form a gradient in phototropism. Salinity, especially when combined with high light intensity, is also connected to increased ROS production, which could be involved in the tropistic reactions to these stimuli (Miller et al., 2010). With the projected increase of droughts due to climate change, exploration and exploitation of the link between salt and light responses could prove valuable for improving drought tolerance of crop species.



Thigmotropism

Plant roots respond distinctly to touch signals, after encountering an obstacle in the soil (Monshausen and Gilroy, 2009). When plant roots encounter an obstacle in their growth path, the root first continues growing in the same direction, until slippage occurs when stored extension growth is released sideways. After the initial undirected slipping, the root produces a first bend in the basal end of the EZ, followed by a second bend in the TZ (Figure 1) (Massa and Gilroy, 2003). This second bending occurs in the opposite direction to the first one, creating a step-like shape with the largest part of the EZ horizontal, but the root cap again vertically oriented. This allows the root to grow sideways, circumventing the obstacle, while at the same time the root cap stays in touch with the surface of the obstacle, providing continuous tactile information about the blockade (Massa and Gilroy, 2003).

When a root is touched once, it elicits a single Ca2+ spike, while bending elicits a characteristic biphasic Ca2+ response (Monshausen et al., 2009). While most, if not all, regions of the root are touch-sensitive, the root cap is considered the site where perceived mechanical signals lead to a thigmotropic reaction. Resting cytosolic Ca2+ levels in root cap cells are lower than in other root cells, while touch stimulation of the cap elicits a higher Ca2+ spike (Legué et al., 1997).

Recently, the thigmotropic response was shown to be dependent on asymmetrical auxin distribution (Lee et al., 2020). When touching an obstacle during vertical growth, the root bends and auxin accumulates at the concave or higher side of the root. This auxin asymmetry is likely mediated by PIN2 asymmetry near the root tip (Lee et al., 2020). As gravitropic auxin asymmetry would be the opposite of the one found for thigmotropism, it is necessary that gravitropism is attenuated. Possibly, this is achieved through the decrease of amyloplast sedimentation rates in columella cells. This decrease in sedimentation is stronger after touch stimulation of the root cap than after touch stimulation elsewhere in the root (Massa and Gilroy, 2003).

Although the root cap is considered the most likely location where thigmotropic signaling originates, determining the actual sensory mechanism presents a sizable challenge [for an overview of mechanoperception models, see: (Fasano et al., 2002; Telewski, 2006)]. Possible receptors are: MECHANOSENSITIVE CHANNEL OF SMALL CONDUCTANCE proteins (MscS), MID1-COMPLEMENTING ACTIVITY (MCA) proteins, Piezo proteins, and RECEPTOR-LIKE KINASES, that monitor cell wall tension (Kurusu et al., 2013; Monshausen and Haswell, 2013). MCA1, a stretch-activated Ca2+ membrane channel protein, is a promising candidates as roots of mca1-null mutants are unable to penetrate a harder medium if allowed to grow on a softer medium first (Nakagawa et al., 2007). However, mca1-null mutants grown in harder medium from the start have a growth pattern and penetration ability similar to the wildtype (Nakagawa et al., 2007).

The signaling cascade connecting thigmotropic sensing to asymmetric PIN2 distribution is largely unknown, although several secondary messengers or cellular response candidates besides Ca2+ have been proposed. Cell alkalization, reactive oxygen species (ROS), and ethylene are all involved in the signaling or modulation of thigmotropic reactions (Yamamoto et al., 2008; Monshausen et al., 2009; Ponce et al., 2017). The extracellular pH of epidermal cells of the EZ and DZ increased by up to three pH units when touched, with no clear refractory period. This pH change was accompanied by a simultaneous yet smaller cytosolic pH decrease (around 0.2). The pH change did not spread to adjacent cells (Monshausen et al., 2009). Upon touch, a short (1 to 2 min) burst in ROS production was also noted. Interestingly, this ROS production and the resulting thigmotropic bending is severely decreased in the hydrotropic ahr1 mutant. These observations suggest that thigmotropism and hydrotropism (and possibly other tropistic signals) cross talk at the level of AHR1 (Ponce et al., 2017). Further characterization of the ahr1 mutant can, therefore, be key to study the currently underexplored interactions between tropisms and their relative strengths.

Both the alkalization and the increase in ROS production are caused by the influx of Ca2+ into the cell, possibly enhanced by release of Ca2+ from intracellular stores (Monshausen et al., 2009). The slower amyloplast sedimentation rate in response to touch also indicates involvement of the columella cell cytoskeleton (Massa and Gilroy, 2003). Yet how these changes interact and cause the PIN2 asymmetry leading to thigmotropic bending or attenuate gravitropic signaling is not fully understood.

As mentioned, the gaseous phytohormone ethylene is important for thigmotropism (Yamamoto et al., 2008). Roots suddenly encountering a rigid medium produced less ethylene and were more likely to bend than controls grown in only soft medium. Indeed, content of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) was reduced in roots shortly after contact with the rigid medium. The resulting lower ethylene levels also softened the root tip, which could help the root slip or bend. In contrast, roots that did not bend displayed enhanced levels of ethylene and had harder root tips, presumably to allow for better medium penetration (Yamamoto et al., 2008). Ethylene could also be involved in counteracting the effects of gravitropic auxin redistribution, as it is known to decrease cell elongation in roots in darkness (Le et al., 2001).

With the thigmotropic response likely functioning according to the Cholodny-Went theory, the challenge now is tying together the molecular connections of the various signals involved in the asymmetrical distribution of PIN2 (Lee et al., 2020). Attenuation of the gravitropic influence on the auxin asymmetry in thigmotropism could function through decreased amyloplast sedimentation, although this hypothesis needs to be confirmed. It is thus possible that there are multiple ways of attenuating gravitropism in Cholodny-Went tropisms, with the proposed mechanism of amyloplast degradation in halotropism also targeting the gravitropism sensor (Sun et al., 2008).



Chemotropism

Various publications list chemotropism as one of the possible tropisms affecting root growth (Eapen et al., 2005; Bisgrove, 2008; Baluška et al., 2009; Barlow, 2010; Henke et al., 2014; Kordyum, 2014). The ability to induce changes in root growth toward or away from a chemical indeed could be considered a useful adaptation. For instance, nutrient-imposed redirection of root growth toward nutrient-rich parts of the soil can help in maximizing nutrient acquisition, especially in poor soils, while growing away from toxic compounds can help in tolerating poisonous soils. Directional growth toward nutrients has been the focus of most chemotropism research and has become the operational definition in most literature. However, in the strict definition, halotropism can be considered a chemotropic reaction as well.

Despite the intuitive importance of positive root chemotropism, only a handful of studies have presented experimental evidence for the existence of chemotropic mechanisms. Most recent studies into the nutrient acquisition strategy of plants focused on the establishment and developmental plasticity of root architecture (Campbell et al., 1991; López-Bucio et al., 2003; Hodge, 2004; Niu et al., 2013). Filleur et al. (2005) however showed that primary A. thaliana root angle was different between media with uniform sufficient (2 M) potassium and uniform low (0.05 M) potassium conditions. While this indicates that potassium has an effect on the direction of the primary root, the uniform exposure precludes it being a “true chemotropic” effect, but rather classifies it as a chemonastic movement (Kellermeier et al., 2014).

In addition to the positive vs. negative distinction in tropisms, Filippenko (2001) argues for a further division in active and passive tropistic reactions. An active chemotropic reaction for instance would be the sensing of a nutrient by the plant, followed by directional growth toward the nutrient. Passive chemotropic reactions includes responses to harmful heavy metals, because heavy metal salts such as cadmium nitrate [Cd(NO3)2] are not necessarily sensed by the plant but instead cause direct physical damage to the root cells or even necrosis, which results in a growth differential between the exposed and non-exposed sides of the root (Hasenstein and Evans, 1988; Wilkinson et al., 1991; Filippenko, 2001).

Concrete evidence for the influence of a differentially distributed nutrient on the directional growth of a primary root was provided more than a century ago by Newcombe and Rhodes (1904). A positive bending response toward disodium phosphate (Na2HPO4) of the root tips of white lupin (Lupinus albus) was observed, at concentrations of 0.28%. Higher concentrations (1 or 1.5%) of disodium phosphate resulted in the same directional growth response, followed by root necrosis. Seemingly, not all species exhibit chemotropism in the same manner, as roots of Cucurbita pepo displayed no preferential bending when exposed to a directional disodium phosphate stimulus (Newcombe and Rhodes, 1904). Other experiments with potassium nitrate (KNO3), magnesium sulphate (MgSO4), and calcium nitrate [Ca(NO3)2] reported in the study failed to trigger a chemotropic reaction in both L. albus and C. pepo. However, this study was criticized by Gilroy and Masson (2008) for not constituting a “robust chemotropic directional assay” as there was no repositioning of the stimulus. The positive chemotropic effect of disodium phosphate is supported by a recent experiment, where it was elicited in carrot seedlings (Daucus carota) onboard the ISS (Izzo et al., 2019). When confronted with both a hydrotropic and chemotropic stimulus under microgravity conditions, the roots grew preferentially into the substrate containing disodium phosphate. On the ground, both stimuli were overruled by gravitropism (Izzo et al., 2019). To the best of our knowledge, there is no information available on the underlying mechanisms, or the possible involvement of signal molecules.



Magnetotropism

Magnetic fields both weaker and stronger than the geomagnetic field have distinct influences on plants (reviewed in Maffei, 2014). Research into magnetotropism departed as an experimental tool for elucidating the gravitropic mechanism (Audus, 1960; Belova and Lednev, 2000; Galland and Pazur, 2005). It became evident however, that a magnetic field itself could change the growth direction of primary roots and it was immediately presumed to function through the then already proposed starch-statolith hypothesis of gravitropism (Audus, 1960). Due to the markedly different magnetic properties of the amyloplasts compared to the surrounding cytoplasm and tissues, magnetic fields are able to redirect amyloplast sedimentation independent of the gravity vector. Magnetic fields thus can overcome gravitropism and the root is guided in the direction of magnetic attraction of the amyloplasts. This mechanism of magnetotropism has been corroborated by later research (Kuznetsov and Hasenstein, 1996; Kordyum et al., 2005; Bilyavska and Polishchuk, 2014). Interestingly, Pittman (1962, 1970) has shown that roots of oat (Avena fatua) and bread wheat (Triticum aestivum) align in a magnetic north-south direction, both in the field and in laboratory conditions. The magnetotropism trait was even claimed to be inheritable through the cytoplasm in T. aestivum cultivar crosses (McKenzie and Pittman, 1980). However, studies on magnetotropism have been confined to the phenomenological level only. No alternative has been explored to the idea that magnetotropism is merely a manifestation of gravitropic response through the manipulation of amyloplast sedimentation. It is therefore arguably a tropism indistinguishable from gravitropism, apart from the stimulus by which it is elicited.



Electrotropism

Electric fields (EFs) are able to elicit bending responses in roots, which is called electrotropism (or galvanotropism). Most studies have been conducted with maize, which responds to EFs above a strength of 0.5 V/cm (Stenz and Weisenseel, 1993; Wawrecki and Zagórska-Marek, 2007). In response to an EF, a bidirectional curvature is formed simultaneously in the TZ and the EZ (Figure 1) (Wolverton et al., 2000). Both curvatures take place on the side of the root closest to the anode. Still, because the TZ experiences stimulated growth, while in the EZ growth is inhibited, the bending occurs in opposite directions. The field strength threshold of the EZ response is around 10-fold higher than that of the TZ, while the curvature is up to four times weaker. This results in a stairs-like bidirectional curvature, with a clearly dominant response of the TZ (Stenz and Weisenseel, 1991; Stenz and Weisenseel, 1993; Wolverton et al., 2000). Root electrotropism in the few tested species is directed away from the anode and toward the cathode (Stenz and Weisenseel, 1991; Wolverton et al., 2000). As this aligned with the conventional current flow and therefore the direction of the electric field, the response can be called cathodal or negative electrotropism (i.e., growth away from the direction of the electrical stimulus).

Many practical problems have been encountered in the study of electrotropism and the underlying mechanisms are still unknown (Wawrecki and Zagórska-Marek, 2007). In early studies on maize, high strength EFs up to 63 V/cm were used (Ishikawa and Evans, 1990b). Serious damage on the anodal side of the root then causes the root to bend toward the anode in a seemingly positive electrotropism (Stenz and Weisenseel, 1993). Later research indicated that the threshold for damage-induced growth alteration lies at 2–3 V/cm EF strength for maize, depending on the medium (Stenz and Weisenseel, 1991; Stenz and Weisenseel, 1993). This is not uniform across species, as cress (L. sativum) can withstand stronger EFs and Black gram (Vigna mungo) EFs up to 25 V/cm (Stenz and Weisenseel, 1991; Wolverton et al., 2000).

Similar to experiments with chemotropism, some studies indicated that electrotropism could be a combination of physical effects rather than a true adaptive growth response. For instance, damage to the root apical meristem (RAM) architecture causes formation of a new root cap just above the response threshold of 0.5 V/cm in maize (Wawrecki and Zagórska-Marek, 2007). At 1.0 V/cm root columella initials show decreased division rates, while accumulating starch granules (Wawrecki and Zagórska-Marek, 2007). This indicates that roots are being damaged, even when negative electrotropism is observed. Wolverton et al. (2000) also noted the similarity between the observed TZ hyperpolarization in electrotropism and during gravitropism (Ishikawa and Evans, 1990b). It is therefore possible that electrotropism is due to a combination of root damage and electrical/magneto stimulation of the gravitropic mechanism.



Thermotropism

Research into possible thermotropism i.e., redirection of growth in response to a temperature gradient, peaked around the turn of the twentieth century. While it was agreed on that the response varied between species, the evidence was often conflicting (Burwash, 1907; Eckerson, 1914; Hooker, 1914; Fortin and Poff, 1991). Almost all indications of thermotropism were of growth toward the warmer side, i.e., positive thermotropism. No consensus on the phenomenon was reached however, and a later publication from this period regarded thermotropism as merely a turgor-driven movement by differential permeability of root cells in different temperatures (Eckerson, 1914).

In 1990 the issue of thermotropism was considered again, providing new evidence for a true tropistic response to thermal gradients in maize (Fortin and Poff, 1990). The threshold for observable thermotropic curvature lies between a 0.5 and 1.4°C/cm horizontal gradient. Maximal thermotropic curvature was obtained in maize under a 4.2°C/cm gradient, with a 15°C starting temperature. Curvature decreased at higher starting temperatures and was absent around 32°C. Contrary to this pattern of curvature, root elongation rates increased continuously up to 26°C (Fortin and Poff, 1990). If thermotropism is merely caused by differences in turgor driven growth experienced by opposite sides of the root, as suggested by Eckerson (1914), it would have been expected to more closely follow the latter pattern instead (Fortin and Poff, 1990). Another publication by Fortin and Poff (1991) further investigated the phenomenon and found indications of a negative thermotropism, i.e., growth away from higher temperatures. Weaker temperature gradients were observed to decrease the maximum temperature at which curvature occurs, besides eliciting smaller angle changes. Thermotropic and gravitropic curvature cancelled each other out when maize roots were gravitropically stimulated (i.e., positioned horizontally) at 19°C, while being exposed to a vertical thermal gradient of 2.6°C/cm. Lower temperatures caused upward curvature of the root, while at higher temperatures gravitropism appeared dominant. With some thermal gradients, a small negative curvature was found at starting temperatures around 40°C (Fortin and Poff, 1991). However, the mechanisms underlying thermotropism remain unknown.



Oxytropism

Debate on the existence of a tropism toward or away from oxygen, called oxytropism, has remained on the side-lines of tropism research despite promising results. Research on an aerotropism in response to various gasses peaked in the early 1900’s (as reviewed in: Porterfield and Musgrave, 1998). No consensus had been reached on the phenomenon, as a large and systematic investigation by Bennett (1904) disproving aerotropism was challenged. Reports of atypical root growth during research on plants in space prompted Porterfield and Musgrave to revisit the possibility of oxytropism in an Earth-based root growth chamber with gas control, called a microrhizotron (Porterfield and Musgrave, 1998). To this end, wild type pea (Pisum sativum) and agravitropic (ageotropum) pea mutants were grown in a microrhizotron capable of establishing a 0.8 mmol/mol/mm O2 gradient. Curvature of the roots away from the gravity vector and toward higher oxygen concentrations was found at all starting concentrations (26.3–183.8 mmol/mol/mm O2) (Porterfield and Musgrave, 1998). Due to the adverse effect of low oxygen concentrations on root elongation, curvature was attenuated at starting concentrations below 131.3 mmol/mol/mm O2. While the wild type pea reached 40° bending toward higher oxygen concentrations, the agravitropic mutant was able to reach a full 90°. Despite these promising findings of positive oxytropism, there was no direct follow-up research. Recently however, both an ecological function as well as indications of the mechanism behind oxytropism have been reported for one notable species. Radicles emerging from seeds of the Amazonian floodplain tree Pseudobombax munguba grow upwards after germinating submerged in unaerated water (Ferreira et al., 2017). Amyloplasts were absent in these roots, which may be a mechanism to circumvent gravitropism. Aeration of the water column negates this effect, causing radicles with intact amyloplasts to curl and bend downwards. This bending reaction to hypoxia is likely of substantial adaptive value to the P. munguba tree seedlings in their search for oxygen when submerged (Ferreira et al., 2017).

Eysholdt-Derzsó and Sauter (2017) documented that hypoxia increased primary root deviations from the vertical in Arabidopsis. Under 2% O2 concentrations, this deviation reached 38.7° on average, while under 21% O2 it was only 14°. Subsequent experiments with mutants of the group VII ETHYLENE RESPONSE FACTORS (ERFVIIs) involved in flooding and hypoxia responses resulted in even more pronounced curvatures under hypoxia. Specifically, mutants of the ERFVII member RAP2.12 reached 70.4° on average. RAP2.12 is stabilized under hypoxia and thought to inhibit hypoxic root bending. Higher auxin levels and lateral auxin asymmetries were detected in the roots of plants bending under hypoxia, pointing toward a mechanism obeying the Cholodny-Went theory. While a decrease of PIN2 protein abundance was also found, it was symmetrical. The authors hypothesize that this contributes to the elevation of auxin in the root tip and the exaggeration of bending (Eysholdt-Derzsó and Sauter, 2017). Both the asymmetric auxin distribution and the decrease in PIN2 abundance could conceivably be guided by an oxygen gradient as stimulus for oxytropism.



Phonotropism

In recent years, attention for sound as a signal for plants has been increasing. For extensive discussions of the role of sound vibrations in plants, see Mishra et al. (2016) as well as Jung et al. (2018).

Gagliano (2013) proposed a model for sound production in plants involving active organelle movements amplified by the in-phase vibration of neighboring cells. She proposes that sound perception could potentially be achieved through deformation of the plasma membrane and subsequent opening of mechanosensitive (MS) channels. This model was formulated after the dual findings of directional root growth toward sounds and acoustic emission spikes (around 2 m/s) emanating from the Z. mays EZ (Gagliano et al., 2012). The directional growth was most noticeable upon 200 and 300 Hz unilateral stimulation of maize roots, with over 40% of roots growing toward the sound source (Gagliano et al., 2012). This reaction, termed phonotropism, was further investigated and K+, Ca2+, and superoxide were found to be involved (Rodrigo-Moreno et al., 2017).

Arabidopsis seedlings formed shorter lateral roots under unilateral 200 Hz stimulation, likely due to increased K+ leakage. Five minutes after the start of sound exposure, Ca2+ levels increased in the pericycle. Pharmacological evidence indicates the involvement of both plasma membrane Ca2+ channels and internal Ca2+ release. Subsequent increases in superoxide production were negated by pharmacological inhibition of the plasma membrane Ca2+ channels, suggesting an upstream function of Ca2+ (Rodrigo-Moreno et al., 2017). While some potential secondary messengers for phonotropism have been identified, the ecological function, if any, is still uncertain. One hypothesis for the ecological relevance of phonotropism is long distance locating of water in soils. Preliminary results show that roots of pea (P. sativum) preferentially grow toward the sound of flowing water, which is not in contact with the soil (Gagliano et al., 2017). Attempts to reinforce these findings by playing recorded sound of flowing water were however confounded by potential interference of magnetic fields generated by the equipment (Gagliano et al., 2017).



Concluding Remarks

Root tropisms are critical for plants, as in nature roots are continuously—and often simultaneously—subjected to multiple stimuli of varying strengths and directions, to which they need to respond to optimize fitness. Note that the term “tropism” must be demarcated carefully, as demonstrated by the cases of chemotropism, electrotropism, and magnetotropism. Tropisms sensu stricto are a directional growth response to a directional stimulus. When damaging chemicals, electric- or magnetic fields are applied however, the growth reorientation is arguably not necessarily a growth response, but merely a direct result of inflicted damage. Further investigation on thermotropism, oxytropism, and phonotropism will have to determine if these growth responses are indeed bona fide tropisms and what the underlying (molecular) networks are that control these responses.

Crucial to future empirical investigation into tropisms and their and regulation will be the development of experimental tools that enable the study of a single tropism stimulus in isolation, without confounding effects of other environmental gradients of any kind that may elicit a tropistic response. The occurrence of unconfirmed or poorly characterized tropisms, including those stimulated by temperature and oxygen signals, may have significantly influenced the outcomes of published experiments. Caution should be taken therefore, as often no control for such stimuli was in place in published experiments. In addition, many researchers grow their plants on agar medium, with unidirectional light directly reaching the roots when investigating tropistic reactions (Yokawa et al., 2014). Although obviously practical, direct illumination of the roots is known to affect for instance root morphology, hormone reactions, stress response, and even shoot development (Silva-Navas et al., 2015). Covering the roots, for example by use of the “D-root” system should thus be considered for future experimentation on tropisms in order to mitigate confounding light effects (Silva-Navas et al., 2015).

While all tropisms are per definition the result of asymmetric alteration of growth, the initial sensory event of the stimulus varies notably; e.g., from starch filled amyloplasts to phytochromes. For most tropisms, the sensor(s) or even the general sensory tissue(s) are not known (Table 1). Between sensing and bending, diverse signal transduction mechanisms and effectors are in place that are partly shared among tropisms induced by diverse stimuli. As already noted by Firn and Myers (1989), this presents a “deceptive unity” that is difficult to disentangle experimentally.

Arabidopsis as model organism has proven valuable in the elucidation of several tropism signaling pathways and sensors. In addition, Arabidopsis presents significant and underexplored natural variation among accessions in tropistic competence, at least for hydrotropism and phototropism (Sindelar et al., 2014; Vandenbrink and Kiss, 2016; Miao et al., 2018). Exploration of genetic variation can be used in future experiments to elucidate the signal transduction pathways, through genetic analyses by e.g., quantitative trait locus analysis (QTL) or genome-wide association study (GWAS). Nevertheless, focusing on one species has as obvious disadvantage that the pronounced differences in tropisms that exist between species are easily overlooked. Systematic investigations remain therefore important to appreciate the full breadth of variation among species in sensing mechanism, sensor region, stimulus threshold, signaling mechanism, bending direction, and so on. One aspect of the study of root tropism that deserves more attention is the prevalence of tropisms in the natural environment. Apart from scattered examples from e.g., halotropism and oxytropism, there are very few studies examining tropisms outside of the lab environment (Shelef et al., 2010; Ferreira et al., 2017). While lab-based experiments are useful for investigating the molecular and physiological details of the responses, the question remains whether tropisms other than gravitropism play a substantial role in determining root growth direction in a natural setting. In the field, roots are subjected to several opportunities and constraints simultaneously, which all may contribute to the net tropistic response to a certain extent. This also includes allelopathic compounds and other exudates that may also influence parts of the signaling pathway of tropisms (Lupini et al., 2013; Yokawa et al., 2014). Better understanding of the natural occurrence of tropisms would also benefit the translation of lab observations on model species to agricultural field crops and crop improvement strategies (e.g., breeding) (de Dorlodot et al., 2007).

Future experiments on species-specific tropism regulation will benefit strongly from a microgravity environment where gravitropism, being a dominant tropism in many species, can be effectively eliminated. This will enable more detailed studies on weaker tropisms and could help to provide insight into the ecological function of other tropisms.

However, perhaps even more importantly, research on plant tropisms under microgravity environments is indispensable for future space programs. Biological life support systems will be necessary for far journeys into space and to supply moon or planet colonies, that require independent means of subsistence for the astronauts.

In this endeavor, understanding plant tropisms and their changes in a microgravity environment is critical (Zheng et al., 2015), as tropisms need to be controlled to guide the growth of plant roots (and shoots) in altered gravity. For this, knowledge on the “gravitropism masking thresholds” over other tropism and the interactions among tropisms need to be understood in more detail. Research on gravitropism in altered gravity environments has until now largely focused on perception. However, experiments investigating gravitropic signal transduction and response mechanisms are critical for understanding and manipulating root growth at different levels of gravity. After all, between the ISS or a spaceship (µg range), the Moon (0.17g), Mars (0.38g), and Earth (1g), there are magnitude of order differences in the levels of gravity (Kiss, 2015). Without gravitropism dominating as on Earth, it becomes crucial to determine the relative strengths of the different tropisms, in order properly guide root growth by technological means. For example, by exposing roots in microgravity to blue light, they could be induced to develop away from light toward the growth medium. An alternative, particularly suited for reduced gravity environments, is the use of mutants or genome-edited lines with reduced bending responses to establish a more linear root growth, or with increased sensitivity to e.g., gravity. One approach could be to target WAVY GROWTH 2 (WAV2), as WAV2 inhibits root tip rotation and thereby enhances linear growth (Mochizuki et al., 2005). This causes wav2 mutants to respond to gravity, light, touch, and hydrotropic stimulation with a larger bending angle than wild type Arabidopsis (Takahashi et al., 2002; Mochizuki et al., 2005). In this framework, although the use of clinostats proved to be informative for certain parameters, findings will have to be validated in true microgravity environments, necessitating space-based research (Sievers and Hejnowics, 1992; Hoson et al., 1997; Kraft et al., 2000).

Complicating the investigation of tropisms in a microgravity environment such as the ISS, are the changes in plant growth caused by the absence of gravity, that are not related to gravitropism. These changes have for instance been revealed at the cellular and molecular level in biological systems in which tropisms cannot be defined, such as cultured cells in vitro (Zupanska et al., 2017; Kamal et al., 2018). Apart from changes in fundamental processes such as cell cycle regulation, ribosome biogenesis, and epigenetics, levels of cytokinin were also altered in microgravity (Ferl and Paul, 2016; Kamal et al., 2018). Additional spaceflight experiments have indicated the occurrence of many other substantial gene expression changes, with many differentially regulated genes connected to pathogen defense and cell wall reorganization (Johnson et al., 2017; Zupanska et al., 2019). Part of these transcriptome changes could influence tropistic functioning as well, changing the behaviour of plant roots in response to stimuli in a space environment. A part of the “spaceflight transcriptome” is in fact dependent on the early gravitropic signaling component ARG1 (Zupanska et al., 2017). Moreover, the ARG1 paralog ARL2 is upregulated in gravitropism and downregulated in response to touch, indicating a complex molecular cross talk between microgravity adaptation and tropistic responses.

Despite several experiments have been performed on tropism interactions, knowledge about the localization of tropistic effects and the signals involved is far from complete (Tables 1 and 2). At the same time, identifying secondary messengers can lead to possible identification of new gradients able to establish tropistic bending. For example, ROS are implicated in gravitropism, hydrotropism, and thigmotropism, while also able to control the balance between cell proliferation and differentiation (Tsukagoshi et al., 2010). Similarly, flavonols, forming a gradient during negative phototropism, are able to influence auxin signaling, ROS content, and the meristem regulating PLETHORA protein gradient (Galinha et al., 2007; Silva-Navas et al., 2016). In this regard, the accumulated wealth of information from gene expression studies holds a potential for the identification of new, or shared, signaling components which could be pursued (Kimbrough et al., 2004; Salinas-Mondragon et al., 2010; Strohm et al., 2014; Toal et al., 2018). Other important prerequisites include information about the response ranges and their relation to stimulus strength combined with knowledge about the relative strength of tropisms when occurring simultaneously. Especially considering the need for compensation of gravitropism in microgravity conditions, better understanding of the interactions among tropisms is necessary.

Literally and figuratively back on Earth, the Cholodny-Went theory of differential auxin distribution still stands firm as the starting point into many investigations of tropisms, as it remains the dominant theory for explaining root tropisms, while nearing its 100-year anniversary. At the same time, however, it becomes increasingly clear that the Cholodny-Went theory is not generally applicable to all root tropism responses to diverse environmental stimuli. Future research therefore will have to refine the theory and further determine commonalities and differences in the molecular and physiological processes orchestrating root tropisms, before efficient translation to microgravity and reduced gravity situations can be made.
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The observation that plant roots skew in microgravity recently refuted the long-held conviction that skewing was a gravity-dependent phenomenon. Further, spaceflight root skewing suggests that specific root morphologies and cell wall remodeling systems may be important aspects of spaceflight physiological adaptation. However, connections between skewing, cell wall modification and spaceflight physiology are currently based on inferences rather than direct tests. Therefore, the Advanced Plant Experiments-03-2 (APEX-03-2) spaceflight study was designed to elucidate the contribution of two skewing- and cell wall-associated genes in Arabidopsis to root behavior and gene expression patterns in spaceflight, to assess whether interruptions of different skewing pathways affect the overall spaceflight-associated process. SPIRAL1 is a skewing-related protein implicated in directional cell expansion, and functions by regulating cortical microtubule dynamics. SKU5 is skewing-related glycosylphosphatidylinositol-anchored protein of the plasma membrane and cell wall implicated in stress response signaling. These two genes function in different cellular pathways that affect skewing on the Earth, and enable a test of the relevance of skewing pathways to spaceflight physiological adaptation. In this study, both sku5 and spr1 mutants showed different skewing behavior and markedly different patterns of gene expression in the spaceflight environment. The spr1 mutant showed fewer differentially expressed genes than its Col-0 wild-type, whereas sku5 showed considerably more than its WS wild-type. Developmental age played a substantial role in spaceflight acclimation in all genotypes, but particularly in sku5 plants, where spaceflight 4d seedlings had almost 10-times as many highly differentially expressed genes as the 8d seedlings. These differences demonstrated that the two skewing pathways represented by SKU5 and SPR1 have unique and opposite contributions to physiological adaptation to spaceflight. The spr1 response is less intense than wild type, suggesting that the loss of SPR1 positively impacts spaceflight adaptation. Conversely, the intensity of the sku5 responses suggests that the loss of SKU5 initiates a much more complex, deeper and more stress related response to spaceflight. This suggests that proper SKU5 function is important to spaceflight adaptation.
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INTRODUCTION

Spaceflight studies offer unique insights into plant biological processes, and enable the exploration of the relationships between root morphology, gene expression and the physiological adaptation to spaceflight. The developmental patterns of plant organs are continuously altered through perception of the environment, signal integration, and response to environmental stimuli. A diversity of tropic gradients influence the path of growth in roots by initiating localized, asymmetrical changes in cell elongation. These changes are primarily brought about through hormonal interactions and subsequent remodeling of cell physiology (Roy and Bassham, 2014; Vandenbrink et al., 2014; Schultz et al., 2017). Root skewing and waving are phenomena in which root growth deviates from a gravity vector throughout its development, and which vary between the Arabidopsis thaliana (Arabidopsis) ecotypes Columbia (Col-0) and Wassilewskija (WS) (Rutherford and Masson, 1996; Roy and Bassham, 2014; Schultz et al., 2017). Although once thought to be a gravity-dependent growth behavior (Oliva and Dunand, 2007), skewing occurs in the microgravity of spaceflight (Paul et al., 2012a). This suggests that skewing is independent of both the tropic force of gravity and the gravity-induced contact forces between roots and growth media (Millar et al., 2011; Paul et al., 2012a, 2013; Nakashima et al., 2014). Therefore, the spaceflight environment provides a unique and relevant context in which to study genes associated with skewing phenotypes.

Plants grown in the spaceflight environment exhibit complex and unique gene expression patterns (e.g., Paul et al., 2005; Paul et al., 2012b, 2013, 2017; Correll et al., 2013; Kwon et al., 2015; Johnson et al., 2017; Choi et al., 2019). The predominant feature of the spaceflight environment is microgravity. The lack of gravity has a direct effect on plant cells and signal transduction; this direct effect represents a novel environment for plants, and any terrestrial organism, and appears to be generally perceived as stressful. In addition, microgravity imposes secondary environmental stresses due to the disruption of fluid movement, and any processes influenced by convection, such as gas exchange and temperature redistribution. Combinatorial stresses induce changes in gene expression and tolerance that are not fully recapitulated by exposure to the individual stressors (e.g., Ramegowda and Senthil-Kumar, 2015; Suzuki et al., 2016). Thus it is important to think of the spaceflight environment as more complex than microgravity alone. Several classes of stress response genes have been identified as consistently involved in the response to spaceflight across ecotypes of Arabidopsis via analyses of gene expression. Heat shock genes are often induced by spaceflight (Paul et al., 2005, 2012b; Salmi and Roux, 2008; Shagimardanova et al., 2010; Zupanska et al., 2013, 2017, 2019; Johnson et al., 2017; Choi et al., 2019). Reactive oxygen species (ROS) signaling and scavenging processes are also common in the spaceflight response, though ROS-associated genes have been observed as both up- and downregulated in spaceflight (Shagimardanova et al., 2010; Correll et al., 2013; Paul et al., 2013, 2017; Kwon et al., 2015; Choi et al., 2019; Zhou et al., 2019). Some stress gene expression changes are also associated with spaceflight-induced changes in the Arabidopsis methylome (Zhou et al., 2019). Cell wall remodeling processes are enriched in spaceflight gene expression datasets (Paul et al., 2012b, 2013, 2017; Correll et al., 2013; Kwon et al., 2015; Johnson et al., 2017). Cell wall remodeling genes, typically associated with biotic stress and pathogen defense pathways, also contribute to spaceflight acclimation (Paul et al., 2012b, 2013, 2017; Correll et al., 2013; Choi et al., 2019). Spaceflight also affects abundances of proteins of defense pathways and cell wall remodeling (Mazars et al., 2014; Ferl et al., 2015). However, the particular genetic pathways activated and repressed in spaceflight vary among ecotypes of Arabidopsis, demonstrating that there are significant genotypic contributions to spaceflight physiological adaptation (Paul et al., 2017; Beisel et al., 2019; Choi et al., 2019).

Mutations in genes associated with stress response and signaling pathways can significantly alter the differential gene expression profiles of spaceflight physiological adaptation. Single gene mutations in heat shock transcription factors, gravity perception genes, and light signaling genes in Arabidopsis seedlings and cultures exhibit altered spaceflight responses (Paul et al., 2017; Zupanska et al., 2017, 2019). Therefore, we sought to understand better the relationships among spaceflight responses, root morphology, and spaceflight adaptation by exploring the spaceflight responses of two single gene skewing-related mutant lines: spiral1 and sku5.

Spiral1 (Spr1) is a skewing-related gene that contributes to the process of anisotropic cell expansion by regulating cortical microtubule dynamics. The spr1 mutation results in axial rotation of cell files throughout the plant, which manifests in the roots as skewing to the left when viewed, according to convention, from beneath their growth medium (Rutherford and Masson, 1996; Furutani et al., 2000; Nakajima et al., 2004; Sedbrook et al., 2004; Galva et al., 2014). The SPR1 protein is a microtubule plus-end tracking protein that localizes to the plus ends of actively polymerizing cortical microtubules, dissociating upon a shift to microtubule depolymerization (Sedbrook et al., 2004; Galva et al., 2014). This association is mediated by two similar motifs on the N- and C-termini of the protein, which allow SPR1 to act as an intermolecular linker (Nakajima et al., 2004; Sedbrook et al., 2004; Galva et al., 2014). The protein END-BINDING 1B (EB1b) co-localizes with SPR1 at the microtubule plus-end, where each protein interacts with the other as well as tubulin subunits (Galva et al., 2014). This creates the dual effects of SPR1 and EB1b increasing microtubule stability and polymerization rate, while also enhancing the rescue rate of depolymerizing microtubules (Galva et al., 2014). However, the spr1 mutation also leads to a decreased rate of shrinkage among depolymerizing microtubules (Galva et al., 2014). The regulation of microtubule dynamics is critical to many environmental responses, such as in salt stress where 26S proteasome-mediated degradation of SPR1 is known to occur in conjunction with microtubule reorganization to enable stress acclimation (Shoji et al., 2006; Wang et al., 2011; Chen et al., 2016). In addition to these micro-scale changes, the skewing phenotype of spr1 is significantly enhanced by cold treatment, and suppressed by both salt and heat stresses (Furutani et al., 2000; Sedbrook et al., 2004). This connects SPR1 to processes regulating morphology in both optimal and stressful environments.

Sku5 is a skewing-associated gene that encodes a protein in the SKU5-SIMILAR (SKS) family, which is related to known Arabidopsis copper oxidases, but which contains only one Type-II copper-coordinating domain of unknown specificity (Sedbrook et al., 2002). The sku5 mutant was originally noted for the rightward skewing it exhibits on vertically oriented growth media, which manifests in both WS and Col-0 backgrounds (Sedbrook et al., 2002; Swarbreck et al., 2019). Sku5 seedlings exhibit reductions of root length but not of cell size, and SKU5 is hypothesized to act in the process of cell division as a result (Sedbrook et al., 2002). SKU5 localizes to the plasma membrane, but is also present in soluble and cell wall-binding forms in the extracellular milieu (Sedbrook et al., 2002; Borderies et al., 2003; Baral et al., 2015; Chen et al., 2018). SKU5 is a glycosylphosphatidylinositol-anchored protein (GPI-AP), and as such is a component of discrete plasma membrane nanodomains known as “lipid rafts” (Borner et al., 2005; Elortza et al., 2006; Chen et al., 2018; Mamode Cassim et al., 2019). These nanodomains of the plasma membrane and their associated GPI-APs play roles in stress response signaling at the interface between the cell wall and membrane, where they are envisioned to help shape the “signatures” that activate downstream plant adaptive responses to the stresses they experience (Minami et al., 2008; Takahashi et al., 2013, 2016, 2019; Shabala et al., 2015; Yeats et al., 2018; Miki et al., 2019). The endocytosis of SKU5 and other GPI-APs is modulated across the root tip by salt and auxin treatments, linking the movement of these proteins to stress responses (Baral et al., 2015). The expression of SKU5 is itself regulated by boron deprivation, cold, salt, and immune responses, as well as abscisic acid (ABA) treatment (Keinath et al., 2010; Elmore et al., 2012; Li et al., 2012; Tanaka et al., 2016; Shi et al., 2018; Miki et al., 2019). While SKU5 interactors are unknown in Arabidopsis, a maize homolog of SKU5 interacts with a C-terminal peptide of AUXIN-BINDING PROTEIN 1 (ABP1) in vitro (Shimomura, 2006). ABP1 is associated with auxin signaling pathways that activate the plant TARGET OF RAPAMYCIN (TOR) regulatory complex, remodel the cortical microtubule network, and induce expansive growth by triggering cation influx (Xu et al., 2014; Chen et al., 2016; Dahlke et al., 2017; Schepetilnikov et al., 2017). This further connects SKU5 to characterized pathways which affect stress responses and regulate the balance between growth and autophagic processes under stressful conditions, such as that of spaceflight.

SKU5 and SPR1 are therefore very different proteins in seemingly unrelated physiological processes, but both proteins have roles in root skewing. Both of these proteins are also associated with cell wall remodeling, a process that is regularly involved in spaceflight acclimation. As such, these genes offer an appropriate initial genetic dissection of root skewing and the effect of skewing pathways in the microgravity of spaceflight environments. Extensive discussion of the relevance of skewing and waving in microgravity has been presented elsewhere (e.g., Paul et al., 2012a), but to paraphrase from that paper, prior to spaceflight research, the consensus was that gravitropism was the directional driver in skewing (e.g., Simmons et al., 1995; Oliva and Dunand, 2007). Yet we now know that gravity is not required, and root skewing in spaceflight appears to be an inherent feature of many Arabidopsis ecotypes, even in conditions lacking both light and gravity (Millar et al., 2011; Paul et al., 2012a, 2017; Nakashima et al., 2014). These observations suggest a testable relationship among root morphologies governed by skewing regulation pathways. The hypothesis is that skewing pathways play a large role in spaceflight adaptation via the inherent cell wall remodeling that accompanies those morphologies and the physiological adaptation to spaceflight. This relationship was examined by growing spr1, sku5 and their wild type controls for 4 and 8 days on the International Space Station and at the Kennedy Space Center, then observing both their growth morphologies and gene expression profiles in response to spaceflight as measures of response quality and complexity. A change in gene expression or morphology during spaceflight would suggest a significant role for these skewing genes in the physiological adaptation process.

Differential gene expression profiles are often deployed as measures of the underlying gene expression changes needed for physiological adaptation and developmental changes within an organism. Differential gene expression responses, in terms of the number of genes involved and their fold-change levels, may be considered a measure of the metabolic cost of adapting to that environment (e.g.: Chan et al., 2016). Therefore gene expression profiles morphologies were used to examine the relationships between skewing genes and the resulting complexity of spaceflight acclimation. SKU5 and SPR1 function in different cellular pathways that affect skewing on the Earth, which enabled a test of the relevance of contrasting skewing pathways to spaceflight physiological adaptation. Growth morphologies were used to examine the productivity and developmental success of these genotypes in spaceflight.



MATERIALS AND METHODS


Plant Material and Plate Setup

Arabidopsis thaliana wild ecotype Columbia (Col-0, CS70000) seed stock, and T-DNA insertion lines for the spr1 (CS6547 – Col-0 background) and sku5 (CS16268 – WS background), were acquired from the Arabidopsis Biological Resource Center (ABRC) (arabidopsis.org; Lamesch et al., 2011). The wild type Wassilewskija (WS) line used in this study was propagated in our laboratory for more than 25 years. This WS line has been used in multiple spaceflight studies (Paul et al., 2012a, 2013, 2017; Zhou et al., 2019), and seed samples are available upon request. The ABRC denotes WS as stock CS915. Petri dishes (100 mm × 15 mm; Fisher Scientific, Pittsburgh, PA, United States), containing 50 mL of a 0.5% Phytagel-based growth medium supplemented with: 0.5× Murashige-Skoog salts, 0.5% (w/v) sucrose, and 1× Gamborg’s Vitamin Mixture, were prepared aseptically for planting. Seeds were sterilized and planted according to methods allowing for the maintenance of seed dormancy (Sng et al., 2014). Briefly, seeds were stored with Desiccant-Anhydrous Indicating Drierite (W.A. Hammond Drierite Company, stock #24001) for 1 week before sterilization. The seeds were sterilized with 70% ethanol for 10 min and dried in a laminar flow hood. Seeds were stored at 4°C in sterile screw-cap microcentrifuge tubes until planting. Seeds were suspended in sterile water and dispensed onto the media surface. Approximately 12–15 seeds were planted in a row on each plate, with one row on the 8-day (8d) plates and two rows on the 4-day (4d) plates. At time of harvest, each genotype and age was represented by 9–25 viable, replicate seedlings. All replicates contributed to morphological observations, whereas the transcriptome analyses were conducted with four biological replicates, comprising 5–8 4d plant roots, or 2–3 8d plant roots. The plates were sealed with Micropore® (3M, Maplewood, MN, United States) tape, and wrapped in Duvetyne Black-Out Fabric (Seattle Fabrics). The time from suspending dry seeds in water to the completed wrapping of the plate in Duvetyne was less than 10 min; this timing was essential to maintain seed dormancy. Wrapped plates were then transported to the Kennedy Space Center (KSC, FL, United States) under cold stowage, maintaining temperatures of 4–10°C until launch.



Spaceflight Experimental Workflow

The Advanced Plant Experiments 03-2 (APEX-03-2) study, also known under NASA Operational Nomenclature as the Transgenic Arabidopsis Gene Expression System – Intracellular Signaling Architecture (TAGES-ISA) study, has been previously described (Ferl and Paul, 2016; Beisel et al., 2019; Zhou et al., 2019). The SpaceX CRS-5 mission, carrying the dormant, seeded growth plates as part of its cargo, was launched to the International Space Center (ISS) from KSC on January 10, 2015. Capsule docking and transfer of materials to the ISS occurred on January 12 and 13, respectively. The growth plates were removed from cold stowage onboard the ISS on January 26, unwrapped, and inserted into the Vegetable Production System (VPS, colloquially “Veggie”) perpendicular to the light bank (Figure 1A). During the growth period, constant lighting at a level of 100–135 μmol m–2 s–1 was used. Each age and genotype was represented by a 10 cm Petri plate. There were 12–15 seedlings on the 8-day-old plates (8d) and 35–40 seedlings on the 4-day-old plates (4d). The plates were removed from the Veggie plant growth hardware after 4 and 8 days of growth, at which time they were photographed by the crew. The seedlings of each plate were then harvested into individual KSC Fixation Tubes (KFTs) pre-loaded with RNAlaterTM (Ambion, Grand Island, NY, United States) preservative (one plate per KFT) (Figure 1A). Actuation of the KFT submerged the seedlings in RNAlater and sealed the tube. The harvest tubes remained at ambient temperature for 12 h to allow full perfusion of the tissues, and were then transferred to the MELFI −80°C freezer. The samples were transferred from the MELFI to cold stowage onboard the Dragon capsule on February 9th and remained frozen in transit to KSC for de-integration on February 15, at which time the samples were transferred to 50 mL Falcon tubes with minimal thawing. The samples were transferred to the Principal Investigators and were transported to the University of Florida, where they were kept under −80°C storage.
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FIGURE 1. Advanced Plant Experiments-03-2 overview. (A) Images detailing the standard procedures used onboard the ISS during the experiment. In Panel 1, the Vegetable Production System (VPS, “Veggie”) and its local environment can be seen, while panel 2 provides a close-up of the plate setup inside Veggie after insertion. Panel 3 shows astronaut Butch Wilmore harvesting seedlings into a KFT (Kennedy Space Center Fixation Tube), and the workstation used for the orbital harvests. The images of the Veggie hardware and Butch Wilmore were taken on the ISS by NASA; all NASA photos are in the public domain. (B) Full images of plates taken at the time of harvest and from which tissue was used in the APEX-03-2 RNA-Seq experiment. Images from the ground control are in the top two rows, while those from the spaceflight experiment are in the bottom two rows. The genotype and developmental age of the seedlings are listed on each image. The provided images were taken from above the surface of the growth medium.


The ground control (GC) for the experiment, composed of an identical set of plants and plates, was performed on a 48-h delay at KSC using Veggie hardware within the ISS Environmental Simulator (ISSES) chamber. The same growth timeline was used, with seedlings being imaged and harvested into RNAlater-containing KFTs at 4d and 8d time points. The GC operations were as described above for the spaceflight experiment, with KSC personnel following the precise timing of the astronaut activities. Telemetry data also enabled the ISSES chamber to replicate the CO2 levels, temperature, and ambient lighting in the vicinity of the Veggie hardware onboard the ISS across the course of the experiment.

The consistency of operations between spaceflight and GCs was also checked against video data captured on the ISS. Over-the-shoulder videos of astronaut activities for the 4d and 8d harvests were examined for timing of operations and showed that spaceflight seedling harvests were not disproportionately treated during the process at either time point or compared to GC harvests. The plates were harvested in comparable windows of time, ensuring that no additional stress, such as drought stress, was introduced into the harvest process (Supplementary Table S1).



RNA Isolation

The spaceflight and GC seedlings, stored in RNAlater, were transferred from −80°C storage to 4°C overnight to thaw. Seedlings in RNAlater were examined with an Olympus SZX12 stereoscope (Olympus Corporation, Tokyo, Japan) and whole roots were dissected away from the shoot and hypocotyl. The remaining shoot and hypocotyl tissues were restored to −80°C in RNAlater. RNA was prepared from 5–8 4d plant roots, and 2–3 8d plant roots. Total RNA was extracted using the Qiashredder and RNAeasy kits from QIAGEN (QIAGEN Sciences, MD, United States) according to the manufacturer’s instructions. An on-column digestion with RNase-free DNase (QIAGEN GmbH, Hilden, Germany) was used to remove residual DNA.



Library Preparation

Library preparation was performed at the University of Florida’s Interdisciplinary Center for Biotechnology Research (ICBR) Gene Expression Core. RNA integrity was verified using the Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, United States). Of the total RNA, 10 ng were used to construct cDNA libraries with the ClonTech SMART-Seq v4 ultra-low input RNA kit for sequencing (Clontech Laboratories, Inc., Cat#: 634890), according to the manufacturer’s instructions. Briefly, 1st strand cDNA was primed by the SMART-Seq v4 oligonucleotide, which then base-pairs with these additional nucleotides, creating an extended template. The reverse transcriptase then switches templates and continues transcribing to the end of the oligonucleotide, resulting full-length cDNA that contains an anchor sequence that serves as a universal priming site for second strand synthesis. Then, cDNA was amplified with primer II A for 8 PCR cycles. Illumina sequencing libraries were then generated with 150 pg of cDNA using the Illumina Nextera DNA Sample Preparation Kit (Cat#: FC-131-1024) according to the manufacturer’s instructions. Briefly, 150 pg of cDNA were fragmented by tagmentation reaction and adapter sequences were added onto template cDNA by PCR amplification. Libraries were quantitated using both the 2100 BioAnalyzer and qPCR (Kapa Biosystems, catalog number: KK4824).



RNA-Seq

Sequencing experiments were performed at the UF ICBR Next-Generation DNA Sequencing Core. In preparation for sequencing, barcoded libraries were sized on the 2100 BioAnalyzer, and quantitated by QUBIT (Thermo Fisher Scientific, Waltham, MA, United States) and qPCR (Kapa Biosystems, catalog number: KK4824). Individual libraries were pooled equimolarly at 4 nM. This “working pool” was used as input in the NextSeq500 instrument sample preparation protocol (Illumina, Part#: 15048776, Rev A). Typically, a 1.3 pM library concentration resulted in an optimal clustering density in our instrument (i.e., ∼200,000 clusters per mm2). Samples were sequenced on 5 flow cells (5 NextSeq500 runs), using a 2 × 75 cycles (paired-end) configuration. A typical sequencing run in the NextSeq500 produced 750–800 million paired-end reads with a Q30 ≥ 85%. For RNA-Seq, around 40 million paired-end reads per sample provided sufficient depth for transcriptome analysis (Tarazona et al., 2011).



Bioinformatic Analysis

Bioinformatic processing of the sequencing data was performed at the UF ICBR Bioinformatics Core. Fastq files were trimmed to remove sequencing adapters and low-quality base calls using Trimmomatic (version 0.36) with the parameters: LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:50 (Bolger et al., 2014). Quality control of the trimmed reads was performed using FastQC (version 0.11.2) (Andrews, 2010). Reads for each set of Arabidopsis lines were aligned to their respective reference genomes using the STAR aligner (version 2.5.1b) (Dobin et al., 2012). The Col-0 TAIR10 genome release was used for reads from Col-0 and spr1 (Lamesch et al., 2011; Berardini et al., 2015), while reads from WS and sku5 were aligned to the WS reference genome (Gan et al., 2011). Duplicate reads resulting from PCR artifacts were then removed using the Picard MarkDuplicates tool (Broad Institute, 2019b). In total, 502 million transcriptomic reads were aligned. Following alignment, expression quantification and differential gene expression analysis were performed using Cufflinks and Cuffdiff (version 2.2.1), respectively, with default parameters (Trapnell et al., 2010, 2012). Output from Cuffdiff was then parsed with custom scripts to generate the final annotated tables of differentially expressed genes (DEGs). A cut-off false-discovery rate (FDR) of 0.05 was used for calling statistical significance in differential gene expression



RNA-Seq Data Analysis

Tables of DEGs for each comparison were combined and analyzed through Microsoft Excel, in order to generate lists of Arabidopsis Genome Initiative (AGI) identifiers with their corresponding [Log2(Fold Change)] values. Machine annotation of AGI ID lists was carried out using G:Profiler (Raudvere et al., 2019), while the TAIR (Lamesch et al., 2011; Berardini et al., 2015) and Araport ThaleMine (Krishnakumar et al., 2016) databases were used to investigate genes of interest. DEGs of a comparison (e.g., FLT vs. GC) with a greater than twofold change in at least one context of the comparison were retained for analysis (Supplementary File S1). This was done in order to minimize the effect instituting a cut-off would have on analyzing the expression patterns of a gene. Significant DEGs with a fold-change of “inf” or “-inf” were retained and assigned a [Log2(Fold Change)] value of 10 for heat-mapping, as they have a consistent FPKM of zero in one context but are consistently detected at a significantly higher level in the opposing context. Gene ontology (GO) analyses of only those DEGs with a greater than twofold change were carried out using the lists of their AGI IDs, separated by their up- or downregulation, with the PANTHER statistical overrepresentation tool (Mi et al., 2018). GO terms for each comparison were separated into those unique to one context and those overlapping between contexts, and the output is available in Supplementary File S2. Of those resulting, all GO terms overlapping between contexts were retained for heatmapping. Either one-half or five, whichever was greater, of each context’s unique GO terms were retained after sorting by q-value from most to least significant. GO term lists were then manually pruned in order to reduce highly redundant information (e.g., “cellular response to chemical” and “response to chemical”) only when the redundant terms demonstrated the same pattern of over- or underrepresentation across contexts. Complete lists of genes annotated to specific GO Terms of interest were gathered from AmiGO2 (Carbon et al., 2008). Heatmaps were then generated using DEG [Log2(Fold Change)] values or GO term [-Log(q-value)] values as input for the Morpheus webtool (Broad Institute, 2019a).



Measurements of Seedling Roots

Germination rates and the growth of roots in each environment were derived from images taken of the growth plates at the times of harvest (Figure 1B). Germination rates were assessed by counting the number of seedlings and ungerminated seeds from the 4-day images taken just prior to harvest. Statistical significance of germination rate changes were assessed using χ2 tests with the conservative Yates correction (Yates, 1934). The comparisons made were between mutant and wild-type lines, and between spaceflight and GC growth conditions. To measure roots, images were analyzed using the FIJI distribution of ImageJ (Schindelin et al., 2012; Rueden et al., 2017). The JFilament plugin was used to track primary roots, creating a set of points describing each root (Smith et al., 2010). These data were processed using an R script that provided the length of each primary root as output, alongside other measures (Schultz et al., 2016; R Core Team, 2019). Lengths were corrected for scale based on the pixel length of the Petri dish grid-squares to allow for comparisons between images. Differences in root length were assessed through two-tailed Student’s t-tests, with the Bonferroni correction for multiple testing applied (Snedecor and Cochran, 1989). The comparisons made were between spaceflight and GC seedlings for each genotype, and between each skewing mutant and its respective wild-type. As conventional measurements of angles of root growth are dependent upon a reference gravity vector, the roots of 4-day-old seedlings were measured manually using FIJI (Schindelin et al., 2012; Rueden et al., 2017). The angle between the root tip and the growth direction of the beginning of the root was used. Positive and negative angles were used to represent rightward and leftward changes in directionality, respectively, relative to the initial direction of growth when viewed from below the growth media. Angles were plotted using the ggplot2 package in R (Wickham, 2016). In these polar plots, the magnitude of a bar corresponds to the number of roots within a particular bin, with the placement of the bar corresponding to the measured angle. Differing upper limits were used for spaceflight (0–20) and GC (0–10) plots in order to allow the many lower-magnitude bins in the spaceflight plots to be visualized by effectively zooming-in on the data. However, the scaling between inner rings is consistent between plots. As such, a bar meeting the second ring at the −25° line indicates that ten roots had an angle shift between 15° and 30° to the left during their growth.



RESULTS

APEX-03 seedling growth in occurred in the Veggie hardware on the ISS (Figure 1A). Veggie is housed in the Columbus module (Figure 1A, left), and for the APEX-03 experiment, configured to accommodate racks of 10 cm Petri plates (Figure 1A, middle). Images of plant growth and morphology were recorded by astronaut Butch Wilmore just prior to harvest (Figures 1A, right, B). Col-0 and WS can display distinct patterns of root growth in response to environmental stimuli. In terrestrial environments, changing the angle of the growth surface can create ecotype-specific patterns of skewing (Rutherford and Masson, 1996; Schultz et al., 2017). In a microgravity environment with a gradient light source to impart a tropic cue, skewing patterns of WS and Col-0 recapitulate the patterns seen on terrestrial angled growth surfaces (Paul et al., 2012a). However, in a microgravity environment with uniform, non-directional lighting such as provided by the Veggie hardware in the current experiment, root growth patterns are more disorganized (Figure 1B). Nonetheless, skewing trends can still be discerned by following the angles of growth as the roots develop, and these are quantified in Figure 2A for Col-0 and spr1, and in Figure 2B for WS and sku5. In all representations and discussions of skewing, the direction indicated is from the perspective of being viewed from behind the growth medium.
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FIGURE 2. Quantification of APEX-03-2 Root Growth. Images acquired at the time of harvest of spaceflight (FLT) and ground control (GC) plants were used for measurements. Primary root length measurements for (A) Col-0 and spr1 and (B) WS and sku5 were taken using Jfilament and analyzed in R. Significant differences between genotypes (spr1 vs. Col-0, sku5 vs. WS) and growth conditions (FLT vs. GC) were assessed via two-tailed t-tests and are indicated by asterisks above bars connecting the relevant sets of measurements (Bonferroni correction: ∗p < 0.0125; ∗∗p < 0.001). The 8d Col-0 FLT vs. GC comparison did not meet this cutoff (p = 0.0151). Error bars show the SEM of each set of measurements. (C) The angle measured between the root tip and the initial direction of root growth in the 4-day-old seedlings. Plots are separated into rows by growth condition, and into columns by genotype. Positive and negative angles represent rightward and leftward growth of roots, respectively, when viewed from behind the media. Angles are binned in 10° intervals, with each bar’s length representing the number of roots within that bin. As such, a bar reaching the second ring of each plot represents ten roots within that bin. However, note that the upper limit of bin size is lowered in the spaceflight plots to accommodate the higher variation in these data. The total number of roots represented in each plot is indicated in its bottom-right corner, and the mean angle of each plot is noted in its bottom-left corner. FLT, spaceflight; GC, ground control.



Col-0 and Spr1


Germination and Morphology of spr1 in Spaceflight

Phenotypic differences among the Col-0 background plants in GC and spaceflight (FLT) environments were primarily limited to skewing angles in the roots (Figures 2, 3). There were no statistically significant differences in the primary root length between GC and FLT in either Col-0 or spr1 4d or 8d plants. Although Col-0 root length appeared to be reduced in spaceflight in 8d plants, the p-value did not quite meet the requirements for significance (two-tailed t-test, p = 0.0152, whereas cut-off was p < 0.0150) (Figure 2A). There were differences in root length between Col-0 and spr1 genotypes in the GC (p = 1.48 E-9) but FLT Col-0 and FLT spr1 roots were not statistically different.
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FIGURE 3. High resolution images of the Col-0 and spr1 growth patterns. Images are arranged such that the ground control seedlings (A–D) are in the left column while spaceflight seedlings are on the right (E–H). Vertically, images alternate between Col-0 (A,C,E,G) and spr1 (B,D,F,H). The images taken at the 4 day time point (A,B,E,F) are grouped above those taken at the 8 day time point (C,D,G,H). Images taken from above the growth medium at the time of harvest. Grid squares are 13 mm wide.


Both 4d and 8d GC Col-0 seedlings grew with very little left or right deviation down the vertical face of the plate medium, while the GC spr1 mutant plants of both ages showed distinct skewing to the left (Figures 2C, 3A–D). The 4d FLT Col-0 plants generally skewed slightly to the left with some variation (Figures 2C, 3E). In contrast, the roots of the 4d FLT spr1 plants demonstrated an increased severity of skewing, which was manifested as a strong left-hand curved growth pattern (Figures 2C, 3E,F) that was significantly different between GC and FLT (two-tailed t-test, p = 0.00385). For both genotypes the variance in the growth angle (as noted in the SD values in Figure 2) was greater in the spaceflight samples. After 8d of growth, the increased skewing in FLT spr1 led to associations with other roots, in contrast to FLT Col-0 which tended to spread more evenly across the plate (Figures 3G,H).

There were no differences between GC and FLT the germination rates of either Col-0 or spr1. The 4d harvest images (Figures 3A,B,E,F) were used to compare seedlings with any ungerminated seeds; germination in both genotypes was 100% under both GC and FLT conditions (Supplementary Table S2).



The spr1 Spaceflight Response Involved Fewer Transcriptomic Changes Than Col-0

Spaceflight-conditioned differential gene expression patterns were highly dependent upon the genotype, ecotype, and developmental age of seedlings. Quantitative gene expression data revealed patterns from three perspectives: spaceflight versus GCs for each genotype at each developmental age (Figure 4A: FLT vs. GC), wild type plants versus the mutant genotype in each environment and age (Figure 4B: spr1 vs. Col-0) and between the two developmental ages (Figure 4C: 4d vs. 8d). The numbers of differentially expressed genes (DEGs) were categorized according to the magnitude of their fold-change values in the Col-0 and spr1 roots. In the FLT vs. GC comparison (Figure 4A), both lines differentially expressed fewer genes at the 8d timepoint than at 4d in all fold-change categories. The spaceflight acclimation of spr1 also required fewer genes than Col-0 to be differentially expressed. In the direct comparison of spr1 with Col-0 (Figure 4B), more DEGs were observed within each growth condition at 4d than at 8d. The difference in total DEG count between conditions was also reduced at 8d. This occurred in almost all fold-change categories, and differences in total DEGs between the lines diminished between timepoints irrespective of the growth condition. In the developmental comparison of expression between the 4d and 8d timepoints (Figure 4C), the roots from the FLT context showed lower counts of total DEGs than their respective GC roots. However, while spr1 required slightly fewer genes to be differentially expressed during development in the GC context, the opposite was true in FLT, where spr1 required more DEGs for spaceflight development than Col-0. Twofold-change categories that did not follow these trends were those of the DEGs upregulated and downregulated more than twofold across spr1 and Col-0 development, respectively, which were larger in FLT than in GC.
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FIGURE 4. Col-0 and spr1 overall differential gene expression levels. A graphic representation of the genes differentially expressed in the (A) FLT vs. GC, (B) 4d vs. 8d, and (C) spr1 vs. Col-0 comparisons. Upregulation of a gene denotes a higher expression level in the first context of the comparison. Genes are separated into categories based on direction of differential expression and a Log2(Fold-Change) magnitude cut-off of one. d, day; DEG, differentially expressed gene; Downreg, downregulated; FLT, spaceflight; GC, ground control; Mag, magnitude; Upreg, upregulated. Data are based on four biological replicates.


The relative contributions of DEGs with high degrees of differential expression (greater than twofold change) in response to spaceflight were variable among genotypes and developmental age. In the FLT vs. GC comparison (Figure 4A), the proportion of these DEGs was elevated in spr1 (4d: 41.8%, 8d: 22.0%) relative to Col-0 (4d: 17.8%, 8d: 12.5%), and the difference in this proportion between the lines declined over time. However, when the genotypic comparison of spr1 vs. Col-0 (Figure 4B) was made, the proportion of these DEGs showed the opposite trend. In this case, the level of differential expression was slightly higher in FLT at 4d (GC: 16.5%, FLT: 23.9%) and at 8d the proportion of these DEGs was elevated in GC (GC: 30.2%, FLT: 11.9%). In the developmental comparison (Figure 4C), the primary point of interest was the low number of genes whose expression increased to a high degree over time in Col-0 GC roots (33 DEGs) when compared to the other contexts. In the same time frame, spr1 increased expression of 424 genes over twofold to accomplish the same development.



spr1 Differentially Expressed Defense Pathways in Its Spaceflight Response

Most of the genes that are highly differentially expressed between the Col-0 and spr1 are unique within the context of developmental age or growth environment (Figure 5A). However, a small number were differentially expressed between genotype irrespective of environment or age (Figure 5A). The coordinately expressed upregulated genes were related to the regulation of defense responses (NIMIN-1, ALD1, DLO1). The only genes that registered as coordinately downregulated in this comparison were SPIRAL1 and an antisense transcript (AT3G29644) of a transposable element which did not show differential expression itself.
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FIGURE 5. Spr1 vs. Col-0; the effects of SPR1 loss on gene expression. (A) Differentially expressed genes (DEGs) between the spr1 mutant and its Col-0 wild-type background with greater than twofold magnitude in at least one context. DEG heatmaps are scaled such that yellow and blue represent more extreme levels of up- and downregulation, respectively, while red and green represent lower fold-changes in the same manner. In this case, upregulation of a gene indicates a higher expression level in spr1 than in Col-0. (B,C) Gene ontology (GO) terms for (B) biological processes and (C) cellular compartments whose annotated genes were over- and underrepresented in the lists of DEGs for each context which met the twofold cutoff. The significance of the GO terms’ enrichment is represented by the –Log10 transform of its q-value. The scaling scheme used for the GO term heatmaps was similar to that described for DEGs, where yellow and red denote overrepresented terms, and blue and green denote underrepresented terms. Data are based on four biological replicates.


The theme of stress response and defense was also evident in the GO enrichment analyses of the genes differentially expressed between Col-0 and spr1 in the spaceflight environment. The significantly over- and underrepresented GO terms among biological processes are indicated in Figure 5B. Genes associated with general stress responses and environmental stimuli were prominent, as well as those annotated to terms related to defense responses. DEGs associated with these defense and stress pathways have been noted in the FLT vs. GC comparisons of previous studies (e.g., Correll et al., 2013; Paul et al., 2013, 2017; Choi et al., 2019). Genes involved in responses to salicylic acid, a phytohormone linked to both plant defense signaling and regulation of plant development (Klessig et al., 2018), were also enriched. Carbon fixation pathways, and specifically multiple ribulose bisphosphate carboxylase (RuBisCo) genes, were also upregulated in 4d FLT spr1 (Figures 5B,C). Genes encoding proteins localized to the apoplast were also enriched among those upregulated in FLT spr1, indicating that significant remodeling of processes within the cell was also needed by spr1 within the spaceflight environment (Figure 5C).

Many of the DEGs associated with the acclimation to spaceflight were unique to genotype and to the developmental age of the plants (Figure 6A). There were 554 genes differentially expressed by at least twofold between spaceflight and ground among the two age groups (4d and 8d) of the two genotypes (Col-0 and spr1), with 63 genes coordinately expressed across all plants. Developmental age had a substantial impact on the spaceflight response of both genotypes; in both Col-0 and spr1, the 4d plants had a higher number of DEGs than the 8d plants. There was a large amount of overlap between the GO processes identified from the DEGs used to acclimate to the FLT condition for spr1 and Col-0 (Figure 6B). Among the more widely shared GO categories in the 4d plants of both genotypes were those corresponding to the regulation of gene expression and transcriptional processes. These were more highly enriched in spr1 roots than in Col-0, however, it can also be seen that there is a spr1-specific enrichment of the same terms among those genes which are downregulated in the response to FLT. The term for a response to karrikin compounds (phytohormone-like molecules derived from burning plant material) was also indicated. Many light signaling terms also appeared as enriched among DEGs downregulated in FLT, and these were involved with the response to various wavelengths of light as well as the response to elevated light intensity. However, specific photosynthetic terms appeared amongst those which were downregulated only at 8d in Col-0. Similar localization terms appeared specifically in 8d Col-0 as well (Figure 6C), indicating that these were changes in the expression of genes directly involved in the photosynthetic machinery. While both spr1 and Col-0 4d were enriched with DEGs localized to the apoplast, these were among the upregulated genes in spr1 and the downregulated genes in Col-0, alongside other terms related to extracellular structures. Furthermore, terms related to organellar localization were significantly underrepresented in those genes upregulated in Col-0 at 4d.
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FIGURE 6. FLT vs. GC for Col-0 and spr1; the DEGs involved in spaceflight acclimation. (A) Differentially expressed genes (DEGs) between the GC and FLT conditions with greater than twofold magnitude in at least one context. DEG heatmaps are scaled such that yellow and blue represent more extreme levels of up- and downregulation, respectively, while red and green represent lower fold-changes in the same manner. In this case, upregulation of a gene indicates a higher expression level in FLT than the GC. (B,C) Gene ontology (GO) terms for (B) biological processes and (C) cellular compartments whose annotated genes were over- and underrepresented in the lists of DEGs for each context which met the twofold cutoff. The significance of the GO terms’ enrichment is represented by the –Log10 transform of its q-value. The scaling scheme used for the GO term heatmaps was similar to that described for DEGs, where yellow and red denote overrepresented terms, and blue and green denote underrepresented terms. Data are based on four biological replicates.


The expression of genes associated with the developmental age was impacted by the spaceflight environment (Figure 7A). Approximately 26% of the total DEGs meeting the criteria for inclusion were required to be differentially expressed at some level regardless of the growth condition or genotypic background to facilitate development. However, among only those DEGs which met the twofold change cutoff, there were not GO terms shared so ubiquitously between contexts (Figure 7B). While broad GO terms for gene expression and metabolic processes were underrepresented in many of the contexts, more specific terms related to developmental and metabolic regulation were enriched during development in Col-0. Genes related to oxidative stress were also enriched among those genes more highly expressed at 4d in FLT in both genotypes. Localization GO term enrichments were highly divided between intracellular and extracellular compartments, which were consistently underrepresented and overrepresented, respectively (Figure 7C). These underrepresented GO terms occur mostly within the sets of DEGs which were upregulated between 4d and 8d, with many more significantly enriched in spr1. The primary exception to this was a set of terms related to the chloroplast and the RuBisCo complex, which were mostly enriched in those DEGs more highly expressed in early development of spr1.
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FIGURE 7. 4d vs. 8d seedlings of Col-0 and spr1; developmentally-associated DEGs. (A) Differentially expressed genes (DEGs) between the 4d and 8d timepoints with greater than twofold magnitude in at least one context. DEG heatmaps are scaled such that yellow and blue represent more extreme levels of up- and downregulation, respectively, while red and green represent lower fold-changes in the same manner. In this case, upregulation of a gene indicates a higher expression level at 4d than at 8d. (B,C) Gene ontology (GO) terms for (B) biological processes and (C) cellular compartments whose annotated genes were over- and underrepresented in the lists of DEGs for each context which met the twofold cutoff. The significance of the GO terms’ enrichment is represented by the –Log10 transform of its q-value. The scaling scheme used for the GO term heatmaps was similar to that described for DEGs, where yellow and red denote overrepresented terms, and blue and green denote underrepresented terms. Data are based on four biological replicates.




WS and Sku5


Germination and Morphology of sku5 in Spaceflight

Phenotypic differences among the WS background plants in GC and FLT environments included root length and skewing angles (Figures 2, 8). The primary root lengths of FLT WS were decreased significantly compared to GC at 8d (two-tailed t-test, p = 0.000209), but not at 4d. There were no differences in root lengths between GC and FLT sku5 plants of either 4d or 8d plants (Figures 2B, 8C,D,G,H). There were differences in root length between WS and sku5 genotypes in the GC (p = 0.0013) but FLT WS and FLT sku5 roots were not statistically different (Figures 2B, 8C,D,G,H).
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FIGURE 8. High resolution images of the WS and sku5 growth patterns. Images are arranged such that the ground control seedlings (A–D) are in the left column while spaceflight seedlings are on the right (E–H). Vertically, images alternate between WS (A,C,E,G) and sku5 (B,D,F,H). The images taken at the 4d time point (A,B,E,F) are above those taken at the 8d time point (C,D,G,H). Images taken from above the growth medium at the time of harvest. Grid squares are 13 mm wide.


There were no statistically significant differences in the overall change from vertical between WS and sku5 in either GC or FLT environments (Figures 2C, 8A–D). The differences in root angles between GC and FLT for each genotype, and between the WS and sku5 genotypes in both FLT and GC environments, also failed to meet statistical criteria. However, visual inspection of the images, and also the plots of Figure 2C, illustrate the difference in the directional trends for root growth in each genotype and environment. For both genotypes the variance in the growth angle (as noted in the SD values in Figure 2) was greater in the spaceflight samples.

The FLT sku5 seeds germinated at a significantly reduced rate (48%) compared to WS FLT (85%), and to sku5 GC (77%) and WS GC (93%) [χ2 (3, N = 185) = 15.01, p = 0.00181] (Supplementary Table S2 and Figures 8A,B,E,F). However, the FLT sku5 seeds that germinated produced plants that were comparable to their GC counterparts, as evidenced both by plate images and by the lack of difference in root length between FLT and GC sku5 at 4 and 8d (Figures 2B, 8B,D,F,H).



The Expression of More Genes Is Altered in sku5 Than in WS During Spaceflight

The trends of differential expression in WS and the sku5 line contrasted with those seen in Col-0 and spr1 in that WS and sku5 show an elevated transcriptomic response to spaceflight over time, with sku5 further differentially expressing more genes than WS (Figure 9). The clearest example of this was the FLT vs. GC comparison of gene expression for these lines, where the number of DEGs required for spaceflight acclimation of sku5 were fivefold and twofold more than WS at 4d and 8d, respectively (Figure 9A: FLT vs. GC). However, both genotypes increase in their DEG counts between 4d and 8d. The proportion of DEGs with a greater than twofold change also decreased to a very similar degree for both WS (4d: 63.2%, 8d: 14.5%) and sku5 (4d: 62.8%, 8d: 14.2%) despite the large difference in counts. When the genotypes were compared directly, the transcriptomic differences between them were exacerbated as they acclimated to the flight condition over time (Figure 9B: sku5 vs. WS). The proportion of DEGs meeting the twofold change criteria followed a similar trend to that seen in flight acclimation, where it decreased in both GC (4d: 40.9%, 8d: 13.0%) and FLT (4d: 52.8%, 8d: 9.3%). Despite these trends, most genes among the FLT 4d DEGs that had greater than twofold change were those that were expressed more highly in sku5. This trend persisted into the 4d vs. 8d comparison (Figure 9C: 4d vs. 8d), where sku5 in the FLT condition required more genes to be differentially expressed in order to develop. Sku5 in the GC condition behaved much like WS in both FLT and GC conditions in terms of DEG counts in each fold-change category. Together, these patterns of gene expression indicated that the conditions of spaceflight had a disproportionate effect on the sku5 roots’ transcriptomic responses, but that each genotype’s response to spaceflight over time involved a greater number of DEGs of lower fold-changes.
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FIGURE 9. WS and sku5 overall differential gene expression levels. A graphic representation of the genes differentially expressed in the (A) FLT vs. GC, (B) sku5 vs. WS, and (C) 4d vs. 8d comparisons. Upregulation of a gene denotes a higher expression level in the first context of the comparison. Genes are separated into categories based on direction of differential expression and a Log2(Fold-Change) magnitude cut-off of one. d, day; DEG, differentially expressed gene; Downreg, downregulated; FLT, spaceflight; GC, ground control; Mag, magnitude; Upreg, upregulated. Data are based on four biological replicates.




Sku5 Highly Induced ABA- and Stress-Associated Genes in Spaceflight

The genes differentially expressed between sku5 and WS were similar between GC and FLT growth conditions (Figure 10A), in that the same genes that were highly upregulated in WS GC were highly upregulated in FLT for sku5. Among these were many late embryogenesis abundant (LEA) family proteins, whose expression has been connected to enhanced resistance to abiotic stresses and alterations in ABA sensitivity (Zhao et al., 2011; Candat et al., 2014). Additional LEA family genes and seed storage proteins, such as CRUCIFERINA (CRA1) and CRUCIFERIN 3 (CRA3) were seen as upregulated uniquely in sku5 FLT. Alongside these were further genes associated with ABA- or ABA-independent dormancy signaling, notably REDUCED DORMANCY 5 (RDO5), DELAY OF GERMINATION 1 (DOG1), and HIGHLY ABA-INDUCED PROTEIN 2 and 3 (HAI2, HAI3). In 4d sku5 spaceflight plants, genes encoding LEAs and other seed-associated proteins are among the most highly induced (Log2[5 to 10], or 30 to 1000-fold). Many of these patterns are further supported by GO biological process term enrichments (Figure 10B), where almost all of the overrepresented terms are enriched within the group of genes more highly expressed by sku5 roots at 4d in FLT. Outside of the mentioned ABA signaling and seed development genes, terms for regulation of seed dormancy and negative regulation of post-embryonic development are overrepresented, alongside more general terms such as responses to temperature and stress. All of the significant GO localization enrichments were for genes more highly expressed in WS in the 4d FLT context, involving either DEGs related to the RuBisCo complex or extracellular structures (Figure 10C). DEGs encoding proteins anchored to the PM are enriched for this group, indicating an important role for them in WS.
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FIGURE 10. sku5 vs. WS; the effects of SKU5 loss on gene expression. (A) Differentially expressed genes (DEGs) between the sku5 mutant and its WS wild-type background with greater than twofold magnitude in at least one context. DEG heatmaps are scaled such that yellow and blue represent more extreme levels of up- and downregulation, respectively, while red and green represent lower fold-changes in the same manner. In this case, upregulation of a gene indicates a higher expression level in sku5 than in WS. (B,C) Gene ontology (GO) terms for (B) biological processes and (C) cellular compartments whose annotated genes were over- and underrepresented in the lists of DEGs for each context which met the twofold cutoff. The significance of the GO terms’ enrichment is represented by the –Log10 transform of its q-value. The scaling scheme used for the GO term heatmaps was similar to that described for DEGs, where yellow and red denote overrepresented terms, and blue and green denote underrepresented terms. Data are based on four biological replicates.


Many of the LEAs and ABA-responsive DEGs in the sku5 vs. WS comparison were also highly upregulated by sku5 in the FLT vs. GC comparison, and some were unique to the spaceflight acclimation of sku5 (Figures 10A, 11A). The majority of FLT vs. GC DEGs (70.3%) were only detected in one of the sku5 FLT vs. GC comparison contexts. As such, the majority of the GO biological process terms found to be enriched were unique to the DEGs upregulated in FLT sku5 at the 4d time point (Figure 11B). Hormone response and signal transduction terms were enriched, with ethylene signaling, ROS response, and light signaling among the more specific pathways to be represented. In tandem, these 4d sku5 roots had decreased enrichment of DEGs associated with the synthesis of suberin. Uniquely to this comparison, 8d FLT WS roots upregulated genes related to chromatin remodeling. As seen in other comparisons (Figures 6C, 7C, 10C), WS upregulated genes annotated to the RuBisCo complex in FLT (Figure 11C). Additionally, the 8d downregulated DEGs for WS were overrepresented for extracellular localization, and DEGs whose products localized to intracellular and organellar compartments were underrepresented (Figure 11C). However, sku5 showed overrepresentation of downregulated DEGs annotated to the extracellular region at the earlier time point of 4d.
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FIGURE 11. FLT vs. GC for WS and sku5; DEGs involved in spaceflight acclimation. (A) Differentially expressed genes (DEGs) between the GC and FLT conditions with greater than twofold magnitude in at least one context. DEG heatmaps are scaled such that yellow and blue represent more extreme levels of up- and downregulation, respectively, while red and green represent lower fold-changes in the same manner. In this case, upregulation of a gene indicates a higher expression level in FLT than the GC. (B,C) Gene ontology (GO) terms for b biological processes and (C) cellular compartments whose annotated genes were over- and underrepresented in the lists of DEGs for each context which met the twofold cutoff. The significance of the GO terms’ enrichment is represented by the –Log10 transform of its q-value. The scaling scheme used for the GO term heatmaps was similar to that described for DEGs, where yellow and red denote overrepresented terms, and blue and green denote underrepresented terms. Data are based on four biological replicates.


Late embryogenesis abundant family genes were also prominently represented in the 4d vs. 8d comparison within GC and FLT environments (Figure 12A). Examination of the GO biological process terms yielded by the individual lists of DEGs showed many similar stress response terms, but these were primarily in the context of genes more highly expressed at the 4d time point (Figure 12B). However, based on the level of significance of the terms, the enrichment of DEGs related to many of these stress responses was enhanced in FLT. In the cases of oxidative stress and cold response sku5 showed this enhancement. However, in some cases, such as the response to desiccation, both genotypes showed a lack of significant term enrichment in FLT. The sku5 roots also showed slightly higher significance of enrichment of DEGs associated with responses to water deprivation and light stimuli in early FLT development, compared to WS. GO terms related to cell wall remodeling and immune responses, commonly seen in FLT acclimation, were also enhanced in their enrichment during FLT development of sku5 compared to GC development. The remainder of the significant GO terms were unique to one context, and among these is the response to karrikin, which was previously seen in the context of spr1 and Col-0 FLT vs. GC comparisons (Figure 6B). Of the terms enriched specifically in sku5 FLT development, processes involved with salt and ROS stress, as well as light responses, were significantly higher at 4d. At 8d, the terms associated with sku5 in FLT were primarily focused on cell wall remodeling and biosynthetic processes.
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FIGURE 12. 4d vs. 8d seedlings of WS and sku5; developmentally-associated DEGs. (A) Differentially expressed genes (DEGs) between the 4d and 8d timepoints with greater than twofold magnitude in at least one context. DEG heatmaps are scaled such that yellow and blue represent more extreme levels of up- and downregulation, respectively, while red and green represent lower fold-changes in the same manner. In this case, upregulation of a gene indicates a higher expression level at 4d than at 8d. (B,C) Gene ontology (GO) terms for (B) biological processes and (C) cellular compartments whose annotated genes were over- and underrepresented in the lists of DEGs for each context which met the twofold cutoff. The significance of the GO terms’ enrichment is represented by the –Log10 transform of its q-value. The scaling scheme used for the GO term heatmaps was similar to that described for DEGs, where yellow and red denote overrepresented terms, and blue and green denote underrepresented terms. Data are based on four biological replicates.




DISCUSSION

The discovery that root skewing was not gravity-dependent, and prevalent in both light-grown and dark-grown plants in spaceflight habitats (Millar et al., 2011; Paul et al., 2012a; Nakashima et al., 2014), invited questions about the underlying mechanisms of this behavior in the microgravity environment and the relationship between those mechanisms and physiological adaptation to spaceflight. The experiments described here examined the contribution of two well-characterized skewing genes that are in two different ecotypic backgrounds and which affect different skewing control pathways. SPIRAL1 plays a role in directional cell expansion by regulating cortical microtubule dynamics (Furutani et al., 2000; Nakajima et al., 2004; Sedbrook et al., 2004; Galva et al., 2014). SKU5 is a skewing-related glycosylphosphatidylinositol-anchored cell wall and plasma membrane protein, which has also been implicated in stress response signaling (Sedbrook et al., 2002). The sku5 and spr1 mutants are well characterized in terrestrial environments, skewing rightward and leftward, respectively, when grown vertically (Furutani et al., 2000; Sedbrook et al., 2002, 2004; Nakajima et al., 2004). The experimental readouts used to assess the physiological adjustment of seedlings to spaceflight were root and germination measurements, and the differences in transcriptomic responses among the genotypes. The opposing directions of the skewing phenotypes of the mutant lines are believed to stem from alterations of distinct cellular processes, and this is most clearly evidenced by the differential effects of microtubule-destabilizing agents on these mutants (Furutani et al., 2000; Sedbrook et al., 2002, 2004; Nakajima et al., 2004; Galva et al., 2014). The distinct roles of these two genes in determining root directionality is supported by their different individual responses to spaceflight in the present experiments. The data from sku5 and spiral1 are analyzed in context with their parent genotype, WS and Col-0 respectively, as WS shows a much smaller number of spaceflight differentially expressed genes than Col-0 (Paul et al., 2017, and Figures 4, 12).


Spr1 Skews Leftward on Earth and Moreso in Space

Terrestrial studies concluded that SPR1 reinforces rightward root growth by affecting the balance of thigmotropism and gravitropism (Galva et al., 2014). Morphological data from APEX-03-2 support this notion. At the 4d time point, spr1 seedlings showed a consistent leftward skewing phenotype on Earth, and the leftward skewing was substantially enhanced by spaceflight (Figures 2C, 3B,F). However, spr1 and Col-0 roots were the same length in spaceflight, indicating that the role of SPR1 lies in directionality rather than overall root length in spaceflight (Figure 2A). These data suggest that in the absence of gravitropism during spaceflight, thigmotropism plays a dominant role in growth directionality and that SPR1 acts to positively enhance skewing while not affecting root length in spaceflight. The spaceflight effect of spr1 lies in morphology management rather than growth management.

SPR1 binds with another microtubule plus-end tracking protein, EB1b (Galva et al., 2014). It has been postulated that EB1b and SPR1 work in concert to regulate mechanical force-based directional growth with a balance of gravitropism and thigmotropism, where SPR1 participates in the reinforcement of rightward growth through thigmotropic processes, while EB1b negatively regulates thigmotropism and positively regulates gravitropism (Galva et al., 2014). In an environment lacking a gravity cue such as spaceflight, this gravitropic reinforcement has no effect, resulting in the enhanced skewing of spr1. Similarly elevated leftward skewing of spr1 occurs under cold conditions alongside alterations of the microtubule network, and skewing is conversely suppressed by heat or salt treatments (Furutani et al., 2000; Sedbrook et al., 2004). The elevated skewing seen in spr1 may therefore be the result of spaceflight-induced signals in the root which are similar to those involved in cold response signaling. The microtubule-associated protein MAP65-1 is more abundant in spaceflight, and is also hypothesized to be linked to cold-responsive microtubule stabilization (Chen et al., 2016; Soga et al., 2018). Actin cytoskeleton mutants also exhibit a greater degree of skewing in microgravity when compared to wild-type and GC plants, though this skewing occurs to the right when regarded from behind the media (Nakashima et al., 2014). These structural systems both appear to have roles in suppressing endogenous root skewing patterns in spaceflight. The spaceflight-enhanced skewing of spr1 may therefore be attributed to its altered microtubule dynamics in the spaceflight response, similar to altered dynamics induced by terrestrial cold stress.



Sku5 Skews Inappropriately in Spaceflight

The sku5 mutant did not show an enhancement of skewing in spaceflight as compared to the GC, nor did sku5 respond to the spaceflight environment in the same manner as it does to terrestrial disruption of the gravity vector (Figure 2C) (Sedbrook et al., 2002). However, sku5 and WS roots were the same length in spaceflight, indicating that the role of SKU5 also lies in directionality rather than overall root length in spaceflight (Figure 2B). These data suggest that SKU5, like SPR1, regulates morphology and directionality rather than growth. However, SKU5 regulation is very different from SPR1 regulation of skewing morphology in that lack of SKU5 function prevents appropriate skewing in spaceflight. This prevention of skewing, the sku5 interruption of the pathways involved in skewing, leads to dramatic changes in differential expression of genes for physiological adaptation to spaceflight.



Differential Gene Expression as a Measure of the Quantity and Character of the Physiological Adaptation to Spaceflight

Differential gene expression profiles reveal the underlying gene expression changes needed for physiological adaptation to environmental changes. There are numerous, well-documented environmentally-induced gene expression profiles in plants, all of which detail specific physiological changes related to the specific stresses. The intensity of the differential gene expression response, in terms of the number of genes involved and their fold-change levels, may be considered a measure of the metabolic cost of adapting to that environment. A terrestrial example of this metabolic cost is in the transcriptomic response to cold stress in Arabidopsis lines that are either sensitive or resistant to cold (Chan et al., 2016). Plants that overexpressed RNA-DIRECTED DNA METHYLATION 4 (RDM4) had a cold-tolerant phenotype, and exhibited a greatly reduced transcriptomic response to cold stress compared to the more cold-sensitive wild-type and rdm4 knock-out plants (Chan et al., 2016). The plants that were least able to tolerate cold environments displayed a far higher number (up to 100×) of differentially expressed genes in response to cold than the cold-tolerant plants exposed to the same environment (Chan et al., 2016).

Spr1 adapts to spaceflight with far fewer DEGs than Col-0. This suggests that mutation of the SPR1 skewing pathway enhances spaceflight physiological adaptation. In contrast, the sku5 mutation results in a doubling of DEGs in response to spaceflight, and many of those DEGs are members of strong environmental stress responses. This strong response suggests that the SKU5 pathway plays a key role in spaceflight physiological adaptation.


Sku5 Mutation Produces a Dramatic Increase in Differential Gene Expression in Spaceflight

Sku5 showed a dramatic program of differential gene expression compared to the GCs, a program that was more pronounced and diverse than that of spr1. Many of the genes that are significantly differentially expressed between spaceflight and GCs are associated with skewing and cell wall remodeling, irrespective of intensity of skewing phenotype in the spaceflight-grown plants (Figure 13).
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FIGURE 13. Differentially expressed genes between FLT and GC of particular interest. Statistically significant DEGs with greater than twofold magnitude in at least one context. Each gene in this list corresponded to the following categories: potential and highly probable skew gene candidates (Skewing, HPSGC; Schultz et al., 2017), late embryogenesis abundant (LEA; Hundertmark and Hincha, 2008), associated with gravitropism (GO Terms; Carbon et al., 2008), and abscisic acid (ABA, GO Terms; Carbon et al., 2008). The heat map scale Log2(Fold-Change) is indicated in the bottom right corner. Categorical information is provided beside each gene group. Data are based on four biological replicates.


One of the unique aspects of the sku5 spaceflight differential gene expression program involved genes usually associated with dehydration and ABA signaling. The FLT sku5 expression patterns of LEAs and other ABA-associated genes suggest a spaceflight adaptation phenomenon involving, but not limited to, an altered ABA sensitivity in these plants. Many of the highest magnitude DEGs in the spaceflight acclimation of sku5 were in the LEA family, primarily dehydrins and group-4 LEAs; many of these genes were induced by greater than 30-fold [Log2(5)] (Figure 13). LEAs are responsive to ABA signaling resulting from osmotic, cold, and drought stresses and act to enhance stress resistance through membrane stabilization, sequestration of ROS, and prevention of protein aggregation (Hundertmark and Hincha, 2008; Zhao et al., 2011; Candat et al., 2014; Fang and Xiong, 2015; Suzuki et al., 2016).

Many of the DEGs and LEAs upregulated in the spaceflight acclimation of sku5 are associated with embryonic programs that are adjusted at the chromatin level during germination in response to environmental factors (Tai et al., 2005; Tang et al., 2012; Molitor et al., 2014). DOG1, for example, increases in expression in cold temperatures, acting to repress germination during those unfavorable conditions (Footitt et al., 2013, 2014). The sku5 DEGs HAI2 and HAI3 are involved in regulating ABA signaling and responding to soil water potential (Bhaskara et al., 2012; Kim et al., 2013). REDUCED DORMANCY 5 also acts to inhibit germination, but functions independently of DOG1 and ABA signaling pathways (Xiang et al., 2014). The GO term enrichments for sku5 also support this, as DEGs associated with dormancy regulation are overrepresented in the dataset (Figures 10B, 12B). It is important to note that SKU5 is expressed in floral tissue (Sedbrook et al., 2002). This altered ABA signaling in sku5 could therefore be attributed to downstream effects of altered seed development. In support of these interpretations, germination rates were repressed in FLT sku5 (Figures 8F,H) relative to GC sku5 (Figures 8B,D), and to FLT WS (Figures 8E,G), as evidenced by counts of ungerminated seeds in the harvest images (Supplementary Table S2). While spr1 is also expressed in reproductive tissues, the differential expression of dormancy signaling genes was not prevalent in the Col-0 and spr1 comparisons (Nakajima et al., 2004; Sedbrook et al., 2004). In fact, those few DEGs related to ABA signaling observed in Col-0 and spr1 displayed a trend in expression that was opposite of what was seen in FLT sku5. As a prime example, the LEA ABA-RESPONSE PROTEIN (ABR) was only slightly downregulated in the spaceflight acclimation of 8d spr1. ABA-related dormancy signaling may be affected by the spaceflight environment.

Differential expression patterns also indicate that sku5 mutants experience changes in the plasma membrane during spaceflight. Alterations in plasma membrane dynamics and composition occur in plant responses to terrestrial stressors (e.g., cold stress) and in the response of Chlorella vulgaris to spaceflight (Popova et al., 1989; Solanke and Sharma, 2008; Kazemi-Shahandashti and Maali-Amiri, 2018). Roots of Pisum sativum grown under clinorotation also show shifts in membrane composition in sterol-enriched membrane domains known as “lipid rafts” (Kordyum et al., 2018). Membrane-bound GPI-APs, such as SKU5, localize to these lipid raft nanodomains and are important to stress acclimation, including spaceflight-associated stress (Minami et al., 2008; Mazars et al., 2014; Ferl et al., 2015; Takahashi et al., 2016, 2019; Yeats et al., 2018). ABA signaling proteins also localize to these membrane domains in a sterol-dependent manner (Demir et al., 2013). Given that sku5 shows alterations of ABA signaling pathways in spaceflight (Figure 13), it can be hypothesized that the lack of SKU5 may affect the function of these nanodomain-localized ABA signaling processes under stress conditions. The expression of a chloroplastic aldehyde reductase, ChlADR (AT1G54870), involved in the detoxification of reactive carbonyls formed as a result of lipid peroxidation, and TSPO, which participates in mobilization of lipids, are induced by stress and highly induced in the spaceflight acclimation of sku5 (Guillaumot et al., 2009; Yamauchi et al., 2011; Jurkiewicz et al., 2018). These patterns match the gene expression trends of the spaceflight-induced LEA family genes that are thought to directly participate in membrane stabilization under stress (Battaglia et al., 2008; Hundertmark and Hincha, 2008; Candat et al., 2014). The gene expression patterns of these ABA-responsive genes in sku5 suggest that SKU5 affects ABA signaling in response to stresses. Furthermore, this shows that pathways affecting membrane stabilization and remodeling are required for the spaceflight acclimation of sku5 that are not essential for its growth in terrestrial environments.

SKU5 may also directly participate in stress response signaling or cellular remodeling due to its localization to the outer aspects of the plasma membrane. A SKU5 homolog is highly upregulated [Log2(14)] in tobacco overexpressing a FATTY ACID DESATURASE 3 (CbFAD3-OE) homolog derived from the cryophyte Chorispora bungeana when compared to a wild-type line in the response to salt stress (Shi et al., 2018). CbFAD3-OE lines exhibited enhanced membrane fluidity and survival under cold, salt, and drought stresses, and demonstrated reduced lipid peroxidation and membrane leakage via activation of calcium signaling and suppression of ROS (Shi et al., 2018). As such, the sku5 line may require alternative pathways to be activated to maintain membrane fluidity and integrity during spaceflight acclimation due to the removal of SKU5 from this response pathway. The transcriptomic response of sku5 to the spaceflight condition was elevated compared to WS, which would support the activation of additional pathways (Figures 10A, 11A). ROS-related genes are abundant in spaceflight transcriptomes, and reflect a response to spaceflight that is conserved among Arabidopsis cultivars and related species (Paul et al., 2013, 2017; Sugimoto et al., 2014; Ferl et al., 2015; Sng et al., 2018; Choi et al., 2019; Zhou et al., 2019). Our findings were consistent with this trend across genotypes and the skewing mutants based on GO term enrichments associated with the spaceflight response (Figures 6B, 11B). Notably, sku5 FLT showed elevated expression of genes required to be expressed in response to ROS at the 4d when compared to FLT WS (Figures 9B, 10B), supporting this hypothesized function of SKU5 in this membrane-associated ROS suppression. While FAD3 was not among the sku5 FLT DEGs, FLORAL TRANSITION AT THE MERISTEM1 (FTM1), which catalyzes the desaturation of stearic acid to oleic acid upstream of FAD3, was upregulated in WS and spr1 spaceflight acclimation, and downregulated in that of Col-0 and sku5. FTM1 participates alongside FAD3 in the mediation of stresses associated with Arabidopsis crown gall development through their enrichment with C18:3 fatty acids (Klinkenberg et al., 2014). The increase of C18:3 class of fatty acids also correlated with the enhanced membrane stability measures in the CbFAD3-OE lines (Shi et al., 2018). These results therefore suggest a role for SKU5 in stress metabolism with respect to the plasma membrane, a role that was not revealed in previous ground experiments.

An additional explanation for the altered spaceflight response of sku5 comes from its likely association with auxin metabolism and signaling upstream of the plant TOR complex. A SKU5 homolog in maize encodes an interactor of AUXIN-BINDNG PROTEIN 1 (ABP1) (Shimomura, 2006). The abp1 mutant demonstrates a leftward-skewing phenotype opposite to that seen in sku5 (Sedbrook et al., 2002; Gao et al., 2015). Auxin gradients are still present in spaceflight root tips despite the lack of a gravity cue in the spaceflight environment (Ferl and Paul, 2016). The presence of SKU5 acting to mediate anisotropic cell growth in response to endogenous auxin gradients could facilitate the spaceflight acclimation of wild-type seedlings. GO terms associated with the DEGs of 4d spaceflight response of sku5 suggested this connection as well, with many alterations occurring in signaling pathways related to ethylene, ROS, and light signaling (Figure 11B). Furthermore, ABP1 is associated with the activation of TOR and the promotion of growth through the action of an auxin-activated signaling pathway mediated by the RHO OF PLANTS 2 (ROP2) GTPase (Xu et al., 2014; Schepetilnikov et al., 2017; Ryabova et al., 2019). The TOR complex integrates diverse environmental signals to regulate growth, and ABA signaling inhibits TOR, promoting autophagy to allow for stress tolerance acquisition (Ryabova et al., 2019; Signorelli et al., 2019). SKU5 may impact this mechanism indirectly through affecting the action of ABP1, and a reduction of the auxin signaling into TOR would shift the balance in favor of stronger ABA responses, such as that seen in the spaceflight acclimation of sku5. A ROP6 pathway also mediated by ABP1 affects the activity of KATANIN, which severs cortical microtubules to facilitate reorganization of the microtubule network in response to environmental stimuli (Chen et al., 2016). As a result, the spr1 mutant may be faster to form a spaceflight-tolerant microtubule network due to its altered microtubule kinetics, while the sku5 mutant may not be able to perform this function as rapidly due to altered ABP1 signaling.



Spr1 Mutation Produces a Decrease in Differential Gene Expression in Spaceflight

The spaceflight DEGs of spr1 and Col-0 were primarily in the defense and salicylic acid-mediated signaling related to cell wall remodeling (Figures 5B, 6B). Genes related to these cell wall pathways are common in spaceflight transcriptomes (Paul et al., 2012b, 2013, 2017; Correll et al., 2013; Kwon et al., 2015; Johnson et al., 2017). While plants grown in microgravity may be more susceptible to pathogenic infection (Leach et al., 2001; Ryba-White et al., 2001), the fact that all examples to date of upregulated pathogen response genes are from plants grown in sterile conditions suggests that these genes are serving other purposes of cell wall remodeling in spaceflight (Paul et al., 2012b, 2013, 2017; Correll et al., 2013; Choi et al., 2019). ALD1 is a positive regulator of salicylic acid accumulation pathways through the generation of metabolites (Nie et al., 2011; Cecchini et al., 2015). NIMIN1 and DLO1 contribute to opposing processes, acting to repress immune responses at the level of expression regulation (Kohler et al., 2002; Zhang et al., 2013; Zeilmaker et al., 2015). Salicylic acid induces the lipid raft-localized pathways induced by ABA, in order to promote cellular uptake of water (Demir et al., 2013; Prodhan et al., 2018). The upregulation of salicylic acid signaling in spr1 may act through these pathways, promoting abiotic stress response through pathways normally associated with defense responses (Figures 5B, 6B). This hypothesis might also explain why the induction of “defense” and wound response pathways occurs in spaceflight in the absence of pathogenic infections (Nejat and Mantri, 2017). The recently characterized ORBITALLY MANIFESTED GENE 1, a regulator of ROS signaling that is both flg22- and wound-inducible, provides a spaceflight-relevant example (Sng et al., 2018). Considering that wounding and pathogen invasion also mechanically disrupt membranes and cell walls (Chen et al., 2016), these pathways may be signaling remodeling of cellular structures and the microtubule network in spaceflight. Flg22 application to Arabidopsis cell cultures and induction of MAMP-triggered immunity also has the effect of redistributing flavonoid compounds from biosynthetic processes important to oxidative stress response processes to the production of compounds important to defense (Schenke et al., 2019). Genes associated with the production of phenylpropanoids are less-represented among the spr1 DEGs downregulated in spaceflight compared to Col-0, although they are also more highly represented among spr1 DEGs downregulated across development in spaceflight (Figures 6B, 7B). As such, these DEGs negatively regulating defense signaling in spr1 may contribute to an enhanced ability to mediate ROS generated in spaceflight through the redistribution of limited resources early in its development. This conclusion is also supported by the gene categories enriched in the spaceflight acclimations of Col-0 and spr1, where DEGs associated with responses to oxidative stress are more enriched among genes upregulated in FLT in spr1 than in Col-0 (Figure 6B).

Many abiotic stresses trigger remodeling of cortical microtubules, with salt stress tolerance requiring the 26S proteasome-mediated degradation of SPR1 (Shoji et al., 2006; Wang et al., 2011; Chen et al., 2016). Microtubule reorientation also contributes to cell elongation in the spaceflight response of hypocotyls (Soga et al., 2018). The spr1 mutant, which has altered microtubule dynamics in favor of decreased stability, may have enhanced capabilities for remodeling of microtubule networks in the response to many forms of environmental stress (Galva et al., 2014).



Spr1 and Sku5 Mutants Both Differentially Regulate Skewing-Associated Genes in Response to Spaceflight

Despite the many differing spaceflight responses of spr1 and sku5, DEGs identified as likely to be associated with the integrative signaling of skewing (Schultz et al., 2017) were among those differentially expressed in both mutants in spaceflight (Figure 13). Two of the highly likely skewing genes, SENESCENCE 1 (SEN1) and ASPARAGINE SYNTHETASE 1 (ASN1) are induced in spaceflight (Figure 13). The SKU5 protein is endocytosed through different pathways within the root tip dependent on local auxin signals and perceived stress conditions (Baral et al., 2015). SKU5 could act to modulate growth regulation through its aforementioned association with the ABP1 apoplastic signaling pathway upstream of TOR, and both SKU5 and SPR1 can affect microtubule reorganizing pathways. This would enable SKU5 to impact the spaceflight response via the regulation of meristematic competence and cell cycle progression, processes that are affected in spaceflight (Matía et al., 2010), clinorotation, RPM exposure, and magnetic levitation (Herranz and Medina, 2014; Herranz et al., 2014; Boucheron-Dubuisson et al., 2016). This is supported by the M-phase peak of SKU5 expression and its previously hypothesized role in regulating the cell cycle (Menges et al., 2002; Sedbrook et al., 2002). However, the importance of senescence in the context of root skewing has not been well-studied. The recent association of strigolactone-independent karrikin-sensing pathways with skewing provides a potential direction for study (Swarbreck et al., 2019). The loss of the protein MORE AXILLARY BRANCHES 2 (MAX2), which also participates in strigolactone-associated senescence signaling, exacerbates the skewing phenotype of sku5 in a sku5 max2 line (Ueda and Kusaba, 2015; Swarbreck et al., 2019). Therefore, these results reinforce connections between environmental and senescence signaling and root skewing. The association of skewing-associated genes with these regulatory networks provide a means by which the mutation of these genes can alter the response to the spaceflight condition.



CONCLUSION

The physiological adaptation of sku5 to spaceflight is characterized by powerful stress responses, as well as the strong induction of LEAs and other genes associated with seed development. In contrast to sku5, spr1 differentially expressed fewer genes than Col-0 to physiologically adapt to spaceflight. This observation suggests that the spr1 mutation imbued an enhanced ability for rapid spaceflight acclimation while sku5 required an extended spaceflight response to accomplish acclimation, even to the point of initiating classic deep stress responses. These observations further suggest that the functional distinctions between sku5 and spr1 inform distinct aspects of the spaceflight response in plants, in particular the responses of young seedlings. The dramatic responses of sku5 suggest that lipid raft nanodomains of the plasma membrane and their associated GPI-APs play important roles in spaceflight physiological adaptation.

The fact that sku5 and spr1 show markedly different gene expression patterns in spaceflight suggests that the two skewing pathways highlighted by SKU5 and SPR1 differentially affect the mechanisms used by plants to physiologically acclimate to spaceflight. Since spr1 and sku5 root lengths are not altered by spaceflight, the effects of these mutations lie not in the process of growth, but in the processes that direct morphology and structure, likely tying together the large number of cell wall remodeling genes observed as differentially expressed in spaceflight. The data from APEX-03-2 therefore provide an initial functional dissection of the spaceflight response in roots, one that allows an integration of pathways associated with root directionality, morphology and physiological responses to spaceflight.
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Oxygenic photosynthetic microorganisms are a focal point of research in the context of human space exploration. As part of the bioregenerative life-support systems, they could have a key role in the production of breathable O2, edible biomasses and in the regeneration of CO2 rich-atmospheres and wastewaters produced by astronauts. The test of the organism’s response to simulated physico-chemical parameters of planetary bodies could also provide important information about their habitability potential. It is believed that the success of future planetary and space missions will require innovative technologies, developed on the base of preliminary experiments in custom-made laboratory facilities. In this context, simulation chambers will play a pivotal role by allowing the growth of the microorganisms under controlled conditions and the evaluation in real-time of their biomass productivity and impact on atmosphere composition. We here present a system capable of addressing these requirements with high replicability and low costs. The setup is composed by three main parts: 1) a Star Light Simulator, able to generate different light intensities and spectra, including those of non-solar stars; 2) an Atmosphere Simulator Chamber where cultures of photosynthetic microorganisms can be exposed to different gas compositions; 3) a reflectivity detection system to measure from remote the Normalized Difference Vegetation Indexes (NDVI). Such a setup allows us to monitor photosynthetic microorganism’s growth and gas exchange performances under selected conditions of light quality and intensity, temperature, pressure, and atmospheres simulating non-terrestrial environments. All parameters are detected by remote sensing techniques, thus without interfering with the experiments and altering the environmental conditions set. We validated the setup by growing cyanobacteria liquid cultures under different light intensities of solar illumination, collecting data on their growth rate, photosynthetic activity, and gas exchange capacity. We utilized the reflectivity detection system to measure the reflection spectra of the growing cultures, obtaining their relative NDVI that was shown to correlate with optical density, chlorophyll content, and dry weight, demonstrating the potential application of this index as a proxy of growth.
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Introduction

Oxygenic photosynthetic microorganisms such as cyanobacteria and eukaryotic algae have been fundamental for life evolution on our planet by creating an oxygen-rich atmosphere. They still play a fundamental role in supporting lifeforms on Earth, being responsible for approximately 50% of global oxygen production (Geider et al., 2001) and being at the base of the food chain as primary producers (Fischer et al., 2016; Dick et al., 2018). Not surprisingly, considering such a role, cyanobacteria, and microalgae are also considered key players to achieve sustainable bioregenerative life-support for human exploration of the space (Kitaya et al., 2005; Hu et al., 2012; Li et al., 2013). Bioregenerative life support systems (BLSSs) are in fact developed with the aim of continuously recycling resources via metabolic/biological processes, in order to minimize logistics and re-supply from the Earth. So far, only seven facilities have been realized worldwide, capable of integrating full-scale life support system tests [reviewed by (Escobar and Nabity, 2017)]. They generally consist of human/microbial/plant associations where microorganism strains are specifically selected from wild type or engineered species to obtain reliable culturing and high rate processes. These facilities, as in the case of the MELISSA (Micro-Ecological Life Support System Alternative) program, could include specific modules for the cultivation of selected cyanobacteria or microalgae (Poughon et al., 2009). Confined environments like the International Space Station (ISS) or future terraforming structures on planetary bodies, e.g., the Moon or Mars, could benefit from oxygenic photosynthetic organisms due to their ability to produce biomass autotrophically, to scrub CO2 from the crew cabin thereby maintaining a habitable atmospheric composition and to recycle wastewaters and human products (Tikhomirov et al., 2007; Verseux et al., 2016). Photosynthetic microorganisms such as plants are oxygen producers and their biomass is a valuable feedstock for the sustainable production of several bio-commodities. However, with respect to plants, they have simpler requirements for growth, and they are more suitable for cultivation in confined spaces. Furthermore, cyanobacteria and microalgae are also able to grow on wastewater and at higher CO2 concentrations (Bugbee et al., 1994; Wu et al., 2008; Molazadeh et al., 2019). A few genera that have been assessed for these applications are Arthrospira spp. between cyanobacteria (Travieso et al., 2001; Gòdia et al., 2002; Hu et al., 2012) and Chlorella spp. among microalgae (Escobar and Nabity, 2017). Nevertheless, many other cyanobacteria and microalgae species are highly efficient in converting solar energy, CO2, H2O, and mineral nutrients in O2 and biomasses, also providing a source of high-value compounds, such as antioxidants pigments, essential fatty acids, and amino acids (Wijffels et al., 2013; Leu and Boussiba, 2014). The identification of the most suitable strains of photoautotrophic oxygenic microorganisms to be used as players within life support systems requires a better understanding of their physiological responses under non-terrestrial simulated conditions, characterized by physico-chemical parameters different from terrestrial ones, such as ionizing radiations and peculiar light intensities and spectra, gas compositions, and temperatures. However, the above mentioned full-scale integrated facilities are too large, expensive, time, and labor-consuming to obtain experimental replicates, needed to predict their performances by dedicated mathematical models (Escobar and Nabity, 2017). Thus, the possibility to analyze, with high controllability, replicability, and low costs, the metabolic processes of cyanobacteria or microalgae in closed systems simulating space or extra-terrestrial environmental parameters, represents an important step to develop the technologies to face the challenge of human exploration beyond the Earth’s boundaries. The study of oxygenic photosynthetic microorganisms’ responses to simulated exoplanets’ physico-chemical parameters (at least the already known or modelized) could also provide important information about the habitability potential of extraterrestrial planets. For example, the impact of their photosynthetic gas exchange on simulated atmospheres could provide a database of atmospheric biosignatures to be compared with future astronomical observations, such as those based on spectrometers mounted on large ground telescopes, like HIRES at the European extremely large telescope (E-ELT) (Marconi et al., 2016), or on the next generation satellites [JWST, ARIEL, (Stevenson et al., 2016; Pascale et al., 2018)], designed to characterize exoplanet’s atmospheres. In this context, cyanobacteria are considered the most promising organisms to be tested due to the capability of several species to thrive even in extreme environments of the Earth, such as hot and cold deserts and polar ices, often considered as analogs for extraterrestrial planets. Many strains are also able to perform N2 fixation and others have been shown durable in atmospheres with high CO2 concentrations, even up to 100% after gradual adaptation (Allakhverdiev et al., 2009; Masukawa et al., 2012; Murukesan et al., 2016). Some cyanobacteria have been furthermore demonstrated to be able to withstand space conditions when protected from UV-radiation (Billi et al., 2013). Several rocky Earth-like planets have been recently found orbiting the habitable zone of M-dwarf stars, the lowest in mass and irradiance and the most common type of stars in our galaxy (about 76% of total stars). These stars are considered excellent candidates for terrestrial planet searches, as they can live long enough to allow for life evolution. However, M-dwarfs stars are characterized by a very low irradiance, particularly in the visible part of the spectrum, with a major component in the far red (FR) and infrared (IR) wavelengths, compared to the Sun. This irradiation with less energy is expected to be challenging for organisms performing oxygenic photosynthesis. However, among cyanobacteria biodiversity there are species able to extend the wavelengths of operational photosynthesis up to 750 nm thanks to the ability to accumulate peculiar pigments, chlorophylls d and f (Gan and Bryant, 2015). This opens new possibilities to assess whether oxygenic photosynthesis as we know it could be possible under M-dwarf starlight spectra. Such capacity was so far only hypothesized (Gale and Wandel, 2017; Takizawa et al., 2017; Ritchie et al., 2018; Wandel, 2018), but never tested by simulation experiments. Here we present an experimental setup allowing to grow photosynthetic microorganisms under different environmental conditions, including simulated non-terrestrial atmospheres and lights. The setup is also equipped to control and regulate temperature and pressure and to simultaneously detect through remote sensors (without disturbing the chamber environment) CO2 consumption and O2 evolution as well as growth of the photosynthetic microorganisms directly exposed to the selected growth conditions. The equipment is composed of three main instruments: 1) a Star Light Simulator (SLS) capable of generating different light intensities and spectra, including those of simulated warm to cold stars (F/G/K/M); 2) an atmosphere simulator chamber (ASC) where cultures of photosynthetic microorganisms can be grown under selected atmospheric gas composition and different light regimes; 3) a newly developed reflectivity detection system (RDS) to measure from remote the NDVI parameter as a proxy of the culture growth. We also present here the validation of the setup and its use for the cultivation of the Cyanobacterium Synechocystis sp. PCC6803, a model organism for photosynthesis and astrobiology researches (Murukesan et al., 2016).



Materials and Methods


Setup Description


Star Light Simulator

The Star Light Simulator (SLS) is an innovative device [described in (Erculiani et al., 2016; Trivellin et al., 2016; Salasnich et al., 2018)] capable of simulating the emission spectra of different kinds of warm to cold stars (F/G/K/M) as well as emitting single wavelength lights, with a great flexibility based on the scientific goals required. The main concept behind the device is that of modularity: it is composed of a copper ring on which different printed circuit boards are combined forming a mosaic of circuits. On them, 273 air-cooled diodes are soldered, divided into 25 current controlled channels. Direct emission channels are: 365 nm (LED Engin LZ1-00U600), 380 nm (Lumileds LHUV-0380-0200), 405 nm (Lumileds LHUV-0400-0500), 425 nm (Lumileds LHUV-0420-0650), 448 nm (Lumileds LXZ1-PR01), 470 nm (Lumileds LXZ1-PB01), 485 nm (Osram CRBP-HXJX-47-1), 505 nm (Lumileds LXZ1-PE01), 530 nm (Lumileds LXZ1-PM01), 568 nm (Lumileds LXZ1-PX01), 590 nm (Lumileds LXZ1-PL01), 627 nm (Lumileds LXZ1-PD01), 655 nm (Lumileds LXZ1-PA01), 680 nm (Roithner SMB1N-680), 700 nm (Roithner SMB1N-700), 720 nm (Roithner SMB1N-720D), 740 nm (LED Engin LZ1-00R300), 760 nm (Roithner SMB1N-760D), 780 nm (Roithner SMB1N-780D), 810 nm (Roithner SMB1N-810D), 830 nm (Roithner SMB1N-830N), 870 nm (Osram SFH 4715S), 880 nm (Roithner SMB1N-880), 940 nm (Osram SFH 4725S); one channel is driving white 2780K LEDs (Lumileds 997-LXZ1-2280-5-2200). The SLS is directly interfaced with a PC and dedicated software (Salasnich et al., 2018). Star spectra can be loaded from the internal database, but each LED channel can be turned on or off independently and its intensity can be trimmed according to necessity. The light emitted from the instrument is monitored and corrected thanks to a spectrometer (Flame, Ocean Optics), this enables accurate simulation of the desired spectra during laboratory experiments.



Atmosphere Simulator Chamber

The atmosphere simulator chamber (ASC) is based on the experience of the miniLISA chamber (Claudi et al., 2015; Erculiani et al., 2016) with some modifications. The herein presented device is built around an environmental growth chamber with a volume of 0.5 L designed to grow photosynthetic microorganisms in open glass Petri dishes (Figure 1A). The experimental vessel is made of stainless steel with a top Borofloat window, that allows the illumination of the samples by the SLS or other light sources. The material is transparent to all the spectral ranges useful for the studies. Four 2.5 cm wedge windows are available on the sides for gas diagnostics. Two of the windows are used by the device for carbon dioxide sensing, which uses tunable diode laser absorption spectroscopy (TDLAS) in the 2-µm wavelength region (Danilović et al., 2016; Ghetti et al., 2018). Briefly, a diode laser is tuned around one of the absorption lines of carbon dioxide, at 2.04 µm. The laser beam enters the cell through an optical window and crosses the cell on a full diameter, which is the optical path where absorption is measured. A photo-detector, placed in close contact on the output window, measures the light absorption as a function of the scanned wavelengths, which is proportional to the carbon dioxide concentration. Oxygen concentration is sensed with a commercial oxygen analyzer (Nomasense O2 P300, Vinventions) based on fluorescence quenching. The instrument emits blue light through an optical fiber and into a sensor tablet attached to the inside of one of the ASC wedge windows. The sensor tablet absorbs blue light and shortly after emits red fluorescent light, that is sent back to the instrument. The readout device measures the amount of time that takes between the sending and the reception of the light, as it depends upon the concentration of oxygen surrounding the sensor. Data collected from both sensors were processed in MATLAB (MathWorks) to obtain the quantities of exchanged gas in micromoles by applying the ideal gas law. Inside the ASC different parameters like the temperature of the sample, the pressure, and the atmospheric composition can be tuned. The temperature of the sample is kept constant through a set of four Peltier cells (tec1-12706) placed on the bottom of the stainless vessel. An NTC thermistor is embedded in the cell bottom for the temperature control loop. The ASC is designed to work at temperatures ranging from 15 to 40°C. The vessel is provided with pipe fittings and connected to an array of flow meters and needle valves (each for a different input gas e.g., N2, O2, CO2) to inject atmospheres of arbitrary compositions. Pressure can be tuned from vacuum to 200 kPa and is monitored through a manometer (Druck dpi 104, General Electric). The SLS and the ASC are mounted in an outer temperature-controlled experimental box, which is required to keep a defined illumination geometry and to provide a constant temperature around the ASC. This resulted to be important not only for the accuracy of the ASC temperature control loop but also to avoid condensation on the optical windows of the chamber, that could influence the light transmission to the culture of photosynthetic microorganisms to be tested. This is achieved by keeping the outer temperature slightly higher (2–4°C) than the sample temperature.




Figure 1 | Rendering of the experimental setup in the “growth” configuration (A) and during the reflectance measurement (B). The optical fiber is mounted inside the baffling system (a). The light coming from the Star Light Simulator is collimated through the baffling system (b), in a way that leaves only a little portion of the culture exposed to the light (c).





Reflectivity Detection System

The reflectivity detection system (RDS) (Figure 1B), is a custom-made setup able to measure the reflectivity of growing photosynthetic cultures inside the ASC. It is composed of a removable custom-made baffling system hosting an optical fiber probe connected to a spectrometer (Flame, Ocean Optics). The baffling system has a circular hole of 30 mm through which part of the light coming from the light source can reach the growing culture. The design of the baffling system allows to leave only a little portion of the culture exposed to a collimated beam of light; to further improve the reduction of the stray light, the chamber is internally covered with a black coating for optical instruments (Spectral Black, Acktar) with a residual reflectivity in the visible spectral range of about ~ 2%. The setup is optimized for the reflectivity measurements by tuning the intensity of two LEDs before the collection of the data. Before the reflectivity measurement is acquired, light intensity of the 680 nm LED channel, in the VIS part of the spectra, and that of the 760 nm LED channel, in the NIR part of the spectra, are raised to improve signal to noise ratio and to match the spectrometer dynamic range with an optimal integration time. The light density reaching the culture during the reflectivity measurement is about 10 times lower than the growth light due to the baffling system, this is pivotal to avoid any damage to the growing cultures.




Reflectivity and Normalized Difference Vegetation Indexes Measurements

The reflectivity of the cultures was assessed through the spectrometer using a custom-made script on MATLAB to collect and visualize data. For the reflectivity calculation, dark is subtracted and a white spectrum, with the same illumination and measurement integration time, is acquired before each experiment. Dark was taken at three different integration times (i.t.): 3, 4, and 20 s; the white was taken at an i.t. of 4 s for light intensities of 30 and 45 µmols of photons m−2s−1 and at an i.t. of 3 s for the light intensity of 95 µmols of photons m−2s−1, using support painted with a white optical coating placed on the bottom of the ASC. Cultures were always measured with an i.t. of 20 s, to allow an optimal signal to noise ratio for the following analyses. From the recorded reflectance spectra, the NDVI was calculated using a modified equation that considers narrow bands in the VIS and NIR instead of broad ones, as already explored by Gitelson and Merzlyak, 1994; Gamon and Surfus, 1999:

	

R745–755: Reflectivity from 745 to 755 nm; R675–685: Reflectivity from 675 to 685 nm.



Cultivation Conditions

Synechocystis sp. PCC6803 wt cells, from Pasteur Culture Collection (PCC, France), were grown in BG-11 medium (Rippka et al., 1979) and maintained in the exponential phase of growth by renewing the cultures with fresh medium each week. During growth, cells were exposed to atmospheric air and kept in a climatic chamber at 28–30°C under a continuous cool white fluorescent light of 30 µmols of photons m−2s−1 (L36W-840, OSRAM). For the experiments, cells in the exponential phase of growth were inoculated to an optical density of 0.2 at 750 nm in a final volume of 100 ml and grown as described before. On the day of the experiment, cells were renewed with fresh medium and brought to an optical density of 0.6 at 750 nm in a final volume of 100 ml. Forty microliters of culture were used for the validation experiments in the ASC, while the rest was used for biochemical analyses. Each growth experiment was carried on at least three biological replicates. In order to check the versatility of the RDS, the reflectivity spectra of several cultures of different cyanobacteria and microalgae species were collected. The cultures were comprised of the cyanobacteria Synechocystis sp. PCC6803, Chlorogloeopsis fritschii PCC6912, Chroococcidiopsis thermalis PCC7203, and Arthrospira platensis SAG85/79 grown in BG-11 medium and Synechococcus sp. PCC7335 grown in BG11+ASNIII (1:1 v/v) (Rippka et al., 1979). Microalgae cultures of Chlorella vulgaris CCAP221/11B, grown in BG11 medium and Nannochloropsis gaditana CCAP849/5 grown in f/2 medium were also tested (Guillard and Ryther, 1962). A. platensis was obtained from the Culture Collection of Algae at Göttingen University (SAG, Germany), while both microalgae strains were obtained from the Culture Collection of Algae and Protozoa (CCAP, United Kingdom).



Dry Weight Determination

According to the measured optical density (OD), 10 or 15 ml of culture were diluted 1:3 with de-ionized water and filtered on 0.45 µm nitrocellulose filters (Sigma-Aldrich) using a vacuum flask. Filters were previously desiccated in a heater at 70°C for at least 3 h and weighted. Filters with cyanobacteria were put again in the heater at 70°C and left to desiccate; after at least 24 h they were weighted. Dry weight was measured as follows:

	



Chlorophyll a Quantification

For the extraction of Chlorophyll a from cell cultures, 2 ml of culture were centrifuged for 10’ at 10,000 x g. The supernatant was discarded and 1 ml of DMF (N,N′-dimethylformamide) was added to the pellet. Samples were kept at least for 24 h at 4°C in the dark, to allow the extraction of lipophilic pigments. Pigment concentration was assessed spectroscopically (Cary 300 UV-Vis, Agilent) using the Moran equation (Moran, 1982).




Results


Reliability of the Atmosphere Simulator Chamber and Alternative Configurations

The growth chamber (ASC, Supplementary Figure 1) was first verified to be able to maintain stable conditions over time monitoring delta pressure, temperature, CO2, and O2 (with maximum variations up to 1.8%). For the experiments with living organisms, the ASC was utilized in a configuration (Figure 1A) that allows the complete irradiation of the culture surface through the upper optical window, providing the energy supporting their growth. The periodic registration of the reflectivity spectra of the growing culture necessary for the determination of its NDVI was achieved by mounting on top of the upper window of the ASC the custom-made baffling system, embedding the optical fiber probe connected to the spectrometer (Figure 1B).



Tracking by Remote Sensors Cyanobacteria Photosynthetic Gas Exchanges in Real-Time During Growth

The first experiments were focused on testing the setup potential for real-time and non-invasive detection of cyanobacteria photosynthetic responses to different light regimes. All experiments were carried out with Synechocystis sp. PCC6803 liquid cultures inside the ASC. At the beginning of each experiment, the ASC was filled with an atmosphere composed of 75%N2, 20%O2, 5%CO2 (called from now on “air + 5%CO2”). The temperature was set at 30 ± 0.5°C, 1 atm, and the culture was kept in the dark or illuminated with a solar light spectrum generated by the SLS (Salasnich et al., 2018) at three different light intensities of 30, 45, and 95 µmol of photons m−2 s−1. The changes in CO2 and O2 levels due to the photosynthetic activity of the cultures were recorded continuously during each experiment. Cyanobacteria cells kept in the dark show no photosynthetic activity, as expected, and a slight reduction in O2 and an increase of CO2, due to respiration (Figure 2). When cells are illuminated, instead, clear changes in O2 and CO2 concentration can be observed as a result of the photosynthetic activity, leading to O2 evolution and CO2 fixation into biomass. As seen in Figure 3, rates of O2 evolution/CO2 fixation depend on the light intensity, even between the two closest irradiances tested of 30 and 45 µmol of photons m−2 s−1, and this contributes to the different amounts of gasses exchanged. The graphs in Figure 3 also highlighted that CO2 consumption and O2 evolution are not constant but follow a parabolic trend. This is likely because the photosynthetic activity increases with time due to cell duplication. The derivatives of gas exchange curves (Figures 4A, B) show that the growth trend depends on the light intensity and that cells exposed to the strongest light show the highest rate of increase, suggesting a faster growth rate. This indicates that continuous monitoring of CO2 consumption or O2 evolution can thus not only provide information on photosynthetic activities but also on culture growth. Data in Figures 3 and 4 allow estimating the initial rates of CO2 consumption and O2 production per hour, as well as the total CO2 fixed into biomass and the total O2 released, as reported in Table 1. Information about growth rates, however, can be obtained only if the cultures do not absorb all available light. If cultures are more concentrated, in fact, cell pigments absorb all light energy available and thus cell duplication does not result in any increased activity since this is already maximal for those conditions. This is evident comparing the trends of CO2 and O2 concentration changes for culture at different OD exposed at the same light intensity (Figures 5A, B). At the higher OD, CO2 and O2 values follow a linear trend implying that the growth of the cells does not impact the photosynthetic rate. Despite this, it is still possible to have information on the initial photosynthetic activity by deriving the gas exchange curves.




Figure 2 | Synechocystis sp. PCC6803 carbon dioxide consumption and oxygen production over 12 h in the dark, with a starting atmospheric composition of air + 5%CO2. T0 was set at 3,600 s to exclude the initial gas equilibration period inside the chamber. Bold lines represent the average of three different biological replicates, with standard deviations reported as transparent areas.






Figure 3 | Synechocystis sp. PCC6803 carbon dioxide consumption (A) and oxygen production (B) over 24 h under three different light intensities, with a starting atmospheric composition of air + 5%CO2. T0 was set at 3,600 s to exclude the initial gas equilibration period inside the chamber. For each light intensity, the bold line represents the average of three different biological replicates, with standard deviations reported as transparent areas.






Figure 4 | Synechocystis sp. PCC6803 carbon dioxide consumption rates per hour (A) and oxygen production rates per hour (B) under the three light intensities of the 24 h experiments reported in Figure 3. Data were obtained by calculating the second derivative of the curves in Figure 3 over time. In the figure, it is reported the linear fitting for each light intensity.




Table 1 | Initial rates of CO2 consumption, O2 production, and total µmoles of CO2 and O2 respectively fixed into biomass and released in the atmosphere in the three light intensities tested.






Figure 5 | Synechocystis sp. PCC6803 carbon dioxide consumption (A) and oxygen production (B) over 24 h under 95 µmol of photons m−2s−1 of light intensity at two different optical densities, with a starting atmospheric composition of air + 5%CO2. T0 was set at 3,600 s to exclude the initial gas equilibration period inside the chamber. For each optical density, the bold line represents the average of three different replicates, with standard deviations reported as transparent areas.





Measurements of Cultures Reflectivity and Determination of Their Normalized Difference Vegetation Indexes as a Proxy of Growth

In order to estimate the culture growth during long term experiments, when light or other factors become limiting, we applied a system based on remote reflectivity measurements, commonly employed by satellite or unmanned aerial vehicle remote sensors to evaluate the vegetation levels of our planet’s surface. To this aim, we designed and realized a custom-made setup (described in Material and Methods) for the detection of cultures reflectivity, to calculate their NDVI as a proxy of growth. Examples of reflectance spectra recorded by our setup from Synechocystis sp. PCC6803 liquid cultures at different OD are shown in Figure 6. To validate the reliability of the NDVI as a proxy of growth, we carried out a series of experiments growing the Cyanobacterium for 24–48 h in the ASC with a starting atmospheric composition of air + 5% CO2 and under different light regimes. The reflectance spectra and the relative NDVI were registered during each experiment while the OD, dry weight, and chlorophyll a concentration of the different cultures were determined at the beginning and at the end of the growth experiments. Correlations between the calculated NDVI and the measured growth parameters are plotted in Figure 7. Values of chlorophyll a content, dry weight, and optical density showed a linear relation with the NDVI values, demonstrating that this index is capable to assess the growth of the Cyanobacterium. This suggests the high potential of the RDS setup to evaluate the culture growth from remote. In Figure 8A an example of the NDVI validation experiments is presented. Here, cells were grown for 24 h at 30 µmol of photons m−2s−1 followed by another 24 h at 95 µmol of photons m−2s−1. The NDVI was calculated multiple times during the experiment, while the OD was measured at t0 (0 h) and at tf (48 h), as well as after 24 h, by opening the ASC. The NDVI and the optical density showed the same trend over time, also highlighting a difference in the growth rate according to the increase of light intensity. This well correlated with the changes in CO2 and O2 levels upon the change of light where it was observed a 3-fold increase in the amount of CO2 fixed and O2 released at the end of the experiment respect to the first 24 h (Figure 8B). Finally, with the RDS, we registered the reflectance spectra of different cyanobacteria and microalgae species (Figure 9). We assessed three cyanobacteria species (C. fritschii PCC6912, C. thermalis PCC7203, Synechococcus sp. PCC7335), and the already utilized Cyanobacterium for BLSS (A. platensis SAG85/79) as well as the microalgae Chlorella vulgaris CCAP221/11B and Nannochloropsis gaditana CCAP849/5, considered promising candidates for BLSS and high-value lipid production respectively. The comparison of the different reflectance spectra with that of Synechocystis sp. PCC6803 indicates that for each organism, specific correlation experiments are needed in order to utilize the NDVI as a precise method for their growth quantification. Even in the absence of such preliminary information, however, NDVI measurements still can provide valuable semiquantitative information since its increase would anyhow evidence growth even if not precisely quantified.




Figure 6 | Synechocystis sp. PCC6803 reflectance spectra at different optical densities. Each measurement was averaged 10 times. Spectra were corrected for hot and dark pixels. Red shadowed rectangles represent were the Normalized Difference Vegetation Indexes (NDVI) can be calculated.






Figure 7 | Reflectivity detection system (RDS) validation graphs. The NDVI was correlated with chlorophyll a content (µg/ml), dry weight (g/L), and optical density (OD), in (A–C), respectively. Validation experiments were performed with Synechocystis sp. PCC6803 for 24 or 48 h, at light intensities of 30, 45, and 95 µmol of photons m−2s−1, with a starting atmospheric composition of air + 5%CO2. Black: 48 h at 30 µmol of photons m−2s−1; Red: 48 h experiment, combining 24 h at 30 µmol of photons m−2s−1 followed by 24 h at 45 µmol of photons m−2s−1; green: 48 h experiment, combining 24 h at 30 µmol of photons m−2s−1 followed by 95 µmol of photons m−2s−1; blue: 24 h experiment at 45 µmol of photons m−2s−1; cyan: 24 h experiment at 95 µmol of photons m−2s−1. For each type of experiment, three biological replicates were obtained. In experiments marked in black, red, and green, at 24 h the ASC was opened to collect a sample for the optical density (OD) measurement, then the atmosphere simulator chamber (ASC) was sealed again, and an atmosphere of air + 5%CO2 was re-filled inside the chamber.






Figure 8 | Example of Synechocystis sp. PCC6803 growth experiment monitored with the NDVI methodology (A), and with the CO2 and O2 sensors (B). The experiment was carried on for 48 h, the first 24 h at 30 µmol of photons m−2s−1, then at 95 µmol of photons m−2s−1 of light intensity, with a starting atmospheric composition of air + 5% CO2. At 24 h the atmosphere simulator chamber (ASC) was opened to collect a sample for the OD measurement, then the ASC was sealed again, and an atmosphere of air + 5%CO2 was re-filled inside the chamber. In (A) it is shown the growth over time of the OD (red dots) and the NDVI (black dots). In (B) it is shown the consumption of CO2 (upper box) and the production of O2 over time (lower box); in red are shown the first 24 h of the experiment at a light intensity of 30 µmol of photons m−2s−1, in blue the second 24 h, at 95 µmol of photons m−2s−1. T0 was set at 3,600 s to exclude the initial gas equilibration period inside the chamber. For each box, the bold lines represent the average of three different biological replicates, with standard deviations reported as transparent areas.






Figure 9 | Reflectance spectra of different cyanobacteria and microalgae acquired with the RDS. Each measurement was averaged 10 times. Spectra were corrected for hot and dark pixels. Red shadowed rectangles represent were the Normalized Difference Vegetation Indexes (NDVI) are calculated. Green: Synechococcus sp. PCC7335; cyan: Synechocystis sp. PCC6803; Bordeaux: Chlorogloeopsis fritschii PCC6912; orange: Chroococcidiopsis thermalis PCC7203; blue: Arthrospira platensis SAG85/79; yellow: Nannochloropsis gaditana CCAP849/5; purple: Chlorella vulgaris CCAP221/11B.






Discussion

The future of space and planetary missions requires innovative technologies that must be developed on the basis of preliminary experiments performed in laboratory facilities simulating specific environmental conditions. Oxygenic photosynthetic microorganisms have a key relevance in both bioregenerative life-support systems but also in evaluating the habitability of planetary bodies and thus there is in the field the strong necessity of investigating their physiological responses to beyond-Earth physico-chemical parameters. Small scale simulation chambers capable of generating different light regimes, atmospheric compositions, temperatures, and pressures, to simulate different environmental conditions are essential tools to achieve this goal. Such chambers should also allow easy monitoring of microorganisms’ survival, growth, and gas exchange responses. Several simulator chambers have been realized and utilized so far for the simulation of Mars and other beyond-Earth environments (Tarasashvili et al., 2013; Mateo-Marti, 2014), with few of them also able to test aqueous cultures with metabolically active organisms (Martin and Cockell, 2015). Most of these simulator chambers, however, are complex facilities that do not allowing organism’s growth but only to test their survival under non-terrestrial conditions, with the possibility of evaluating physiological responses only after the experiments. The system presented here (Supplementary Figure 1) permits control of pressure, temperature, and atmospheric gas composition (at least with N2, CO2, and O2) while allowing the growth of photosynthetic microorganisms under the selected conditions. The geometry of the ASC is a further added value since it allows homogeneous irradiation of the samples lodged in the petri dish containing the organisms on liquid or solid media, minimizing cells self-shading. Another value is the culture volume that, despite being lower than that of some other available chambers (Martin and Cockell, 2015), still allows us to obtain a sufficient amount of biomass to perform biochemical, physiological, and omics analyses on acclimated cells at the end of the experiments. Finally, the setup allows monitoring the microorganism’s physiological responses in a non-invasive way. Photosynthetic gas exchanges are measured in continuous by remote sensors without the need for sampling the cultures. This avoids introducing any alteration of the environmental parameters set and analyzing microorganism’s photosynthetic performances under conditions different from the desired experimental ones. The continuous monitoring of gas levels increases the reliability of the setup evidencing variations due to slight changes in light intensity (Figure 3). The gas level curves, furthermore, can be highly informative, providing information on the photosynthetic capacity of the microorganisms but also on the growth rate (Figure 4), if the cell concentration is low enough (Figure 5). This further improves our ability to collect information on the behavior of the photosynthetic organisms when directly exposed to the experimental conditions. Additionally, we have also been able to remotely monitor the reflectance spectra of microorganism’s liquid cultures maintained in a sealed environment and to determine their NDVI to follow their growth (Figures 6 and 7). This was achieved with the RDS, by adapting at lab scale the method so far used to detect photosynthetic microorganism blooms in natural environments (Oyama et al., 2015; Teta et al., 2017). Several portable NDVI detection devices are present in the market but are designed for plant leaves (Yu et al., 2016), thus they were unsuitable for our purposes. Other equipment utilizes specific cameras to obtain VIS/NIR images or to monitor the reflectance spectra of photosynthetic organisms present in the environment (Yu et al., 2016). However, these systems are inapplicable for lab-scale microorganism’s cultures as they need to be positioned at a certain distance and with a determined angle from the samples and are strongly influenced by the presence of reflective surfaces such as metal or glass components of the growing chambers. The custom-made setup that we developed overcomes all these issues allowing reliable detection of culture reflectivity (Figure 1). The optical fiber allows to reduce significantly the size of the device and the designed baffling system (where the optical fiber is lodged) together with the internal black coating of the ASC allow precise measurement of the reflectivity of the culture, free from any stray light. The measurement of the NDVI parameter results of high importance for long term growth experiments, when operational parameters such as light or nutrients become limiting for the growth and gas level changes can’t be informative anymore. Different cyanobacterial and microalgal strains show different reflectance spectra when measured with the RDS (Figure 9), indicating that is mandatory to perform a calibration for each species of interest. The differences in the spectra indeed depend upon the pigment composition of each strain, the geometry and dimensions of the cells as well as their responses to environmental conditions (Kiang et al., 2007). Even if a direct quantification of the growth is possible only performing for each microorganism a calibration that correlates the NDVI changes with biomass concentration, the increase of NDVI value over time still provides a reliable indication of cells growth. Combining the SLS capacity to simulate different emission spectra of stars to the RDS it will be possible to detect in the tested microorganisms the so-called “red edge”. This is a spectral feature that appears as a bump in the reflectivity beyond 700 nm, typical of all photosynthetic oxygenic organisms (Kiang et al., 2007), that has become the most promising surface biosignature to search for oxygenic life on remote exoplanets. Recently, many Earth-like exoplanets have been found orbiting M-dwarf stars, with notable examples being the TRAPPIST-1 planet system and Proxima Centauri b (Anglada-Escudé et al., 2016; Gillon et al., 2017). As these stars are characterized by a low emission in the visible and larger contributions in the far red and infrared, compared to the Sun, it is still under debate if the adaptation to such a light spectrum could trigger a shift in the red edge (Takizawa et al., 2017) generated by photosynthetic organisms. With our setup, it will be possible to assess the response of various terrestrial organisms to this simulated illumination. During these experiments, combining the SLS with the ASC, it will be also possible to test the oxygenic photosynthetic organisms’ performances and to analyze their impact on different atmospheric compositions, such as primeval ones, lacking oxygen. This facility represents a new frontier in simulation and remote sensing detection, and it could contribute to define the physico-chemical limits of oxygenic photosynthesis of terrestrial organisms and their physiological responses to beyond-earth conditions. Data on growth and gas exchange rates, biomass production, will be seminal for the development of bioregenerative life support systems. Final aims in the field of space exploration will be those of producing surface and atmospheric biosignature databases, that will be an important reference when future space missions will begin to deliver atmospheric composition and surface reflectance data about extrasolar planets.
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Recent advances in the routine access to space along with increasing opportunities to perform plant growth experiments on board the International Space Station have led to an ever-increasing body of transcriptomic, proteomic, and epigenomic data from plants experiencing spaceflight. These datasets hold great promise to help understand how plant biology reacts to this unique environment. However, analyses that mine across such expanses of data are often complex to implement, being impeded by the sheer number of potential comparisons that are possible. Complexities in how the output of these multiple parallel analyses can be presented to the researcher in an accessible and intuitive form provides further barriers to such research. Recent developments in computational systems biology have led to rapid advances in interactive data visualization environments designed to perform just such tasks. However, to date none of these tools have been tailored to the analysis of the broad-ranging plant biology spaceflight data. We have therefore developed the Test Of Arabidopsis Space Transcriptome (TOAST) database (https://astrobiology.botany.wisc.edu/astrobotany-toast) to address this gap in our capabilities. TOAST is a relational database that uses the Qlik database management software to link plant biology, spaceflight-related omics datasets, and their associated metadata. This environment helps visualize relationships across multiple levels of experiments in an easy to use gene-centric platform. TOAST draws on data from The US National Aeronautics and Space Administration’s (NASA’s) GeneLab and other data repositories and also connects results to a suite of web-based analytical tools to facilitate further investigation of responses to spaceflight and related stresses. The TOAST graphical user interface allows for quick comparisons between plant spaceflight experiments using real-time, gene-specific queries, or by using functional gene ontology, Kyoto Encyclopedia of Genes and Genomes pathway, or other filtering systems to explore genetic networks of interest. Testing of the database shows that TOAST confirms patterns of gene expression already highlighted in the literature, such as revealing the modulation of oxidative stress-related responses across multiple plant spaceflight experiments. However, this data exploration environment can also drive new insights into patterns of spaceflight responsive gene expression. For example, TOAST analyses highlight changes to mitochondrial function as likely shared responses in many plant spaceflight experiments.
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Introduction

As a possible integral feature of life support systems, plants offer the potential to provide food, replenish the air, filter water, and improve the mental health of the crew during long-duration missions in space. Therefore, at a practical level, plants are being intensively studied to assess their ability to adequately fulfill these roles in the spaceflight environment [reviewed in (Wheeler, 2017)]. In addition, a growing number of plant spaceflight studies are addressing the quest for fundamental knowledge about how plant biology operates. Thus, the spaceflight environment provides conditions that are inaccessible on Earth, such as growth in microgravity and exposure to cosmic radiation, providing a unique opportunity to dissect responses under conditions that plant biology has not encountered during its evolutionary history [reviewed in (Vandenbrink and Kiss, 2016; Paul et al., 2013a)].

These studies are now generating extensive characterizations of the responses of diverse plant species to spaceflight. As part of the output from this research, there is an ever-increasing set of genome-scale analyses that range from transcriptomics [e.g., (Kwon et al., 2015; Johnson et al., 2017; Paul et al., 2017; Choi et al., 2019; Herranz et al., 2019; Vandenbrink et al., 2019)] and proteomics [e.g., (Mazars et al., 2014; Ferl et al., 2015; Basu et al., 2017)] to epigenomics [e.g., (Zhou et al., 2019)]. These datasets help catalog the plant response to growing in space. For example, the omics database maintained by The National Aeronautics and Space Administration’s (NASA’s) GeneLab program (GeneLab, 2019) contains, at the time of writing, data from over 200 spaceflight-related experiments, with about 20 plant-focused studies, mainly from research conducted using the Space Shuttle and International Space Station. In addition, similar spaceflight and related data from e.g., the Japanese, Chinese, and European space agencies have been deposited in a range of other publicly accessible data repositories such as NCBI GEO (Barrett et al., 2013) and the European CATdb (Gagnot et al., 2008). Each experiment has multiple spaceflight samples and often compares the responses of wild-type and mutants in spaceflight to parallel ground-based controls performed on the Earth. Research groups have then mined, e.g., the patterns of transcriptional change seen in individual experiments to reveal potential underlying plant responses to spaceflight. Thus, changes in the expression of heat shock proteins [e.g., (Zupanska et al., 2013; Johnson et al., 2017; Li et al., 2017; Choi et al., 2019)], cell wall peroxidases [e.g., (Correll et al., 2013; Kwon et al., 2015; Zhang et al., 2015; Johnson et al., 2017; Choi et al., 2019)], and a general response to oxidative stress [e.g., (Sugimoto et al., 2014; Choi et al., 2019)] have all emerged as response signatures identified in some, but not all, plant spaceflight transcriptomes. However, the scale of the available data now poses challenges when making such comparisons between diverse experiments. Thus, (1) the datasets are distributed across multiple repositories, posing potential issues with accessibility and interoperability, (2) the bioinformatics-based analytical approaches used between published studies are often very different, making robust comparisons of differences drawn from the literature challenging, (3) the sheer scale of the data makes it hard to perform more than a few comparisons between experiments before its volume becomes limiting, and (4) it is often difficult to present these kinds of broad-scale comparative analyses in a visually accessible, intuitive manner for use by a broad scientific audience.

To address these challenges, we have developed the Test Of Arabidopsis Space Transcriptome (TOAST; a compilation of the abbreviations and terms used throughout, along with a brief definition of each is presented as a glossary in the Appendix) database. TOAST uses a database management software called Qlik (Qlik Technologies Inc., King of Prussia, PA, USA) to aggregate and visualize plant spaceflight omics-level data from multiple repositories. It applies a uniform set of analytical steps to the data and makes visualization of massive datasets accessible, allowing for interactive comparisons between experiments. The database also provides links to experiment metadata and a suite of online tools to enhance the scope of potential further analysis. In this publication we present an overview of the TOAST database and provide examples of how it can both validate previously published inferences as to likely spaceflight-imposed stress responses and mine across the plant spaceflight transcriptomics data to facilitate the generation of new hypotheses.



A Broad Set of Available Data Underlies the TOAST Data Exploration Environment

As a first step toward designing a comprehensive tool for the analysis of plant spaceflight omics-level data, we categorized the breadth of data available to support such an exploration environment. As most studies have generated transcriptomics data, we have focused on these datasets, although the TOAST database also includes the currently few available proteomic (Mazars et al., 2014; Ferl et al., 2015; Basu et al., 2017) and epigenomic (Zhou et al., 2019) plant spaceflight datasets. NASA's GeneLab program maintains a publicly accessible data repository that brings together a large amount of such genome-scale spaceflight data (GeneLab, 2019). Although the GeneLab site has the highest density of these kinds of spaceflight-related datasets, the global spaceflight research community has deposited a large amount of data generated by similar genome-scale experiments in other data repositories such as NCBI-GEO (Barrett et al., 2013) and CATdb (Gagnot et al., 2008). Figure 1 presents an analysis of the spectrum of plant species and experimentation available for incorporation into a plant-focused data exploration environment (see Supplementary Table 1 for the source list of the plant biology data repositories). The most highly researched plant is Arabidopsis thaliana, being the predominant plant model for molecular analysis, with the Col-0 ecotype most frequently chosen for spaceflight experimentation. Rice [Oriza sativa; (Jin et al., 2015)], mizuna [Brassica rapa; (Sugimoto et al., 2014)], and the fern Ceratopteris richardii (Salmi and Roux, 2008) have also been the focus of similar molecular analysis. Figure 1A breaks down the available data into species and genotype versus analytical approach (e.g., microarray or RNAseq technologies), showing that the majority of the available data has been generated using Affymetrix microarrays or Illumina-based RNAseq to monitor patterns of gene expression. Figure 1B further shows that although the predominant sample analyzed in multiple plant spaceflight experiments is the whole seedling, data is available from several experiments using cell cultures and from individual organs dissected after the plants had been grown in space.




Figure 1 | Publicly available spaceflight transcriptomics datasets. (A) Relationships between species, ecotype, genotype (i.e., mutant or wild type) growth environment and assay technique for datasets from plants experiencing spaceflight. (B) Relationships between species, ecotypeand genotype versus the tissue or organ type that was sampled to generate the tspaceflight-related transcriptomics dataset. Col-0, Columbia ecotype of Arabidopsis thaliana; Ws, Wassilewskija ecotype; Ler, Landsberg erecta ecotype; Cvi, Cape Verdi Islands ecotype; mutants of Arabidopsis: phyD, Phytochrome D; arg, Altered Response to Gravity; act2, Actin 2; phyD, phytochrome D; hsfa2, heat shock factor a2, Wt, wild type; BRIC, Biological Research in Canister; ABRS, Advanced Biological Research System; EMCS, European Modular Cultivation System.



This survey of the available plant biology spaceflight-related data suggested to us that there is a strong base of publicly accessible, genome-level datasets with which to populate a database designed to help visualize and compare between plant spaceflight experiments. For example, there are multiple experiments using similar species and analyzing similar tissues; transcriptomics data for Arabidopsis is particularly extensive. We set a minimum criterion for inclusion in the initial iteration of TOAST to be studies where statistically rigorous analyses can be applied. This approach means datasets are required to contain three or more biological replicates and at present only spaceflight experiments on Arabidopsis and rice fulfill this requirement. We have therefore imported all of the available, replicated Arabidopsis and rice plant spaceflight datasets into the TOAST database. In addition, we have added a series of ground-based datasets addressing spaceflight-related factors, such as effects of increased radiation or exposure to oxidative stress on Earth as the foundation with which to build the TOAST exploration environment (these datasets are summarized in Supplementary Table 1).



TOAST Design Philosophy and Data Structure

As noted above, the underlying software engine behind TOAST is the Qlik Associative Engine (Qlik Technologies Inc., King of Prussia, PA, USA). We chose to use Qlik as it not only provides the tools to develop and administer the underlying relational database but also allows the user to readily see what other information in the database is associated with their current query via a software feature built into QLIK named the Qlik Associative Data Engine. In addition, Qlik integrates graphic visualization packages that allow intuitive, interactive exploration and analysis of the data. Such tools help ensure the data will be more readily accessible not only to plant space biology researchers and bioinformaticians but also to a much broader community, including non-specialists and students.

Data was therefore imported into a Qlik-managed database (Supplementary Table 1) to generate the associative database outlined in Figure 2 that forms the foundation of TOAST functionality. However, the various data sources use a variety of indices for gene identification that range from Affymetrix microarray probe name (i.e., the Affymetrix microarray technology's specific technical name for the DNA probe used to identify a particular gene) to Arabidopsis Genome Initiative (AGI) locus codes [i.e., unique gene identifiers assigned by the consortium of researchers forming the Arabidopsis Genome Initiative; (Kaul et al., 2000)]. We therefore first re-indexed all the datasets to use Entrez gene identifiers (Maglott et al., 2011). Entrez is the National Center for Biotechnology Information (NCBI)'s database for gene-specific information and it assigns gene identifiers, or codes, that uniquely identify a particular gene. The advantage of these identifiers in tracing a gene from one dataset to another is that they form a uniform, well-curated indexing system specifically developed to be applied across all organisms. Entrez gene names uniquely identify individual genes and importantly, the system has been developed to expand as new genes are identified. Thus, re-indexing the gene identifiers in TOAST from the varied standards used in the imported datasets to their Entrez identifiers served several purposes: (1) it allows for comparisons within the TOAST database via a uniform labeling system, (2) it facilitates data exchange with other databases and analytical tools, anchoring the data to the global Entrez standard, and (3) it builds scalability into the database architecture as Entrez identifiers are designed to provide a standard for indexing all current and future documented genes.




Figure 2 | Database structure underlying TOAST 4.5. Each dataset within TOAST includes a series of pre-computed factors for each gene: minimally including fold-change, P-value, Q-value, and a yes/no value for whether the fold-change for each gene is significant at P < 0.05. These pre-computed values greatly speed the real-time processing of interactive visualizations within the TOAST user interface. The identifiers in the raw data, such as Transcript ID from RNAseq, Probe ID for Microarray, or TAIR ID are translated to their unique Entrez and Ensembl IDs to allow for uniform indexing within TOAST itself and to facilitate passing of analyzed data produced by TOAST analyses to exterior sites and tools. Within TOAST, the strings of molecular ID's from a dataset are both directly transferred to a series of data visualization and exploration tools and are imported into a series of analytical packages accessing a range of databases that have been imported into the TOAST environment. These databases include: the Genome Ontology (GO) consortium databases that allow analysis of the relationships between gene lists of interest and known biological processes, the SUBA4 database which catalogs predicted subcellular locales for each gene, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database that analyzes relationships to known cellular pathways, and Ensembl's Orthologous Matrix database, allowing TOAST to make comparisons between species. The outputs of these analytical modules are then passed to TOAST's interactive data visualization tools to help explore each dataset. Results from the visualizations are in turn returned as lists of Gene IDs to allow for reiterative analyses.



If the original authors' data structure matched that of our database model (minimally, fold-change, P-value, Bonferroni corrected Q-value), we imported their analysis that incorporated their statistical models for calculating P- and Q-values. However, some of the publicly available microarray dataset analyses lacked some of these minimum requirements (most typically missing a statistical analysis of significance of reported changes) and so had to be reprocessed for incorporation into TOAST. For this reanalysis (exclusively Affymetrix ATH1 microarray data), we used R-studio codes provided courtesy of NASA's GeneLab. R is a programming language widely used in the statistical analysis of scientific data (https://www.r-project.org/about.html) and R-studio is commercially produced software that aids with the development of programs using R (R-Studio Inc. Boston, MA, USA). These R-studio codes were customized for each experimental design to provide the required fields of fold-change, P-, and Bonferroni corrected Q-values using Robust Multichip Average (RMA) quantile normalization (Irizarry et al., 2003), a technique that accounts for variation across multiple microarray chips used in these analyses. These codes can be found at https://github.com/dr-richard-barker/NASA-GeneLab-MicroArray-Codes. Further analysis was then performed on the imported data from Arabidopsis Affymetrix and CATMA microarrays and rice Affymetrix microarrays, converting probeIDs to Entrez gene identifiers. RNAseq data was reprocessed by importing the raw FASTQ files (i.e., the files containing the nucleotide sequences identified by the sequencing machine) into CyVerse [the cloud computing infrastructure supported through the National Science Foundation's Directorate of Biological Sciences; (Merchant et al., 2016)] and then analyzed using a series of software steps (analysis pipeline) of: HiSAT to first generate BAM files from the FASTQ files. BAM, or Binary compressed sequence Alignment Map files contain information on the alignment of each read from the sequencing machine to the genome. BAM files were then processed by the BAMtoCounts software package to create a counts matrix that holds the number of reads that have mapped to a particular transcript. Finally differential expression analysis for each transcript was calculated using the DESeq/EdgeR approach (Love et al., 2014) as part of the iDEP R-Shiny application. iDEP is a software package for the R programming language designed to process genetic data. iDEP uses R-Shiny, a further R software package that allows for easy development of interactive web-based applications (Ge et al., 2018). Fragments per kilobase of transcript per million mapped reads (FPKM) and counts per million reads mapped (CPM) were calculated as described in Choi et al. (2019).

We used the TAIR10 annotation that describes genetic loci within the Arabidopsis thaliana genome sequence (Lamesch et al., 2012) and the associated genes were linked to Gene Ontology (GO) molecular function and biological processes databases that catalog the annotated functions and processes linked with each genetic locus. These GO descriptions allow testing of whether genes annotated as being associated with specific molecular functions or biological processes are over represented in a particular dataset (Ashburner et al., 2000; Carbon et al., 2019). Consensus sub-cellular location predictions were imported from the SUBA4 subcellular locale database (Hooper et al., 2017). SUBA4 uses multiple weighted lines of empirical evidence for protein localization in addition to aggregating subcellular targeting predictions from >20 programs, providing a broad-scale survey of likely subcellular association for the protein product of each transcript. As these databases use a variety of gene identifiers for their indexing, a table was developed within the Qlik database to translate between these various identifiers and the Entrez indexing within TOAST. This matrix linked the TAIR AGI with the associated Affymetrix microarray Probe IDs, RNAseq transcript IDs, along with associated Ensembl ID [imported from the Ensemble BioMart plant database; (Zerbino et al., 2018)], Entrez ID and if available, the Gene Symbols (i.e., the commonly used gene name). Rice cell culture microarray results from the Shenzhou 8 mission (Kindly provided by Dr. Peipei Xu, Shanghai Institute of Plant Physiology and Ecology and Dr. Weiming Cai, Chinese Academy of Sciences) were also integrated into TOAST. To allow comparison to the Arabidopsis data, we adopted an orthologous matrix (OM) database-driven approach. Thus, the Ensembl genome database project (Kersey et al., 2018) has developed software to analyze the structure of the genomes of different organisms to identify genes between species that originated from a common ancestral gene prior to speciation [i.e., orthologous genes; (Altenhoff et al., 2018)], allowing researchers to ask if, e.g., transcriptome responses between species reflect similar patterns of classes of gene expression. To allow such comparisons within the TOAST database, we needed to be able to translate rice microarray probe IDs to orthologous Arabidopsis gene identifiers. We therefore imported the OM table from Ensembl, i.e., the table that links the rice and Arabidopsis orthologs through their Ensembl gene IDs. We then linked the rice microarray probe IDs provided in the imported rice datasets within this table to their corresponding Ensemble IDs, allowing mapping between the Arabidopsis and rice orthologs.



The TOAST User Interface

Figure 3 shows the web interface for TOAST, which launches as an overview menu of dashboard icons. Clicking on the first few dashboards links to introductory materials about space or Arabidopsis research providing an entry point for the non-specialist. Most of the remaining icons are links to datasets from individual experiments. The design of each icon gives quick visual information on the nature of the experiment (spacecraft, plant type, hardware, assay type) and clicking on the icon opens the particular dataset. The final set of icons represent links to online tools that can be used to further analyze the results emerging from using the TOAST database. The linked tools are summarized in Supplementary Table 2.




Figure 3 | The TOAST 4.5 user interface. (A) The web interface for TOAST launches an overview menu of dashboard icons allowing the user to directly access the introductory materials, omics data, and related analysis tools. (B) Each icon provides a visual summary of the data or tools that it links to including elements such as spaceflight vehicle (e.g., Shuttle, ISS, Shenzou vs ground-based experimentation), the growth hardware used, plant/seedling vs cell culture experiment, RNAseq vs microarray vs proteomics, species and ecotype and dataset identifier (e.g., GLDS number).



Within TOAST, each dataset is presented to the user as an interactive dashboard with Log10-fold change and measure of statistical significance (P-value) provided for each locus as shown in Figure 4. We have used P- rather than Q-value as our initial metric of significance to provide as broad an overview of significantly differentially expressed genes as possible. Q-values are corrected P-values that take into account the cumulative errors that occur when making multiple tests of significance within a large dataset. The Q-value is available in the downloadable data tables (see below), allowing users to apply this more stringent statistical metric as needed. Volcano plots (plots of fold-change versus statistical significance of that change for each gene ID) were chosen as the main way to visualize both the statistical analysis and the degree of gene induction or repression. A side table displays the gene identifier, the gene symbol, the fold-change and P-value and Q-value for each locus. The user can toggle on and off the P-value statistical significance filters on the volcano plot to rapidly assess the strength of the inferences to be drawn from the results that they are visualizing. All of these data can also be downloaded and used with a range of other databases that are linked in the TOAST overview menu (Figure 3). TOAST 4.5 includes a GO database (Ashburner et al., 2000; Carbon et al., 2019) that provides real time feedback on the ontology of the subsets of genes selected. Tabs above the interactive bar charts allow access to four main types of annotation: GO Molecular function (16,504 categories), GO Cellular component (15,383 categories), GO Biological process (15,644 categories), and Kyoto Encyclopedia of Genes and Genomes pathways [KEGG; (Kanehisa et al., 2017)]. KEGG is a widely used database that categorizes genes into the cellular pathways in which they are involved. In addition, gene selections can be interactively compared against the AGRIS transcription factor database [1,851 loci; (Palaniswamy et al., 2006)], the TAIR10 microRNA database (Lamesch et al., 2012), or be filtered using a selection of over 60 manually curated gene families. A further selection allows comparison to known sites of spaceflight-induced epigenetic modification (Zhou et al., 2019). These filters are applied using a drop-down menu. NCBI PubMed links to any associated publication are also embedded alongside these data analysis tools to provide the critical context of the original published experimental descriptions and analyses (a summary of literature linked within TOAST is shown in Supplementary Table 1).




Figure 4 | Graphical user interface for typical dataset. Clicking on a volcano plot also activates an interactive graphical tool for manual selection of groups of genes of interest. *Defaults to showing 33.43K, i.e., all Entrez identifiers, until a filter or gene selection is applied. Inset, a lasso tool allows user selection of data points from volcano plot in addition to activation of filters such as on significance of change, KEGG Pathway, or GO annotation.



These data exploration features were implemented using D3 JavaScript software libraries executed within the Qlik environment, connecting the spaceflight data, its pre-computed statistics (Figure 2) and information on functional ontology. This system architecture facilitates user interaction with massive amounts of data in real time. Thus, as shown in Figure 5, the user selects a dashboard containing their initial dataset of interest. The software then allows them to interactively select genes or groups of genes either manually from the volcano plots, by filtering using gene ontology terms, or via a text-based interface as described above. As the user explores the data, they can apply further rounds of filtering and/or manual selection of groups of genes. These stacked filters spawn to all other datasets such that opening another dashboard of information on another experiment will show the equivalently filtered results. Further filtering of these newly opened data will, in turn, filter back on the original and all other datasets. This reiterative filtering approach allows the user to focus on an ever smaller number of genes selected by comparisons across multiple experiments. These results can be exported as a spreadsheet and/or passed to other web-based analytical sites linked within the TOAST interface.




Figure 5 | Overview of use of the TOAST 4.5 database. (1a) The user selects an initial study of interest and then can review the summary of its metadata to ensure it is the correct focus for study (1b). The dataset is then opened and (2) when the study is selected an interactive dashboard launches and the user has a direct link to any associated manuscript. Gene filtering: statistical (3a), gene ontology (3b), and other related functional filters can be applied to focus the number of loci being visualized in the volcano plot (3c) to genes of interest. In addition, the volcano plot itself can be interactively manually filtered using a graphical selection tool. All filters can be toggled on and off using selectable tabs at the top of the interface (3d). If an interesting subset of loci are selected the user can activate the download option (4a) and save the related data in word or xml format (4b). (5) The user can also perform further bioinformatic and statistical analysis with other online tools linked from the main user interface.





TOAST Metadata App

A custom metadata app is also incorporated as a tool for use with TOAST (https://astrobiology.botany.wisc.edu/astrobotany-toast/tutorial-metadata). This additional relational database provides data visualization tools that use the metadata associated with each dataset to find associations in factors such as experimental design parameters, hardware, and features of the spaceflight mission between different experiments in TOAST 4.5. GeneLab provides a rich array of metadata associated with its datasets. Most of the other non-GeneLab datasets incorporated into TOAST do not provide these kinds of metadata summaries and so we manually curated both the GeneLab and non-GeneLab datasets within TOAST 4.5 to provide equivalent metadata for all. These experiment-related factors are presented in Supplementary Table 3 and drive the visualizations presented in the metadata app. Figure 6A shows the main dashboard for the metadata app. Clicking on an icon launches the associated dashboard where interactive visualizations can, in turn, filter on the range of factors that are presented (Figure 6B). This architecture allows the user to explore commonalities in the available plant biology data in TOAST 4.5 ranging from lighting conditions, hardware or plant age at time of assay to analytical approach and even PI of the group performing the experiment (See Supplementary Table 3 for comprehensive list of factors). Within the app there are several places where “ROS meta-analysis variable” appears on the visualization. This description is used to denote that the data comes from a published meta-analysis of many publicly available microarray experiments related to responses to reactive oxygen species (ROS) called “The ROS-wheel” (Willems et al., 2016). Thus, for this particular comparative dataset there is not a single value of, e.g., for light level or plant age (as it is an aggregation of many individual experiments).




Figure 6 | Analysis of metadata within the TOAST 4.5. (A) Initial dashboards allow access to comparisons between a range of experiment-related factors such as lighting conditions, growth environment, and plant genotypes. (B) A typical dashboard for metadata exploration, in this case for light conditions and age of seedling. Preset filters for e.g., lab group performing the research and growth and radiation environments are available to the user and the identity of the filtered datasets is shown in the bottom left window.





Overview of the Plant RNAseq and Microarray Data Within TOAST 4.5

For the RNAseq data in TOAST, 42,220 transcript IDs are assigned to one of 37,019 distinct TAIR10 gene models. However, only 33,550 transcripts were detected within the data imported into TOAST 4.5 as being expressed either on Earth or during spaceflight. For microarrays, TOAST 4.5 links data gathered from 22,810 Arabidopsis Affymetrix probes IDs, 7,370 CATMA probe IDs, and 75,070 rice probe IDs. For Arabidopsis, the 42,220 Entrez loci ID's are associated with 13,750 detected proteins and, if it has been assigned, to one of the 25,270 Gene Symbols [drawn from the TAIR and ATTED II (Obayashi et al., 2018) gene databases combined]. For rice, 75,000 Affymetrix probe IDs are linked to the Arabidopsis Ensembl ID as described above. Note, in some microarrays a subset of the probes used have the potential for cross-hybridization and so to report on multiple gene responses. Similarly, many microarrays have redundant probes for each gene (e.g., in addition to gene unique probes, the ATH1 microarray also has 309 probes that redundantly monitor 148 genes). Where we have imported the original authors' analyses, we have used their approach to identifying and filtering these effects. When we had to reanalyze a dataset to conform to our requirements of presenting fold-change and P- and Q-values, then where a probe was identified as showing potential cross-hybridization effects, we have assigned a gene ID with both gene identifiers. Thus, e.g., a data point derived from a potentially cross-hybridizing probe represented on a volcano plot of fold-change versus significance would simultaneously show both gene IDs. For redundant probes, it is known that these often do not agree on expression levels (Cui and Loraine, 2009). This is likely due to the fact that each probe hybridizes to a different point on the gene and so effects such as differential splicing of that gene will cause probes to behave differently in the gene expression analysis. To be as inclusive as possible, the maximum value amongst each redundant probeset was therefore used.

Most of the microarray data within the TOAST database is associated with the Affymetrix ATH1 chip, with Illumina-based RNAseq being the second most regularly used approach. For these experiments, Arabidopsis seedlings were grown under a range of growth hardware and lighting conditions. Experiments in the Biological Research in Canisters (BRICs) produced dark-grown samples in cassettes (Petri dish fixation units, PDFUs) that are sealed prior to launch [e.g., (Kwon et al., 2015; Basu et al., 2017; Johnson et al., 2017; Zupanska et al., 2017; Choi et al., 2019)]. Light-grown material was produced in the European Modular Cultivation System [EMCS, with variable RGB lighting and atmospheric and temperature control, e.g., (Correll et al., 2013; Herranz et al., 2019; Vandenbrink et al., 2019)], in SIMBOX [Science in Microgravity Box, LED lighting, e.g., (Fengler et al., 2015)], and in Petri dishes under 24 h LED light in the Veggie hardware [e.g., (Beisel et al., 2019)] or in the Advanced Biological Research System [ABRS, LED lighting; (Paul et al., 2013b)]. Both the EMCS and SIMBOX have a centrifuge, providing the capability for an extremely informative on-orbit 1 x g control [and for investigating other fractional g environment, e.g., (Correll et al., 2013; Fengler et al., 2015)]. The WS ecotype has been grown in the BRIC, ABRS, Veggie, and in Petri dishes attached to the ISS cabin wall (in both dim diffuse light and in total darkness). Thus, as data from a wide range of experiments has been imported into TOAST, it is important to assess the likely impact of features such as hardware, tissue samples, and seedling age when making comparisons between datasets. For example, differences in atmospheric control and lighting may have important influences on plant responses. Thus, plants grown in the BRIC (darkness, sealed system) might show altered hypoxic response when compared to those in the EMCS (lighting and atmospheric control). Careful attention to the parallel ground controls and, if available, on-orbit centrifuge data are critical to helping understand the extent of such effects. In addition to hardware and growth environment, some specific data features may also impact user analyses. For example, the Ler-0 ecotype was grown in both the EMCS and BRIC but the fact that different microarray technologies [Agilent vs Affymetrix; (Correll et al., 2013; Johnson et al., 2017)] were used in each study needs to be taken into account when making comparisons. This is because results from these different measurement approaches, even when applied to replicate samples have been reported to differ in some cases [e.g., (Del Vescovo et al., 2013)]. Similarly, during the ABRS APEX01 study, Col-0 and WS samples were combined and then separated into roots, stems, and leaves for transcriptional analysis (Paul et al., 2013b). Therefore, when using these datasets allowance for the mixed ecotypes in the sample would need to be made.

In addition to seedlings, cell cultures have been subjected to spaceflight. Thus, Zupanska et al. (2013) compared Arabidopsis seedlings and wild type cell cultures grown in the dark within the BRIC. Subsequent spaceflight experiments saw comparisons between wild-type Arabidopsis cell cultures and those with mutations in the genes for ALTERED RESPONSE TO GRAVITY 1 (ARG1; a well-studied Arabidopsis gene related to gravity sensing) and HEAT SHOCK FACTOR 2a [HSF2a; a key heat shock response-related transcriptional regulator; (Zupanska et al., 2017; Zupanska et al., 2019)]. Fengler et al. (2015) also flew Arabidopsis and rice cell cultures in the SIMBOX hardware on the Shenzhou-8 spacecraft. Interestingly, despite a large number of differences in the methodologies used in the preparation of the Arabidopsis cell cultures between these various experiments (notably culture age and hardware), TOAST analysis identifies three genes that are significantly differentially expressed in all sets of experiments (AT5G48560, CRY2-INTERACTING BHLH 2; AT1G73260, KUNITZ TRYPSIN INHIBITOR 1, and AT2G15220, a basic secretory protein family member). The sharing of such responses across multiple cell culture spaceflight experiments implies these changes in transcription may be linked to a common element of the spaceflight environment that impacts a physical factor related to spaceflight at a cellular-level. Facilitating such rapid, comparative analyses is a major focus of the TOAST 4.5 architecture.



Non-Spaceflight Datasets Within TOAST

Many ground-based analyses are relevant to specific aspects of the spaceflight environment. Therefore, several non-spaceflight datasets have been added to the TOAST database to aid with these comparative analyses. Thus, as you move further from the protection of the Earth's magnetic field radiation levels experienced by biological systems increase. Studies using ATH1 microarrays that study radiation effects on plants are therefore also included within TOAST. In these ground-based experiments, wild-type WS seedlings and mutants compromised in DNA repair (atm-1, atr-1) were treated with both gamma photons and high-charge, high-energy (HZE) radiation and their transcriptional response monitored (Culligan et al., 2006; Missirian et al., 2014). These studies provide fingerprints of transcriptional response to both increased radiation and increasing levels of DNA damage for comparison to the changes seen in spaceflight datasets.

Likewise, data from Arabidopsis cell cultures grown while either experiencing magnetic levitation or growth on random positioning machines (Manzano et al., 2012) are also included in TOAST 4.5. These two techniques have been used to mimic elements of the spaceflight environment such as reduced contact with the substrate and disruption of directional cues normally derived from 1 x g on Earth, providing further useful comparisons to spaceflight responses. These gene expression datasets were obtained using the CATMA microarray technology and so some care should be taken when making comparisons to data from experiments using the ATH1 Affymetrix microarray as these two technologies are not identical and e.g., the data from the CATMA arrays was analyzed using the slightly older TAIR9 genome annotation to assign gene IDs (Lamesch et al., 2012).

The BRIC hardware is one of the most widely used plant growth systems for spaceflight and so TOAST also contains a dataset related to growth of plants in the BRIC hardware on Earth to help provide context for analyses in that particular piece of equipment (Basu et al., 2017). Many spaceflight samples are also preserved on orbit in the chemical fixative RNAlater and so TOAST includes a dataset on the effects of RNAlater on Arabidopsis seedlings (GLDS-38). In addition, as there are several spaceflight studies that present data on root responses to spaceflight, a root tip transcriptome (Krishnamurthy et al., 2018) and root tissue gene expression mapping (Birnbaum et al., 2003) are also included for comparative analyses.

It is important to note that the ground-based studies incorporated into TOAST are not an exhaustive survey of the publicly available datasets but are intended as an entry point for such comparative analysis. A summary of the non-spaceflight datasets incorporated into TOAST 4.5 is presented in Supplementary Table 1.



TOAST Confirms and Extends Previous Transcriptome Analyses

Oxidative stress has been highlighted as a likely spaceflight-related response in multiple experiments. Therefore, TOAST 4.5 also includes datasets/dashboards for comparative “ROS wheel” analyses. The ROS wheel (Willems et al., 2016) is a meta-analysis of 79 Affymetrix ATH1 microarray studies related to Arabidopsis redox homeostasis experiments. It provides a comprehensive overview of ROS and oxidative stress-related transcriptional signatures, allowing TOAST to filter for ROS-related events within spaceflight datasets. For example, Choi et al. (2019) noted the “high light early” oxidative stress signature from the ROS wheel as a common feature of the responses of Arabidopsis in the BRIC-19 spaceflight experiment. “High light early” is one of the groupings (clades) of response defined in the ROS wheel analysis and refers to the common ROS-related transcriptional signature seen in a set of experiments all exposing plants to a high light intensity stress for between 30 min and 2 h. Figure 7 shows that reanalysis with TOAST confirms this patterning with ~⅓ of the genes significantly altered in spaceflight in Col-0 in the BRIC19 experiment also being significantly modulated in the ROS wheel “high light early” response clade. The power of these comparative approaches is shown using TOAST to perform similar analyses on other spaceflight transcriptomes. Thus, in (Beisel et al., 2019); the APEX3-2 experiment (GLDS-218; using the Veggie hardware and Arabidopsis Col-0 ecotype) TOAST analysis reveals that at 4 days of growth on orbit, 533 of the significantly differentially expressed genes in the root in response to spaceflight were also seen in the “high light early” clade of the ROS wheel. This pattern is reiterated through the time-course of the experiment (day 8, 295 transcripts and at day 11, 29 in the root and 265 in the shoot tissues). Analyses across other spaceflight experiments (Supplementary Table 4) shows that such regulation of “high light early” genes is seen in many flight experiments using whole seedlings. Interrogation with the metadata app shows these experiments mostly include plants grown in the dark, suggesting that while the triggering of a “high light early” oxidative stress pathway may be a common response of plant biology to some feature of the spaceflight environment, this is unlikely to be due to high light levels.




Figure 7 | TOAST confirms the “high light early” ROS response from spaceflight data. The “high light early” clade in the ROS wheel analysis represents 8.87K transcripts from a total of 21.33K transcripts detected, or 41.5% of all transcripts.





Cross-Species Analyses Using TOAST

TOAST 4.5 also allows for seamless cross-species comparisons that offer the possibility to reveal fundamental elements of plant biology response to spaceflight. For example, when we used TOAST to compare the significantly differentially expressed genes in rice cell cultures grown on the Shenzhou 8 spacecraft with the Arabidopsis cell cultures from the same flight, 483 orthologous loci were identified (filtering on P-value <0.05, Q-value < 0.05 and for genes mapping to unique Ensembl gene Identifiers; Supplementary Table 5). The expression of, for example, genes encoding receptor-like kinases thought to be involved in response to pathogens were altered in both species, indicating that spaceflight-induced changes in the response system to biotic stress might be a conserved plant spaceflight response. Importantly, these samples were grown under sterile conditions on orbit, suggesting these responses were triggered without pathogen stimulus. In addition, both cell cultures showed changes in the expression of genes related to cell wall structure, a theme already highlighted in several reports on Arabidopsis seedlings grown in spaceflight [e.g., (Choi et al., 2014; Kwon et al., 2015; Johnson et al., 2017)] and readily discernable as a transcriptional pattern from TOAST analyses of these same spaceflight samples. Comparison between the datasets from these cell culture samples grown under microgravity with those in the 1 x g on-orbit centrifuge control module within the SIMBOX hardware of this experiment showed 111 of the genes that were significantly differentially expressed in spaceflight vs ground controls in both Arabidopsis and rice cultures were also differentially expressed in the flight vs 1 x g centrifuge (Supplementary Table 5). That is, these genes were most likely not responding to the microgravity component of the spaceflight environment (which is nullified by centrifugation). Thus, some other feature(s) of spaceflight, such as increased background radiation or the development of microgravity-induced hypoxia [e.g., (Choi et al., 2019)] may be affecting this particular response.



TOAST: Survey of Spaceflight Responsive Genes Implies Alterations in Mitochondrial Function

Manual inspection of the subcellular locations presented in the TOAST interface suggested to us a potentially common element: mitochondria-related transcripts appeared to often be significantly altered in spaceflight samples. Therefore, to more closely identify possibly conserved spaceflight-related changes to mitochondrial function, 2,290 genes annotated as belonging to the “mitochondrion” were selected using the “GO subcellular location” tool embedded in TOAST's graphical user interface as shown in Figure 8A. Using this filter, significantly differentially expressed genes (P < 0.05) were acquired from the analyses of Arabidopsis Col-0 plants grown in space in either light or dark conditions. In total, 1,233 unique differentially expressed mitochondrial genes were identified from the following light-grown experiments: root tips in CARA (GLDS-120), roots from both four and 8 day old seedlings cultivated in APEX-03's Veggie growth system (GLDS-218), the elongation zones of seedlings (GLDS-208), and undifferentiated cell cultures flown in Shenzhou 8's SIMBOX plant growth hardware (Fengler et al., 2015). Figure 8B shows that of these 1,233 differentially expressed transcripts, 382 were identified as being shared between at least two datasets, with eight genes being shared across all four experiments (Supplementary Table 5). When further comparisons were made using different sample times or assay types as a further distinction within these data (Figure 8C), only one gene, alternative Oxidase 1A (AOX1A) was found to be common amongst the significantly differentially expressed genes in all conditions of the four selected experiments. These results suggest analysis of plant mitochondrial functioning during spaceflight may be a fruitful area of research. Indeed, Sugimoto et al. (2014) previously identified an alternative oxidase in mizuna grown on the ISS in the Lada growth chamber (i.e., in the light) as showing 9.2-fold induction during spaceflight. While the majority of the selected experiments report induction of AOX1A, instances of repression were also identified in roots extracted from four day and 8 day old seedlings grown in APEX-03's Veggie growth system.




Figure 8 | Analysis of mitochondrion-related genes altered by spaceflight. (A) Screenshot depicting an example of a user's interaction with the TOAST graphical user interface to define mitochondrion-related transcripts. (B) Using TOAST for iterative filtering of differentially expressed genes across multiple spaceflight studies where plants were light grown. (C) More extensive analysis of the studies in (B) using differentiation within the individual datasets for different analytical approaches (microarray vs RNAseq) and for different analysis periods (4 days vs 8 days). (D) Similar analysis but for dark grown plant samples. (E) The effects of spaceflight on the alternative oxidase gene family in dark grown samples. Maximum likelihood tree of AOX gene family generated using ClustalW alignment with Mega-X software (www.megasoftware.net). Venn diagrams plotted using jvenn (Bardou et al., 2014).



Furthermore, AOX1A is significantly induced in both the SIMBOX “Flight Static” vs “Ground Static” analyses (i.e. samples grown in microgravity compared to ground controls), and in the ‘Flight Centrifuge' vs “Ground Static” comparisons (i.e., plants grown at 1 x g on orbit vs ground controls not in a centrifuge). However, no significant difference of expression is observed when comparing the “Flight Static” vs “Flight Centrifuge” environments. These results highlight the power of being able to make comparisons to an on-board 1 x g control. The data suggest that the induction of AOX1A in light-grown undifferentiated cells is likely not a microgravity-driven event but reflects some other aspect of the spaceflight environment, such as increased radiation exposure, possible development of hypoxia or altered fluid dynamics.

The datasets chosen for the TOAST analysis above that highlight AOX1A originate from experiments with samples grown under light. To explore whether the light environment might be playing a role in this suite of responses, several “dark-grown” spaceflight studies of the Col-0 ecotype were also selected using the TOAST metadata app: etiolated seedlings and undifferentiated cell cultures grown aboard BRIC19 (GLDS-37), BRIC20 (GLDS-38), BRIC16 (GLDS-17, GLDS-44), and etiolated root tips extracted from the CARA experiment (GLDS-120). Comparisons between these datasets revealed no commonly regulated genes (Figure 8D) and AOX1A was only significantly differentially expressed in the BRIC19 study in this analysis. Therefore, we examined the spaceflight-related transcriptional responses in the other members of the AOX gene family (Figure 8E). Indeed, other alternative oxidases are differentially expressed in these other “dark-grown” experiments, with each AOX gene being differentially expressed in at least one selected “dark-grown” study (Figure 8E). Given these altered expression patterns of members of the AOX family in multiple experiments, these results suggest that the regulation of alternative oxidases in response to spaceflight-associated stressors would be a strong candidate for future research studies.

Thus, this analysis in TOAST suggests a potentially widespread alteration in mitochondrial function in plants experiencing spaceflight, but many questions arise from these observations. Is an alternative oxidase pathway being triggered by spaceflight stress? Could mitochondrial dysfunction be a significant element in the oxidative stress responses seen in plant spaceflight data, as suggested e.g., for mammalian ocular tissues (Mao et al., 2013) or osteoblasts experiencing microgravity (Michaletti et al., 2017)? This kind of comparative data mining highlights the possibilities for hypothesis generation supported by the TOAST environment.

However, here it is important to note some of the limitations inherent in these kinds of analyses. For example, hypoxia is thought to be imposed during spaceflight by local oxygen consumption and associated depletion around metabolically active tissues. The reduced convective gas mixing inherent in microgravity (Porterfield, 2002) then lowers oxygen resupply leading to development of a depletion zone around these tissues. Such hypoxic stress would be an obvious potential modulator of mitochondrial function. Yet, hypoxic signatures do not readily emerge from GO analysis of the transcript profiles of the plant spaceflight datasets, yet hypoxia is a term that GO enrichment analyses can highlight. Thus, one possibility is that another, yet to be defined, physical element(s) of the spaceflight environment may act to drive these changes in mitochondrial function. However, the formation of hypoxic environments due to microgravity is likely to be very different from how hypoxia either develops naturally on Earth, or can be experimentally imposed in ground-based experimentation. For example, the steep local oxygen depletion zones that form in microgravity are more likely to be disrupted by convective gas mixing on Earth. This observation highlights one of the important caveats of relying strongly on GO analyses to understand spaceflight data. Gene ontology analyses match patterns of gene expression to those seen under particular conditions on Earth. Therefore, how well treatments on Earth mimic conditions developing during spaceflight may affect the sensitivity of such GO analyses for defining these spaceflight responses.

Similarly, it is important to ask how much batch effects might be superimposed on any particular analysis (Leek et al., 2010). Batch effects are where measurements are impacted by a non-biological treatment related factor that systematically changes the measurement. For example, for RNAseq, a batch effect might be differences in patterns of gene expression related to the day a particular set of samples was processed for sequencing rather than the biological treatment of the samples. For microarray analyses it could be differences imposed by different batches of microarray being used for different sets of samples. Batch effects can be complex to resolve but statistical approaches such as surrogate variable analysis (Leek and Storey, 2007; Leek et al., 2010) can be used on a case-by-case basis by the researcher to estimate the sensitivity of a particular dataset's analysis to these kinds of effects and so help build a case for the robustness of the analysis.



Conclusions

As the volume of spaceflight omics-level data increases, its power will lie in researchers' ability to mine both within and across multiple datasets. Such comparisons will provide an important source of hypotheses to then be experimentally tested. TOAST provides a data-rich environment with which to explore the commonalities and differences in the responses of plants to spaceflight and spaceflight-related environments in an accessible and intuitive format. The TOAST database has been released as a publicly available, web-based environment (https://astrobiology.botany.wisc.edu/astrobotany-toast) along with an online tutorial at https://astrobiology.botany.wisc.edu/astrobotany-toast/tutorial-metadata. At present, TOAST provides a tool to aid the plant biology community. However, the underlying TOAST architecture is biological kingdom agnostic; through use of orthologous matrix mapping, we are working to extend TOAST to facilitate similar data exploration across the wealth of biological systems that are being analyzed in spaceflight.
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The ability to grow safe, fresh food to supplement packaged foods of astronauts in space has been an important goal for NASA. Food crops grown in space experience different environmental conditions than plants grown on Earth (e.g., reduced gravity, elevated radiation levels). To study the effects of space conditions, red romaine lettuce, Lactuca sativa cv ‘Outredgeous,’ plants were grown in Veggie plant growth chambers on the International Space Station (ISS) and compared with ground-grown plants. Multiple plantings were grown on ISS and harvested using either a single, final harvest, or sequential harvests in which several mature leaves were removed from the plants at weekly intervals. Ground controls were grown simultaneously with a 24–72 h delay using ISS environmental data. Food safety of the plants was determined by heterotrophic plate counts for bacteria and fungi, as well as isolate identification using samples taken from the leaves and roots. Molecular characterization was conducted using Next Generation Sequencing (NGS) to provide taxonomic composition and phylogenetic structure of the community. Leaves were also analyzed for elemental composition, as well as levels of phenolics, anthocyanins, and Oxygen Radical Absorbance Capacity (ORAC). Comparison of flight and ground tissues showed some differences in total counts for bacteria and yeast/molds (2.14 – 4.86 log10 CFU/g), while screening for select human pathogens yielded negative results. Bacterial and fungal isolate identification and community characterization indicated variation in the diversity of genera between leaf and root tissue with diversity being higher in root tissue, and included differences in the dominant genera. The only difference between ground and flight experiments was seen in the third experiment, VEG-03A, with significant differences in the genera from leaf tissue. Flight and ground tissue showed differences in Fe, K, Na, P, S, and Zn content and total phenolic levels, but no differences in anthocyanin and ORAC levels. This study indicated that leafy vegetable crops can produce safe, edible, fresh food to supplement to the astronauts’ diet, and provide baseline data for continual operation of the Veggie plant growth units on ISS.
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INTRODUCTION

Crop production in space may be a necessary and desirable component of future exploration systems (MacElroy et al., 1992; Kliss et al., 2000). Fresh produce can be grown in situ to supplement a stored, packaged diet, and crops may provide beneficial nutrients as well as dietary variety. Veggie is a small plant growth chamber designed and built by Orbital Technologies Corporation (Now Sierra Nevada Corp., Madison, WI, United States) to grow vegetable crops in space (Morrow et al., 2005; Morrow and Remiker, 2009).

The first Veggie plant growth chamber was launched to the International Space Station (ISS) in April, 2014 along with eighteen plant (rooting) pillows for the VEG-01 experiment. Veggie is a simple plant growth facility that uses LED lights and fans to circulate ISS air through the plant growth volume. A transparent, extensible bellows attached to the light unit via magnets contains the growing plants and any debris, and directs air flow from the bottom of the canopy to the top of the growth volume (Figure 1). Screens remove large particles from the cabin air before it passes through the plant growth chamber, however, no level of filtration is present, so plants growing in Veggie are exposed to any microbial or chemical constituents present in the ISS environment. More details about the Veggie facility can be found in Massa et al. (2016). For the VEG-01 and VEG-03 demonstration tests, plants were grown from seeds in plant pillows. Plant pillows are small growing bags that interact with a root mat water reservoir on the Veggie baseplate. Pillows contain a calcined clay substrate mixed with controlled release fertilizer and wicks for seed attachment. Surface sanitized seeds are glued into these plant pillow wicks, and pillows are packaged for flight under sterile air. Further details of seed and pillow preparation are provided by Massa et al. (2017b).


[image: image]

FIGURE 1. Veggie payload containing a crop of mature red romaine lettuce in Veggie pillows aboard the ISS with the light panel off (left) and red light panel on (right). Bellows are in the up position.


A major focus of our research in the past several years has been to identify crop candidates with high potential for dietary supplementation, given the constraints associated with the current space diet. Ongoing testing has indicated that some essential human nutrients are either deficient in the processed and pre-packaged space foods (e.g., potassium, Vitamin K) or may degrade to inadequate levels over the times required for long duration missions (e.g., Vitamin B1, Vitamin C) (Cooper, 2013). Several of these nutrients may be supplemented through fresh salad crops and will provide antioxidants and phytochemicals in a natural, whole-food form. Previous studies with salad crops have focused on combinations of environmental conditions (e.g., light, temperature, CO2 concentration) needed to optimize plant growth for space settings (Richards et al., 2004, 2006). While the macro nutritional value of crops was often evaluated in productivity studies (calories, protein, fats, and carbohydrates), micro nutritional data are limited (McKeehen et al., 1996; Wheeler et al., 1996, 1997). In order to utilize “pick-and-eat” produce such as the lettuce crops grown in VEG-01 and 03 as a supplemental food for space, nutritional assessment is essential. In this study we compare the nutritional quality of red romaine lettuce (Lactuca sativa, cv. Outredgeous) grown on ISS to ground controls grown under the same ISS environmental conditions including relative humidity, CO2 concentration and temperature. Within a Veggie chamber, conditions such as humidity and temperature can vary from ISS conditions outside the chamber, for example, the temperature and humidity inside the Veggie tend to be slightly elevated compared to the open cabin air. These differences may have an impact on the elemental, nutritional and microbiological components of the plant. Increased temperatures have been shown to decrease macronutrient content in red leaf lettuce while increasing flavonoids and phenolics (Sublett et al., 2018). Studies have shown that increased humidity initiates a positive response in biomass yield in many agricultural crops while concomitantly decreasing transpiration rate altering the uptake of water and some nutrients (Tibbitts, 1979; Gislerød and Mortensen, 1990).

Microbiological testing is an integral part of any food safety program to verify quality, production and proper handling processes but few studies exist for space grown plants (Hummerick et al., 2010). We conducted microbiological testing of Veggie-grown produce to understand potential risks to astronauts as consumers. Good agricultural practices and procedures are in place to minimize microbial contamination of crops grown in Veggie, and microbial testing is one tool to verify the effectiveness of these processes (Hummerick et al., 2011). Plant-growth conditions, the surrounding environment, mineral nutrition, and plant species can all influence the microbial populations living on plant surfaces (Lindow and Brandl, 2003). A variety of microorganisms can be found on fresh produce, most as part of the normal flora of the plant with no adverse effect on humans if consumed (Heaton and Jones, 2008; Leff and Fierer, 2013; Oyinlola et al., 2017).

Microbiological analysis can also provide insight on the microbial ecology (population density and types of bacteria and fungi) of Veggie-grown plants. The likelihood of contamination and growth of potential human pathogens on plants grown in Veggie is low since sterilization/sanitization of seeds, plant growth medium, irrigation water, and hardware can be controlled. However, if a contamination event were to occur, the risks to the crew of exposure to food borne pathogens could be increased considering the association of immune dysregulation to spaceflight (Borchers et al., 2002). Heterotrophic bacterial counts and the presence of Enterobacteriaceae that serve as an indicator of contamination of processed foods, irrigation water, and food processing surfaces are frequently present in raw foods like fresh produce making those tests irrelevant as risk indicators for fruits and vegetables (Heaton and Jones, 2008; Leff and Fierer, 2013). The microbial load on crops intended for consumption by astronauts presumably should fall within an acceptable range of microbiological standards set for food. Currently, however, there are no standards in place for microbial levels in fresh produce grown in space. The closest related NASA standards are for non-thermostabilized food items including any of the freeze dried foods consumed in orbit, e.g., shrimp cocktail, chocolate candy, granola bars. For example, the current limit for aerobic bacteria on a non-thermostabilized food item is <2 × 104 colony-forming units (CFU) per gram on one sample or <1 × 104 on two out of five samples (Perchonok et al., 2012) however, these standards apply to prepackaged food sent from Earth. For fresh produce grown on ISS, the microbiological acceptability is assessed on a case-by-case basis relying on microbiological analysis of crops grown in ground studies analogous to Veggie grown crops. Microbiological analysis has been performed previously on edible plants grown in the Russian Lada chamber on ISS (Hummerick et al., 2010, 2011). Mizuna, barley and radish from Lada were stored at −80°C after harvest until analysis was performed at Kennedy Space Center, Merritt Island, FL, United States. A range of microbial densities as indicated by aerobic bacterial and fungal plate counts was found depending on plant type and location. The four samples of mizuna, the only leafy green tested, were grown in different Lada root modules at different times and counts ranged from 3.1 × 103 – 8.7 × 105. When compared to field grown or market produce of similar types these numbers are well within the expected range of microbial densities or even lower (Holvoet et al., 2015; Wood et al., 2015; Fröhling et al., 2018; Hummerick et al., unpublished data).

However, not all microorganisms can be cultured in the laboratory and alternate methods of community characterization are needed (Byrd et al., 1991; Schaule et al., 1993; Kalmbach et al., 1997). Genomic DNA analysis using whole genome or amplicon sequencing provides the capability of identifying 98–99% of the microbes present in a complex, heterogeneous microbial community. With the current advances in technology, the Illumina MiSeq provided a platform for capturing the community structure of the leaf and root material returned from the ISS and for the ground control samples. Identifying the community makeup is the first step in understanding the complex structure and interactions between mutualistic or symbiotic partners in plant growth systems.

The purpose of this study was to determine the effects of ISS and Veggie environmental conditions on the microbiological and nutritional quality of Veggie grown lettuce intended for crew consumption.



MATERIALS AND METHODS


Plant Growth and Harvest

The Veggie production system on ISS is a small plant growth chamber designed and built by ORBITEC (Madison, WI, United States) to grow crops in space (Morrow et al., 2005; Morrow and Remiker, 2009). The Veggie production system, equipped with LED lighting and a passive watering system, launched to the ISS in 2014 aboard Space X’s third Commercial Resupply (CRS-3) mission (Figure 1). Red romaine lettuce Lactuca sativa cv. ‘Outredgeous’ was grown in Veggie rooting pillows as described by Massa et al. (2017a). Briefly, plants were grown in Veggie pillows containing solid, porous, arcillite (calcined clay) substrate in two different blends, either 100% sized to 600 μ–1 mm or a 1:1 ratio of that size to 1–2 mm (Turface Proleague, Profile Products, LLC) and controlled release fertilizer (Nutricote 18-6-8, type 180, Florikan, Sarasota, FL, United States). Procedures for detailed substrate and pillow preparation are outlined in Massa et al. (2017b). Two surface sanitized seeds were attached with guar in each plant pillow between paired germination wicks. All plant rooting pillows with attached seeds were kept dry in heat sealed, gas-impermeable Tedlar bags until test initiation on the ISS. Seeds for three separate, independent plantings (biological replicates) were germinated and grown for 33–56 days on ISS and ground controls were run in controlled environment chambers under ISS environmental conditions with a 24 h delay for VEG-01A and B and a 72 h delay for VEG-03A. Each experiment began with six rooting pillows. Germinated seeds were thinned to one plant per pillow at day 7. Each independent planting was grown at different times aboard ISS with parallel ground experiments for comparison (Table 1).


TABLE 1. Initiation and harvest schedule of red romaine lettuce crop in Veggie aboard ISS.

[image: Table 1]VEG-01A was grown from May 8 to June 10, 2014; VEG-01B was grown from July 8 to August 10, 2015, and VEG-03A was grown from October 25 to December 28, 2016. VEG-01A and B were harvested after 33 days of growth using sanitized scissors to remove the leaves (Table 1). VEG-03A leaves were harvested sequentially starting at 33 days followed by 3 weekly harvests. Harvested leaves from each plant were wrapped in foil and placed into a −80°C freezer. The first, third, and half of the fourth harvests were consumed by the crew. Only the 2nd harvest and the remaining leaves (approximately half of the total leaves) of the final harvest from VEG-03A were stored for sample return. After completion of the final harvest for all three plantings, two rooting pillows from each independent experiment were removed from Veggie hardware and placed into bags and frozen at −80°C. Ground control samples were processed and stored the same as flight samples. The Veggie baseplate was positioned 30.5–31.75 cm below the LED light array to provide approximately 200 μmol⋅m2⋅s–1of photosynthetically active radiation at the surface of the pillows in the center of the Veggie unit at a ratio of 12 red (630 nm): 3 Blue (455 nm): 1 green (530 nm). A photoperiod was set to 16 h light/8 h dark. Environmental conditions from the three experiments are summarized in Supplementary Table S1. Both the VEG-01A and part of the VEG-03A experiment on ISS had data collected inside the Veggie chamber using a temperature and relative humidity data logger.



Sample Processing

After return to Kennedy Space Center, Merritt Island, FL, United States samples from all three experiments were maintained in a −80°C freezer until analysis. Plant samples were removed from the freezer and processed immediately while pillows were thawed at 4°C overnight. Leaf biomass was divided for microbiological and chemical analysis. The samples intended for chemical analysis were subsequently frozen at −80°C, freeze dried, then ground up using an IKA Tekmar A10 Analytical Grinding Mill. Roots were removed from each pillow and divided for microbiological and molecular analysis.



Microbiological Analysis

Leaf and pillow root samples were placed into sterile 50 ml centrifuge tubes with sterile phosphate buffered saline (PBS) with glass beads, weighed then shaken vigorously for 2 min. Sample extracts were diluted into PBS and appropriate dilutions were plated in duplicate onto trypticase soy agar (TSA) and inhibitory mold agar (IMA). Plates were incubated at 30°C for 48 h for TSA and 72–120 h for IMA before enumeration of colonies. Individual colony phenotypes were selected for each sample and streaked for isolation. Isolated bacterial colonies were identified using the Micro Id System (Biolog, Hayward, CA, United States) or MicroSEQ 16S rDNA sequencing kit for bacteria (Thermo Fisher Scientific, Waltham, MA, United States). Fungal colonies were identified using the MicroSEQ D2 LSU rDNA kit for fungi (Thermo Fisher Scientific, Waltham, MA, United States). Sequencing was completed on the ABI 3130 Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, United States). Bacterial and fungal DNA sequences were identified using MicroSEQ ID Software V2.0 (Bacterial Library, 2009; Fungal Library, 2011, Applied Biosystems, Life Technologies, Foster City, CA, United States) and/or NCBI Basic Local Alignment Search Tool (BLAST).

For microbial food safety screening, sample extracts were plated onto E. coli/coliform and Staph Express Petrifilm (3M, St. Paul, MN, United States) according to manufacturer’s instructions. Petrifilms were incubated at 35°C for 24 h and colonies positive for E. coli and S. aureus were enumerated. Coliform colonies, if present, were re-isolated and further identified using Biolog GEN III plates. Screening for Salmonella was done by inoculating buffered peptone water (BPW) with 1 ml of sample extract followed by incubation at 35°C for 24 h. For selective enrichment, 1 ml of the incubated BPW was transferred into 5 ml of Rappaport-Vassiliadis (RV) broth or Tetrathionate broth (Thermo Fisher Scientific, Waltham, MA, United States) and incubated for 24 h at 35°C. Broths were then streaked onto selective media for Salmonella and incubated at 35°C for 24–48 h. These methods were adapted from the FDA bacteriological analytical manual (FDA U.S. Food and Drug Administration, 2018).



Microbial DNA Isolation, 16S and ITS PCR, and Sequencing

DNA was isolated from sample material processed for microbiological analysis described above. Each sample was centrifuged at 13,000 rpm to pellet microbial cells, suspended in RNAlater and stored at −80°C until processing for DNA isolation was completed. DNA was extracted from plant leaf and root material of the Veggie pillows using the Microbial Cell DNA Isolation Kit (Qiagen, Inc, Carlsbad, CA, United States) then quantified using the Qubit 2.0 double stranded DNA assay (Invitrogen, Grand Island, NY, United States). The variable 4 region of the 16S ribosomal RNA gene (rRNA) was selected as a phylogenetic marker to identify microorganisms taxonomically to the species level. A dual indexing system for multiplexing was adapted for these communities and polymerase chain reaction (PCR) was optimized for reagent concentrations and volume. Each community was labeled with two barcoded primers for identification at completion of sequencing. Amplicons were created in triplicate using 1 ng of template DNA, and final reagent concentrations of 1X buffer, 200 μM dNTP’s, 25 mM MgCl2, and 300 nM each barcoded 16S rRNA gene primer for bacterial identification or barcoded ITS primers for fungal identification (Bokulich and Mills, 2013; Kozich et al., 2013). The PCR cycling conditions were 95°C for 5 min to denature the Taq polymerase enzyme, followed by 30 cycles of 95°C for 1 min, 58°C for annealing and 72°C for 2 min for extension. A final 10 min extension of 72°C completed the PCR run on a Bio-Rad C-1000 thermocycler. After PCR all amplicons were purified using the Min-Elute System (Qiagen, Carlsbad, CA, United States) and quantified with the Qubit 2.0 high sensitivity ds DNA assay (Invitrogen, Grand Island, NY, United States). The purified amplicons were then pooled in an equimolar concentration to create the library following Illumina protocols. The sample library was combined with a 10% Phi-X control library to create diversity and sequenced on the Illumina MiSeq using a V2 500-cycle kit (Illumina, Inc, San Diego, CA, United States).



Sequence Analysis

All 16S and ITS FASTQ sequences were obtained using the Illumina MiSeq Control Software and default settings for demultiplexing all samples. Sequence analyses for 16S sequences were completed using RDP GreenGenes (DeSantis et al., 2006) to obtain the taxonomic reference. ITS FASTQ results were analyzed with the UNITE database (Kõljalg et al., 2013) to analyze the reference sequences and for taxonomic assignment. The Shannon Index was calculated for alpha diversity for each sample with MiSeq control Software (Illumina, Inc. San Diego, CA, United States) while the Bray–Curtis (Anderson, 2001) statistics methods calculated beta diversity between samples.



Total Anthocyanins

Approximately 100 mg of each dry sample powder was placed in an ASE350 cell of the Dionex Automated Solvent Extraction System (Dionex Corporation, Sunnyvale, CA, United States) and extracted with a solvent mixture of methanol:water:acetic acid (MWA) 85:14.5:0.5 (V/V/V) (methanol and acetic acid; Sigma-Aldrich, St. Louis, MO, United States). Parameters for the ASE 350 were: 100°C with 5 min static time; 70% flush; 90 s purge; 1 cycle; and 1500 psi. Extracts were analyzed immediately after extraction for total anthocyanin content by reading their absorbance at 530 and 650 nm (Beckman DU 700). A standard curve was created using Cyandin-3-Glycoside (Sigma-Aldrich, St. Louis, MO, United States).



ORAC and Total Phenolic Content

A separate extract was prepared for the determination, firstly, of the antioxidant capacity using the hydrophilic Oxygen Radical Adsorption Capacity (ORAC-FL) assay and secondly, the total phenolics in the sample. Twenty five milligrams (25 mg) of the freeze dried sample was placed in an ASE 350 cell and extracted with acetone:water:acetic acid (AWA) at the ratio of 70%:29.5%:0.5%. Parameters for the ASE 350 were: 80°C with 5 min static time; 60% flush; 60 s purge; 1 cycle; and 1500 psi. Aliquots of 0.2 ml were subsequently reacted with Folin-Ciocalteu phenol reagent (Sigma Aldrich, St. Louis, MO, United States) for the determination of total phenolics by the modified Folin-Ciocalteu assay (Prior et al., 2005). A series of known concentrations of gallic acid (Sigma Aldrich, St. Louis, MO, United States) was prepared and reacted with the same reagent to create a calibration curve that was in turn used to determine the concentration in the sample extracts. Consequently, the total phenolics were expressed as gallic acid (GA) equivalents. A diluted (1/50) AWA extract was subjected to the ORAC-FL assay as described by Wu et al. (2004) and Prior et al. (2005). Specifically, dilutions of the AWA extracted samples were prepared in a 75 mM phosphate buffer solution (pH 7.0). Aliquots of 20 μL of the diluted sample were placed (in triplicate) in a 96 well transparent flat bottom microplate (Thermo Fisher Scientific, Waltham, MA, United States), along with appropriately diluted Trolox [(±)-6-Hydroxy-2,5,7,8-tetramethylchromane- 2-carboxylic acid; Sigma-Aldrich, St Louis, MO, United States] standards (in triplicate), under subdued light. A “forward-then-reverse” pattern was used to place samples in the microplates, and edge wells were not used for standards or samples due to possible plate effects. Samples were analyzed on a BioTek Synergy Hybrid plate reader (BioTek, Winooski, VT, United States) which automatically added 200 μL of diluted fluorescein (Sigma-Aldrich, St. Louis, MO, United States) into each well, followed by 20 μL of the peroxyl radical generator (AAPH [2′2′azobis (2-amidinopropane)] Sigma-Aldrich, St. Louis, MO, United States). The assay was monitored every few minutes for 2 h, at 37°C. The ORAC-FL value was calculated from the area under the decay curve, and was reported as μmol Trolox equivalents (TE)/g dry weight.



Elemental Analysis

Dried and ground plant material (0.2–0.5 g) was digested in an open vessel system using a graphite-heating block (Mod Block, PN 4370-010007, CPI International). The plant material was digested at 95°C using a modification of the Environmental Protection Agency, (EPA) Method 3050B, as described below. A 5 ml aliquot of 70% nitric acid (70% Trace Metal Grade, Fisher Scientific, Suwanee, GA, United States) was added to the samples and then boiled for approximately 2 h (or until sample was completely clear). After cooling 2.5 ml of 30% hydrogen peroxide (Fisher Scientific, Suwannee, GA, United States) was applied. When the peroxide reaction ceased, samples were reheated for an additional 50 m in covered vials. Samples were cooled overnight, diluted to 50 ml with ultra-pure DI water and then passed through a 25 mm 0.45 μm syringe filter (GE Whatman, Pittsburgh, PA, United States).

Samples were analyzed via Inductively Coupled Optical Emission Spectrometry. (iCAP 7000 Series, Thermo Fisher Scientific, Waltham, MA, United States) A multi-element standard (Environmental Express) was diluted to the same acid concentration as the samples and quantification was done by external calibration.



Statistical Analysis

Data from microbiological counts (log transformed) and chemistry values were compared using a one-way ANOVA followed by Tukey’s multiple comparisons test using GraphPad Prism version 8.0.0 for Windows (GraphPad Software, San Diego, CA, United States). Alpha diversity was determined using the Shannon Diversity Index and was calculated by Illumina RDP Control Software (Illumina, San Diego, CA, United States). Beta diversity of community sequencing was determined with Bray–Curtis dissimilarity (Anderson, 2001) using a one-way ANOVA (QIIME 2.0) (Bolyen et al., 2018). A t-test (Microsoft Excel) was done to compare differences in the percent phyla identified.



RESULTS


Microbial Counts on Leaves and Roots

VEG-01A was the first time the Veggie facility had been used for plant growth on ISS (Massa et al., 2017a, b) so presumably it would have been the least likely of the three plantings described in this study to harbor microbial contamination. Aerobic plate counts for the leaves harvested from VEG-01B flight plants were significantly higher than the counts from both harvests of VEG-03A flight and the ground controls (P < 0.05) (Figure 2). With the exception of VEG-01B, the flight and ground control aerobic plate counts on leaves were not significantly different. The bacterial counts on ground control samples from VEG-01B were significantly lower than the flight leaves by orders of magnitude (P < 0.0001) (Figure 2). Previous studies (Hummerick et al., 2010, 2012) have shown an increase in microbial counts with a repeated harvest or “cut and come again” protocol as was done in VEG-03A. An increase between the 2nd and 4th harvests was not seen in bacterial counts on the leaves, however, fungal counts in the flight leaves were significantly higher in the 4th harvest when compared to the 2nd harvest (P = 0.0002) (Figure 3).
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FIGURE 2. Mean bacterial (A) and fungal (B) counts on Outredgeous leaves from three Veggie experiments. Bacterial counts are CFU on TSA per gram of frozen tissue and fungal counts are CFU from IMA plates. Error bars represent standard error of the mean. Horizontal lines indicate significance between flight samples. *P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Significant differences were determined using an ANOVA with Tukey’s post test to compare groups.
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FIGURE 3. Mean bacterial (A) and fungal (B) counts on Outredgeous roots from three Veggie grow outs. Bacterial counts are CFU on TSA per gram of frozen tissue and fungal counts are CFU on IMA plates. Error bars represent standard error of the mean. Horizontal lines indicate significance between flight samples. ∗P < 0.05, ∗∗P < 0.01. Significant differences were determined using an ANOVA with Tukey’s post test to compare groups.


The bacterial counts on lettuce leaves grown on ISS in VEG-01A, B and both harvests from VEG-03A were relatively low on average, 3.53, 4.86, 2.89, and 2.14 log10 CFU/g respectively (Figure 2), when compared to farm or market produce counts of similar type (Valentin-Bon and Jacobson, 2008; Rastogi et al., 2012; Jackson et al., 2013; Holvoet et al., 2015; Wood et al., 2015; Hagenmair and Baker, 2016; Oyinlola et al., 2017; Fröhling et al., 2018; Zhang et al., 2018). Fungal counts on Veggie grown lettuce ranging from 2.3 to 4.3 log10 CFU/g were within the range of yeast and mold counts on lettuce reported in the literature (Figure 3) (Oliveira et al., 2010).

Bacterial counts from the roots in the VEG-03A grow out were significantly lower than the other two grow outs and lower than the corresponding ground control (Figure 3) although these counts were in a range of 106-108 per gram which is typical of lettuce root tissue (Riser et al., 1984; Adesina et al., 2009).

Screening for potential food borne pathogens, E. coli, Salmonella sp., and S. aureus on the leaf tissue yielded negative results. These screening results were corroborated by NGS data.



Cultivated Bacterial and Fungal Isolate Identification

Cultivation of individual bacterial colony phenotypes on TSA from VEG-01 and VEG-03 samples yielded 14 genera identified from the leaf samples (Table 2) and 19 from the root samples (Table 3). It is important to note that culture based isolation utilized in this study is limited to the selection of the mostly dominant colony phenotypes that grew under aerobic conditions on one type of general growth media. A majority of the bacterial taxa isolated from the Veggie grown leaves are known endophytic and/or epiphytic phyllosphere commensals or symbionts including Arthrobacter (Scheublin and Leveau, 2013), Methylobacterium (Peredo and Simmons, 2018), Sphingomonas (Kim et al., 1998), Pantoea (Whipps et al., 2008), Burkholderia (Eberl and Vandamme, 2016), and Curtobacterium (Chase et al., 2016). Paenibacillus is ubiquitous in soil and is associated with plants predominately as a rhizosphere bacterium exhibiting plant growth promoting characteristics (Grady et al., 2016). A few of the leaf isolates are known to be transients on the surface of the leaf and are not typically part of the normal phyllosphere microbial community including Bacillus and Staphylococcus (Maduell et al., 2008; Dees et al., 2015). Human associated bacteria of the genus Staphylococcus were found on the leaves of both flight and ground samples from VEG-03A. These are not natural inhabitants of the plant phyllosphere, however certain strains can be pathogenic to humans and cause food borne illness under optimal growth conditions (Kadariya et al., 2014).


TABLE 2. Bacterial isolates recovered and identified from leaf tissue from two separate rooting pillows from three independent experiments grown aboard ISS with parallel ground studies for comparison.
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TABLE 3. Bacterial isolates recovered and identified from root tissue from two separate rooting pillows from three independent experiments grown aboard ISS with parallel ground studies for comparison.
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The bacterial genera isolated from the roots (Table 3) are predominately associated with soil and plant phyllosphere and rhizosphere. Ten of the 19 root isolates were also recovered from the leaf samples excluding the four genera Macrococcus, Micrococcus, Staphylococcus, and Sphingomonas.

Nine genera of fungi were isolated and identified from leaf tissue (Table 4), while six were recovered from root (Table 5). All the fungal genera present in the roots were also present on the leaves with the exception of Alternaria. The fungi Aspergillus, Penicillium, and Alternaria are ubiquitous, saprophytic fungi often isolated from soil and the environment including ISS surface and air samples (Royer et al., 2004; Venkateswaran et al., 2017). Verma et al. (2011) found many of these genera of filamentous fungi as endophytes in the Indian Lily plant root. Among the fungi, the basidiomycete, Rhodotorula was the most common and in fact was isolated from every Veggie sample with the exception of the VEG-03 leaf tissue.


TABLE 4. Fungal isolates recovered and identified from leaf tissue from two separate rooting pillows from three independent experiments grown aboard ISS with parallel ground studies for comparison.
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TABLE 5. Fungal isolates recovered and identified from root tissue from two separate rooting pillows from three independent experiments grown aboard ISS with parallel ground studies for comparison.
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Community Sequencing

Sampling and sequencing of the flight and ground Veggie grown plants were completed on a minimum of two root pillows and up to five leaf samples per grow out. Sequencing profiles for each of the Veggie plantings were used to calculate and investigate the Shannon Species Diversity Index (Alpha Diversity) (Table 6) and establish relative diversity within the bacterial communities in leaf and root and ground and flight samples. Leaf diversity was lower than root in each of the three lettuce crops and there was no significant difference between flight and ground samples (Table 6). Although diversity was similar in all roots or leaves, there appeared to be variation in the dominant genera.


TABLE 6. Average Shannon Diversity Indices for three, independent Veggie experiments VEG-01A, VEG-01B, and VEG-03A, on the International Space Station and parallel ground studies.

[image: Table 6]Alpha diversity in leaf tissue of the three Veggie experiments showed a significant difference between ground and flight leaf samples of VEG-03A only (P = 0.01). VEG-01A and B flight samples were not significantly different from the respective ground samples. There was also no significant difference in Beta diversity between VEG-01A, VEG-01B, and VEG-03A experiments. Bray Curtis dissimilarity calculations comparing all three experiments were not significantly different between any leaf or root samples of the three tests (P > 0.05).

A majority of the bacterial community sequencing at the phyla level were assigned to phyla Proteobacteria, Bacteroidetes, Actinobacteria, and Chloroflexi. Comparison at the phyla taxonomic level indicated no significant difference between ground and flight root communities nor in the leaf communities. The dominant phyla for all plants, both ground and flight, was Proteobacteria. VEG-03A flight roots had the lowest percent of the Proteobacteria reads at 59% while the corresponding flight leaf sample was 76% of the total bacterial communities. All other plants from VEG-01A and B ranged from 80 to 96% Proteobacterial reads. However, this disparity was not significantly different. A closer look at the genera contained in the Veggie leaf and root samples showed that Burkholderia, Ralstonia, and Janthinobacterium dominated the Proteobacteria phyla (Figure 4). Other Proteobacteria present in the samples were Azospirillum, and Herbaspirillum, which were detected in higher abundance in VEG-03A as well as Bradyrhizobium and Mesorhizobium, all of which may play a role in nitrogen fixation (Okubo et al., 2012). The dominant genera representing the Chloroflexi was the gram positive, thermophilic, Thermogemmatispora, a soil microbe (Komaki et al., 2016). These microbes were also transported to the leaf but were detected in much lower abundances (percentage), particularly in the flight and ground samples in VEG-03A. Thermogemmatispora was also detected in higher percentages than other microbes but was less than in VEG-03A. The dominant microbe representing the Bacteroidetes, which took second to the Proteobacteria in numerous samples was Chitinophaga. Chitinophaga was higher in abundance of reads in flight sample roots with only VEG-01B showing an elevated abundance in the ground samples (Figure 4).
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FIGURE 4. Bacterial community for lettuce leaf (A) and root (B) tissue for VEG-01A, VEG-01B, and VEG-03A experiments. Flight experiments were grown on the ISS while ground controls were grown in Environmental Growth Chambers at Kennedy Space Center, Merritt Island, FL, United States. Bacteria are the top genera obtained from next generation sequencing on the Illumina MiSeq.


Fungal communities from VEG-01A and VEG-01B were surveyed and it was determined that the Ascomycota phyla dominated both flight and ground communities as well as leaf and root communities (92–99%). Few Basidiomycota were detectable. VEG-01A flight roots presented the highest representation at 7% with VEG-01B flight root community containing 6%. All other communities contained 2% or less of total fungi detected (Figure 5).
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FIGURE 5. Fungal community for lettuce leaf (A) and root (B) tissue for VEG-01A and VEG-01B experiments. Flight experiments were grown on the ISS while ground controls were grown in Environmental Growth Chambers at Kennedy Space Center, Merritt Island, FL, United States. Fungi are the top genera obtained from next generation sequencing on the Illumina MiSeq.


Fungal diversity in the root samples for both flight and ground was significantly higher than leaf – an expected outcome (P < 0.05). Among the dominating genera in flight and ground leaf samples was Microidium, an obligate biotroph (Braun and Cook, 2012; Meeboon and Takamatsu, 2017). Leaf samples also housed Alternaria, Fusarium (VEG-01B only), and Malassezia, a yeast like fungi. Root samples from all three growth tests had increased levels of Alternaria, Phaeoacremonium, and Rhodosporidiobolus (Figure 5). Alternaria was found in all samples with the exception of VEG-01A leaf tissue while Phaeoacremonium was present in increased abundance in VEG-01A root and in reduced numbers in VEG-01A leaf tissue (Figure 5).

Comparison of culturable and non-culturable microbes in all samples provided corroborating evidence in that all culturable microbes were identified in the sequencing data. However, sequencing data revealed many additional genera present, increasing the species diversity.



Elemental Analysis

Leaf tissue from flight and ground experiments were analyzed for changes in elemental composition (Table 7). There was no significant differences between ground and flight samples within each experiment, however when comparing among all three experiments, Fe and K content were significantly lower in VEG-03A samples compared to VEG-01A and VEG-01B (Fe, P ≤ 0.001; K, P ≤ 0.0001). On the other hand, Na content was found to be significantly higher in VEG-01B compared to VEG-01A or VEG-03A (P ≤ 0.0001). Phosphate (P) measured among all three experiments showed that VEG-01B had higher P contents than VEG-01A and VEG-03A (P ≤ 0.05). Similarly, sulfate measured as S and Zn contents were statistically higher in VEG-01B compared to either VEG-01A or VEG-03A (S, P ≤ 0.05; Zn, P ≤ 0.0001). No significant differences were observed in either Ca, Mg, or Mn content.


TABLE 7. Elemental content of lettuce leaf tissue from VEG-01A, VEG-01B, and VEG-03A ground and flight samples.
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Total Phenolics, Anthocyanins and ORAC Analysis

As a measure of antioxidant capacity, total phenolics, anthocyanins and oxygen radical absorbance capacity (ORAC) were measured on lettuce leaf tissue, flight and ground samples from all three tests (Table 8). Comparing total phenolics, VEG-03A with 15.0 (ground) and 19.6 (flight) mg/g of dry weight (gallic acid equivalents) had the statistically lowest amounts when compared to either VEG-01A or VEG-01B (P ≤ 0.001). Anthocyanins measured as cyanidin-3-glucoside equivalents showed no difference among all three experiments compared. Similarly, ORAC units measured among all three experiments did not exhibit any observable variance.


TABLE 8. Antioxidant capacity of lettuce leaf tissue from VEG-01A, VEG-01B, and VEG-03A flight and ground samples.
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DISCUSSION

Differences in culturable bacterial and fungal density on the leaves in each of the Veggie plantings can not necessarily be traced to a particular source or environmental condition. However, it is reasonable to conclude that environmental conditions such as temperature and humidity, water levels provided, the microbiota in the air on ISS, and possible human interaction at the time of growth and harvest may contribute to the microbial community and density on the surface of the leaves. Terrestrially, airborne bacteria and fungal spores can land on the surface of leaves and become a part of the epiphytic microbial community albeit transient and dynamic depending on selective pressures (Lindow and Brandl, 2003; Vokou et al., 2012; Maignien et al., 2014). Varying conditions such as humidity, leaf surface moisture and temperature can also effect the colonization and growth of bacteria and fungi on leaf surfaces. There is a positive correlation between fungal sporulation and the duration of leaf surface moisture (Talley et al., 2002; Li et al., 2014). Poor air circulation can cause persistent droplets of moisture on the surface of a leaf due to transpiration producing a micro environment favorable for microbial proliferation. In the case of the three Veggie plantings on the ISS, environmental data collected by HOBO data recorders (Supplementary Table S1) showed that temperature and humidity were slightly higher inside the Veggie chamber during the first 22 days of VEG-03A growth than the other two Veggie tests. Additionally, germinating seedlings in the VEG-03A test had excess moisture in the early period of growth, likely due to a fan malfunction, when compared to the VEG-01A and VEG-01B plants. It was during this experiment that our team identified a consistent anomaly with the Veggie hardware – specifically that when power is cycled to the hardware, upon restarting the fan will read “low” but it will actually be off. This problem also led to issues of excess moisture in an earlier Zinnia test but a repetition of this with lettuce confirmed the anomaly. In contrast, VEG-01A and VEG-01B tests had no fan issues, but instead the plants had some periods of low water early on (see Massa et al., 2017a). Given that Veggie is a manually watered system and that fluid behavior in microgravity differs considerably from that on Earth, these early Veggie experiments involved considerable variation in fluid addition as both the ground teams and the astronauts struggled to effectively water the crops. Logged data from VEG-03A were not collected for the duration of the 64 days experiment so it is speculative to conclude any correlation between microbial counts and Veggie chamber conditions.

Key to this work is determining the microbiological food safety of Veggie grown crops. Bacterial and fungal counts on fresh plant material are not necessarily an indication of the food quality and microbiological safety of the item and vary depending on the type of plant (Leff and Fierer, 2013; Qadri et al., 2015). Studies show that leafy greens grown in the field or greenhouse have a range of approximately 4–8 log10 CFU bacterial counts per gram of sample while yeast and mold counts on lettuce are reported in the range of 2–5 log10 (Valentin-Bon and Jacobson, 2008; Rastogi et al., 2012; Jackson et al., 2013; Holvoet et al., 2015; Wood et al., 2015; Hagenmair and Baker, 2016; Oyinlola et al., 2017; Fröhling et al., 2018; Zhang et al., 2018). The microbial counts on lettuce leaves grown on ISS in VEG-01A, B and both harvests from VEG-03A were relatively low on average when compared to farm or market produce counts of similar type. In addition, none of the target human pathogens were detected in culture based testing and 16S community sequencing. These results demonstrate that from a microbiological perspective the Outredgeous variety of lettuce grown in Veggie was safe for human consumption.

Microbiological data collected from lettuce and reported in the literature provides evidence that different parts of the plant, i.e., leaves and roots support distinct microbial communities (Ibekwe and Grieve, 2004; Toju et al., 2019). While our culture based isolation of bacteria recovered a few species unique to leaves many of the isolates present on the phyllosphere were also present in the roots. Previous work on the relationship of the phyllosphere bacterial community and airborne bacteria by Vokou et al. (2012) demonstrated that colonization of the phyllosphere is not always related to the aerial microbial community within the plants proximity and may include commensal and symbiotic taxa as well as environmentally indigenous transients. Staphylococcus has been isolated on the ISS on both surfaces and in the air (Venkateswaran et al., 2014, 2017) so it is not unlikely that plants in Veggie chambers would be exposed to these types of bacteria. Microbiological surveys done on a variety of surfaces and materials on the ISS reported many of the same bacteria and fungi that we isolated from plant material grown in Veggie. We compared bacterial and fungal isolates from this study of Veggie grown plants with isolates described in a study by Venkateswaran et al. (2017) which characterized the microbiology of ISS surfaces. More than 50% of the genera of bacteria and 100% of the fungi isolated and identified on ISS surfaces were also isolated from Veggie samples.

NASA reported monitoring results of space station samples including air surfaces and water from 1998 to 2012 using cultivation methods (Castro et al., 2004; Yamaguchi et al., 2014). In these studies, the two most commonly isolated genera from water samples collected between 2009 and 2012 were Burkholderia sp. and Ralstonia sp. These are persistent and common in station potable water as well as terrestrial water sources and have been isolated and identified from Space Shuttle potable water (Koenig and Pierson, 1997; Ryan et al., 2007) so it is not unexpected that these were also isolated in the roots and leaves of both flight and ground control plants.

Plants, regardless of growth conditions, harbor an indigenous population that may affect plant health and, if utilized as a food source, human health. One of the important findings in this study is the similarity and densities in the dominant leaf and root microbial community members as those reported in the literature grown under very different conditions (Dees et al., 2015).

Culturable microbes include approximately 10% of the community microbial participants. Research on core rhizosphere and phyllosphere associated bacterial microbiota (symbiotic and pathogenic) have been described using culture-independent sequencing methods (Panstruga and Kuhn, 2019). Next generation sequencing provides an alternative method to identify non-culturable microorganisms. It is important to identify these organisms as it may provide insight into the safety and health quality of the plants/crops being harvested and consumed. Each of the bacterial and fungal isolates identified in this study were confirmed with sequencing results, however, many additional genera were identified. Research studies indicate Proteobacteria, Bacteroidetes, and Actinobacteria phyla dominate communities, though differences may occur between host plant species at lower taxonomic levels (Panstruga and Kuhn, 2019). Sequencing data from the three Veggie experiments followed these trends.

Lettuce leaf tissue in all three Veggie experiments was dominated with Thermogemmatispora, a gram positive, sporulating, soil organism that has been known to produce secondary metabolites provided to plants as a secondary resource (Komaki et al., 2016). Thermogemmatispora has been found in lettuce seeds in high abundance but was reduced in root and leaf tissues (unpublished data, Khodadad et al). Bradyrhizobium and Mesorhizobium are also commonly found in soils as they may participate in nitrogen fixation (Okubo et al., 2012). Bradyrhizobium has also been noted in higher abundance in low nutrient soils (Okubo et al., 2012). Both microbes were present in higher abundance in flight root samples and were low or undetectable in leaf tissue with the highest abundance in VEG-03A roots. VEG-03A was grown for longer periods of time and may have depleted the nutrient levels in the substrate. In addition, microbes commonly associated with water were also detected in both leaf and root tissue. These microbes mentioned previously include Ralstonia, Burkholderia, Sphingomonas, Cupriavidus, and Pseudomonas were identified in all leaf and root samples of all three Veggie experiments. These have been identified as present on ISS as well as in the ISS water system (Castro et al., 2004; Checinska et al., 2015; Venkateswaran et al., 2017).

It is important to note that several of the microbes identified may be potential endosymbionts with plants or fungi and be present as epiphytic or endophytic organisms. One example is Chitinophaga, found in all flight and ground root samples. Though it is unknown what the function of this bacteria may have been within these Veggie communities, it has been found to interact with fungal species present in plants by enhancing nutrient uptake and growth, altering plant water interactions or deterring potential pathogens (Shaffer et al., 2017). These interactions have the capability of shaping plant health and productivity by accessing and making additional carbon sources available (Kivlin et al., 2011; Shaffer et al., 2017). To determine their role and benefit to plants or fungi would require additional flight and ground studies. As fungi were present in each flight and ground sample community, it is important to note those in abundance and their persistence over time. Fungi have been detected on the ISS in various locations (Venkateswaran et al., 2014, 2017). Leaf and root systems of VEG-01A and B were surveyed for the presence of fungi and compared. Alternaria, Microidium, and Phaeoacremonium were the top three fungal genera identified with sequencing. Alternaria, an Ascomycota, has been described as a saprophyte that may decompose organic matter, and increase in communities with high humidity (Patriarca, 2016). They may also associate with other fungal genera such as Fusarium or Stachybotrys. Though neither of these fungal genera were identified in VEG-01A, both were first detected in VEG-01B samples with higher incidence in ground samples therefore, they may have been introduced as a contaminant. Phaeoacremonium is a plant associated endophyte previously associated with lettuce and woody plants (Mostert et al., 2005) while Microidium may be an opportunistic plant pathogen especially in high humidity environments (Braun and Cook, 2012; Meeboon and Takamatsu, 2017).

Plants require macronutrients (N, P, K, Ca, Mg, S) and micronutrients (Fe, B, Mn, Cu, Zn, Mo) for their growth and development (Epstein, 1972). These elements are essential and play critical roles in multiple plant processes. Comparing all three experiments, VEG-01B had higher elemental contents for Na, P, S, and Zn, whereas VEG-03A had the lowest amounts for Fe and K. Considering the chronological order of the experiments onboard the ISS, VEG-01B was grown a year later than VEG-01A, which raises the possibility of a change in the ISS water, but that may not be the only variable as plants grown in microgravity experience stresses from environmental conditions, so it would be impractical to draw any conclusions from these differences. VEG-03A, which was grown 1.5 years after the VEG-01B, was the sequential harvest experiment. As described in section “Materials and Methods,” there were four repeated harvests (38, 45, 59, and 64 days after initiation) of this experiment and only two (day 45 and day 64) were returned to earth. Romaine lettuce in field settings can take 75 days to fully mature, however, controlled environment growth is generally faster. By the final harvest photos indicated that some of the plants seemed to be transitioning to a reproductive growth phase, so it is possible that stresses from space flight may have pushed the plants to initiate senescence and that could provide a possible explanation for slightly lower elemental levels of some elements in VEG-03A samples (Maillard et al., 2015).

Similarly, differences in the levels of total phenolics among VEG-01A, VEG-01B, and VEG-03A samples could be attributed to the environmental conditions. There have been known challenges associated with irrigation of plants in the Veggie hardware and VEG-01 showed evidence of insufficient and excess (in case of zinnia, VEG-01C) water in the root zone (Massa et al., 2017a). Studies have shown that either insufficient watering (drought-like, Sarker and Oba, 2018) or over-watering leading to hypoxia (Rajapakse et al., 2009) can induce production of phenolic compounds and free-radical scavenging activities. Again, there are not enough data to make any conclusions about the effects of the sequential harvesting method on plant ionome or phenolic content and more robust experiments are needed.

Numerous Veggie tests have been conducted on the ISS, the plant growth evaluated, and in some cases the leaves consumed. Three plantings of red romaine lettuce were considered here (VEG-01A, VEG-01B, and VEG-03A). Through culturable and non-culturable methods of microbial analysis, the Veggie tests demonstrated diverse microbial communities with no potential human pathogens detected and therefore could provide a safe supplement to the astronauts’ diet. Chemical analysis provided evidence of significant changes in elemental and antioxidant content which may be an important factor to consider for nutritional value in future, long duration, exploration missions.
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Duckweed is a promising food crop with multiple benefits for space applications. Fresh duckweed could deliver synergistically acting essential antioxidant nutrients to a crew – but only if growth conditions provide the plant with the right cues to trigger antioxidant formation. We grew Lemna gibba under continuous growth light ranging from low to very high intensities (photosynthetic photon flux densities = PPFDs) in order to investigate the effect on plant growth, photosynthesis, and level of carotenoid antioxidants that are essential human micronutrients. Lemna gibba achieved remarkably high growth rates under modest growth PPFD by virtue of superior light absorption resulting from minimal self-shading and high chlorophyll levels. Conversely, L. gibba’s growth rate remained high even under very high growth PPFDs. This notable ability of L. gibba to avoid inactivation of photosynthesis and diminished growth under very high growth PPFDs resulted from a combination of downregulation of chlorophyll synthesis and increased biochemical photoprotection that limited a build-up of excessive excitation energy. This biochemical photoprotection included accumulation of zeaxanthin (an essential human micronutrient) and high levels of zeaxanthin-catalyzed thermal energy dissipation of excess excitation. Compared to the light levels needed to saturate L. gibba photosynthesis and growth, higher light levels were thus required for strong induction of the essential antioxidant zeaxanthin. These results indicate a need for design of light protocols that achieve simultaneous optimization of plant yield, nutritional quality, and light-use efficiency to circumvent the fact that the light requirement to saturate plant growth is lower than that for production of high zeaxanthin levels. How this trade-off between light-use efficiency of growth and nutritional quality might be minimized or circumvented to co-optimize all desired features is discussed.

Keywords: co-optimization, duckweed, energy dissipation, human nutrition, photoprotection, photosynthesis, spaceflight, zeaxanthin


INTRODUCTION

Self-sufficient life support systems for long-duration space exploration require reliable autonomous systems that use minimal amounts of expendables. Integration of photosynthetic organisms offers multi-functional regenerative life support in space, including production of food and oxygen, recycling of CO2 and other human waste, and recovery of water and nutrients. A good space crop should have a high growth rate, a high harvest index (be mostly edible), and high nutritional value, while requiring minimal resources such as occupied volume, water, and energy.

Duckweeds (family Lemnaceae) are small, floating aquatic plants that are 100% edible, nutritious, non-toxic, fast growing, and able to purify nutrient-rich wastewater (Leng, 1999; Appenroth et al., 2017, 2018; Chen et al., 2018; Iatrou et al., 2019; Sree et al., 2019). Duckweed grows continuously by propagation and is among the fastest-growing plants with respect to its doubling rate, e.g., doubling its biomass in as little as 1 to 3 days (Ziegler et al., 2015). Duckweed has, therefore, received attention as a potential crew food supplement or wastewater treatment for the human space program (Ward and Wilks, 1963; Wilks, 1964; Woverton and McDonald, 1977; Gale et al., 1989; Bluem and Paris, 2001; Polyakov et al., 2010). Moreover, Yuan and Xu (2017) found that simulated microgravity actually stimulated duckweed growth and called duckweed “one of the most attractive higher plants” for long-duration space life support.

To realize duckweed’s full potential, optimal growing conditions for high yields of nutritious food with the fewest spacecraft resources need to be defined in an environment relevant for space missions. Although duckweed has tremendous potential for both high productivity and nutritional value, duckweed can be expected to be subject to a universal trade-off in plant physiology. Energy-efficient plant biomass production comes at the cost of poor micronutrient quality of plant biomass (especially antioxidant vitamins) and vice versa. This trade-off is caused by the fact that a growth light intensity (photosynthetic photon flux density, PPFD) just enough to support maximal plant growth is not enough to induce high vitamin/antioxidant levels for principal reasons (Polutchko et al., 2015). Only exposure to excess PPFD, defined as more light than needed to saturate growth, prompts plants to accumulate protective antioxidants that prevent damage by excess light. However, such excess PPFD has the potential to negatively impact photosynthesis, and, by the above definition, represents input of more light than needed to maximize growth, which lowers the light-use efficiency of plant productivity. This fundamental link leads to a trade-off between light-use efficiency and antioxidant micronutrient content, the severity of which varies among plant species and growth conditions. Plant species vary in their tolerance of very low or very high growth PPFD and most species do not thrive equally well in deep shade and full sun (Adams et al., 2018). Shade-tolerant species, in particular, can exhibit lasting depressions in the efficiency of primary photochemistry (a phenomenon termed photoinhibition of photosynthesis) when grown under high PPFD (Adams et al., 2013, 2014, 2018). A major component of the response to growth under higher PPFD compared to low light is the increased synthesis of photoprotectors and antioxidants (Grace and Logan, 1996; Logan et al., 1996, 1998a,b).

Antioxidant metabolites can be categorized into a large group of water-soluble metabolites and a small set of water-insoluble, membrane-bound metabolites. We here focus on water-insoluble carotenoids (the xanthophylls zeaxanthin and lutein as well as β-carotene) that protect biological membranes (Demmig-Adams and Adams, 2013; Demmig-Adams et al., 2013; Polutchko et al., 2015). Deficiency in these antioxidants causes production of membrane break-down products that trigger chronic inflammation in humans as root causes of all major chronic diseases and disorders (Demmig-Adams and Adams, 2002, 2013). Ionizing radiation, a major challenge in space, produces oxidants and triggers chronic inflammation throughout the body (Azzam et al., 2012). Foods rich in zeaxanthin, lutein, and β-carotene were shown to protect against damage by ionizing radiation in a population of airline pilots (Yong et al., 2009; see also Asker et al., 2007). Zeaxanthin is the primary antioxidant photoprotector in leaves as well as the human eye and other tissues (Demmig-Adams and Adams, 2002, 2013), yet is much harder to come by in the diet than lutein or β-carotene. Lutein plays a secondary role in the protection of leaves and the human eye, yet is more abundant in plant-based food (Demmig-Adams and Adams, 2002, 2013; Polutchko et al., 2015). Several plant regulatory mechanisms ensure that zeaxanthin is formed in leaves only under excess light and is removed quickly upon return to non-excessive light levels (Demmig-Adams et al., 1996b). β-carotene can also serve as an antioxidant in both plants (Telfer, 2014) and animals (Stahl and Sies, 2012) and is, furthermore, the precursor (pro-vitamin A) in the synthesis of vitamin A that is converted to the light-absorbing (retinal) component of the human eye (Polutchko et al., 2015). Zeaxanthin also has a second role in the direct protection of membrane lipids and acts synergistically with vitamin E in this role (Wrona et al., 2003, 2004; Schneider, 2005).

Unlike most plants, duckweed contains all amino acids essential for humans and has a fat composition with high levels of beneficial essential fatty acids (Appenroth et al., 1982, 2017; Yan et al., 2013). Duckweeds also produce high levels of other essential micronutrients for humans that have to be supplied by the human diet and include the synergistically acting antioxidant carotenoids zeaxanthin, lutein, and β-carotene and the antioxidant vitamins C (ascorbic acid) and E (especially α-tocopherol essential to human health) (Appenroth et al., 2017, 2018). Dietary zeaxanthin, in particular, increases visual acuity, protects the human eye against damage from intense light (prevents cataracts and blindness), and combats inflammation throughout the body (Demmig-Adams and Adams, 2013). A good dietary supply of zeaxanthin is thus critical for astronauts exposed to dangerous levels of damaging radiation. However, uptake of these micronutrients from supplements can be poor in the human gut, particularly for the water-insoluble vitamins A, E, and carotenoids that are best taken up from a food matrix (Tran and Demmig-Adams, 2007; Demmig-Adams and Adams, 2013; Rodriguez-Casado, 2016). Plants produce these antioxidants for their own protection against damaging radiation that contributes to oxidant production. In the case of zeaxanthin, leaves accumulate a zeaxanthin precursor (violaxanthin) and convert the latter to zeaxanthin only under exposure to more light than plants can use for growth (Demmig-Adams and Adams, 2002). Fresh duckweed can deliver a balanced mix of these synergistically acting essential nutrients to a crew – but only if growth conditions provide the plant with the right cues to trigger antioxidant formation. This critical link between plant growth conditions and leaf antioxidant content is the focus of the present study. We grew Lemna gibba over a wide range of growth PPFDs (with continuous light, i.e., 24 h per day), ranging from low (100 μmol m–2 s–1) to very high (700 μmol m–2 s–1), in order to investigate the effect of growth light intensity on growth rate and the production of essential human micronutrient carotenoids.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Lemna gibba L. 7741 (G3), obtained from Rutgers Duckweed Stock Cooperative1, was used for all experiments. Plants were grown in 150 × 75 mm PYREX Crystallizing Dishes (Corning Inc., Corning, NY, United States) containing 1000 mL of Schenk and Hildebrandt Medium (bioWORLD, Dublin, OH, United States; Schenk and Hildebrandt, 1972) at a concentration of 1.6 g L–1 and a pH of 5.5 (adjusted via 1% [w/v] KOH). To minimize microbial contamination, media were prepared with recently boiled water prior to each transfer of fronds to new dishes. The volume of each dish was monitored every day and adjusted with recently boiled water to compensate for evaporative water loss. Stock cultures were maintained under a constant PPFD of 50 μmol m–2 s–1 supplied via fluorescent (F72T12/CW/HO; Philips, Somerset, NJ, United States) and incandescent (100W, 130V; EiKO, Shawnee, KS, United States) bulbs and an air, water, and frond temperature of 25°C in a Conviron PGR15 growth chamber (Controlled Environments Ltd., Winnipeg, MB, Canada). During cultivation, a subset of approximately 20 fronds from each dish were transferred using sterile inoculation loops (2865, Globe Scientific, Mahwah, NJ, United States) to fresh media in clean dishes at least once per week (typically after 4 days).

Experimental plants were grown under four light intensities, with PPFDs of 100, 200, 500, and 700 μmol m–2 s–1. All plants were grown under continuous light at ambient CO2 concentrations (approximately 400 ppm in Boulder, CO) and a water and frond temperature of 25°C since duckweed growth is enhanced under continuous light versus shorter photoperiods (Yin et al., 2015; Liu et al., 2018). For experiments, plants were transferred to, and cultivated under, each respective final growth PPFD for 7 days (Figure 1). For growth experiments under 100 and 200 μmol photons m–2 s–1, plants were acclimated to these PPFDs for 3 days, followed by 4 days of experimentation with full monitoring of growth rates and other parameters (Figure 1). For experiments under growth PPFDs of 500 and 700 μmol m–2 s–1, plants were transferred to 200 μmol m–2 s–1 for 3 days before transfer to the respective final experimental PPFDs (Figure 1). At the time of each transfer to a new growth PPFD as well as at the start of the 4-day active phase of each experiment subsequent to 3 days of acclimation, frond density was reset to 20 fronds per dish by transferring only 20 fronds to fresh medium in a new dish. Growth experiments were conducted successively in the same growth chamber with three replicate dishes illuminated by three identical custom-built panels of white LEDs (C503C-WAN; CREE Inc., Durham, NC, United States; for details on LED features, see Burch, 2016). Temperature of media was monitored during the 3-day acclimation phase using alcohol-sterilized thermometers, and frond temperature kept constant at 25°C. Under the higher growth PPFDs, air temperature was lowered from 25°C until temperature of the media was maintained at 25°C for 24 h. Resulting adjusted air temperatures were 24 and 20°C for growth PPFDs of 500 and 700 μmol m–2 s–1, respectively. Since floating duckweed has unlimited access to water and its stomates are inactive, i.e., are kept fully open over a wide range of conditions (McLaren and Smith, 1976), any differences in transpiration rate at these different air temperatures would not be expected to impact the parameters assessed in this study. Immediately prior to both acclimation and onset of experimental phases, a subset of approximately 20 fronds from each dish was transferred to fresh, filtered medium in clean dishes. Medium was filtered through Fisherbrand P5 filter paper (Fisher Scientific, Hampton, NH, United States) prior to the acclimation phase and 0.22-μm Millipak-20 filters (Millipore, Billerica, MA, United States) prior to the active test phase.
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FIGURE 1. Schematic depicting the protocol for growth of L. gibba under different photosynthetic photon flux densities (PPFDs). All plants were initially cultivated under 50 μmol photons m–2 s–1 and then transferred to either 100 or 200 μmol photons m–2 s–1. Following 3 days of acclimation, growth rate for these two PPFDs was monitored for 4 days after which fronds were sampled for the various features characterized. For the higher growth light intensities, additional fronds were transferred from 200 μmol photons m–2 s–1 to each of the PPFDs where each experienced a 3-day acclimation period followed by 4 days of characterized growth and sampling for the other parameters.




Growth Rate and Photon Flux

Once per day during the 4-day active phase of each experiment, digital photographic images of each dish were taken from directly above and perpendicular to the surface of the media (see images in Figure 2). Frond area was measured using MATLAB Image Processing Toolbox (MathWorks, Natick, MA, United States) by first selecting the pixels containing the water surface inside the dish (i.e., those masking the water surface) and then selecting pixels inside the masked area containing green fronds with a color thresholding algorithm. Frond area was calculated as the percentage of total water surface containing fronds times the known water surface area of the crystallizing dish (145-mm inner diameter).
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FIGURE 2. Images of crystallizing dishes with L. gibba fronds following a 4-day growth experiment at each of the four different PPFDs investigated, which correspond to the numbers (100 to 700) in each of the panels A through D. Each dish started with approximately 20 fronds. Mother fronds were slightly darker than daughter fronds. Note the greater number of fronds per colony and greater proliferation of roots at the higher growth PPFDs.


Relative growth rate was calculated as the difference in ln-adjusted frond areas divided by the time elapsed (in days) between the two measurements (see, e.g., Hunt, 1990), as shown in the equation below (where FA4 and FA0 are the frond areas at the end and beginning of the 4-day experiment, respectively, and t4 is the time elapsed between these two measurements):
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Relative growth rate (RGR) and initial frond area (FA0) for each dish were then used to construct the following generalized relationship between frond area (in m2) and time elapsed (t):
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For each PPFD (in μmol photons m–2 s–1), the rate at which plants within each dish received photons scaled proportionally with their frond area. Thus, the following generalized relationship was used for photon flux for plants within each dish (in mol day–1 with conversion factors of 0.000001 mol μmol–1 and 86,400 s day–1) and time:
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Number of photons incident on the plant surface within a dish during the 4-day experiments was estimated using the following equation:
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Light-use efficiency (as m2 frond area produced per mol photons received during the experiment) was calculated as:
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Frond dry mass was quantified with an A-160 balance (Denver Instruments Company, Denver, CO, United States) from fronds that had been dried at 70°C for 7 days, and frond area of each sample quantified with ImageJ software (Schneider et al., 2012) from images taken before samples were placed in the drying oven.



Photosynthetic Capacity

Photosynthetic capacity was determined as light- and CO2-saturated rate of net photosynthetic oxygen evolution with oxygen electrode systems (Hansatech Instruments Ltd., Norfolk, United Kingdom; see Delieu and Walker, 1981) coupled with circulating water baths set to 25°C as previously described (Dumlao et al., 2012). For plants grown under PPFDs of 100 to 500 μmol m–2 s–1, oxygen evolution was measured from fronds of a known area after 5-min exposures to 500, 1000, and 1500 μmol photons m–2 s–1. Plants grown under 700 μmol photons m–2 s–1 were assayed at PPFDs of 1000, 1500, and 2000 μmol m–2 s–1. Frond areas were quantified from images of samples taken either immediately before or after each measurement using ImageJ.



Chlorophyll Fluorescence

Chlorophyll fluorescence was measured with a PAM-101 chlorophyll fluorometer (Walz, Effeltrich, Germany) to estimate allocation of absorbed light to photosynthesis versus photoprotective thermal energy dissipation as well as excitation energy not removed via either photosynthesis or energy dissipation as previously described (Figure 3; Genty et al., 1989; Demmig-Adams et al., 1996a; Adams and Demmig-Adams, 2004; Logan et al., 2014). Maximal chlorophyll fluorescence yield (with all photosystem II [PSII] centers in the reduced state and unavailable to perform photochemistry) was determined after 5 min of dark incubation (Fm) and after 5 min of exposure to PPFDs corresponding to the respective growth PPFDs (Fm′). Steady-state fluorescence under the respective growth PPFD (F) was determined immediately before measurement of Fm′. The yield of minimal chlorophyll fluorescence (with all PSII centers in the open state ready to perform photochemistry) was determined after 5 min of dark incubation (Fo) and upon brief darkening after steady-state fluorescence had been reached during exposure to actinic light corresponding to the respective growth PPFD (Fo′). Variable fluorescence after dark incubation (Fv) and after exposure to growth PPFD (Fv′) were Fm – Fo and Fm′ – Fo′, respectively. Potential maximal PSII photochemical efficiency after discontinuation of light-dependent thermal energy dissipation activity is given by Fv/Fm of darkened leaves (fronds darkened for 5 min either immediately upon removal from growth PPFD or after 30 min of recovery in low light of 10 μmol m–2 s–1). Maximal photochemical efficiency in the light (in the presence of light-dependent thermal energy dissipation) of those PSII centers that remain open at each growth PPFD is given by Fv′/Fm′. The fraction of PSII centers that are closed (reduced) under each PPFD is given by 1 – qP = (F – Fo′)/(Fm′ – Fo′), where qP stands for photochemical quenching. Photochemical efficiency at the percentage of closed PSII centers under each respective growth PPFD is given by Fv′/Fm′ × qP. The latter efficiency determines the efficiency of photosynthetic electron transport. In leaves that do not exhibit photoinhibitory inactivation of photosynthesis (see section “Results”), the fraction of absorbed photons dissipated by photoprotective energy dissipation under each respective growth PPFD can be assessed as 0.8 – Fv′/Fm′ (see Demmig-Adams et al., 1996a). The fraction of absorbed photons used neither in photochemistry nor in thermal energy dissipation is given by Fv′/Fm′ × (1 – qP) (Demmig-Adams et al., 1996a).
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FIGURE 3. Allocation of absorbed photons (after exciting chlorophyll from the ground state, Chl, to the singlet excited state, 1Chl*) to photochemistry (available for photosynthesis and growth; green arrow), photoprotective thermal energy dissipation (facilitated via zeaxanthin; orange arrow), and the remaining excess excitation energy removed neither via photosynthesis nor thermal energy dissipation (red arrow). The excess excitation energy leaves the system via conversion of singlet excited chlorophyll (1Chl*) to triplet excited chlorophyll (3Chl*) and subsequent transfer of the excitation energy to oxygen resulting in the formation of singlet excited oxygen (1O2*) that can oxidize polyunsaturated membrane lipids to gene regulators (signaling) or, in large amounts, lead to membrane damage. The allocation of photons to these different fates under a given condition can be estimated from chlorophyll fluorescence emission (see text for further explanation of the parameters shown).




Chlorophylls, Carotenoids, and Starch

Chlorophylls a and b, β-carotene, lutein, zeaxanthin, antheraxanthin, violaxanthin, and neoxanthin levels were determined via high-performance liquid chromatography as previously described (Stewart et al., 2015). From each dish under each growth PPFD, two samples of approximately 10 fronds each were harvested for pigment analysis at the same time as samples of fronds were taken for chlorophyll fluorescence measurements, i.e., before and after 30 min of recovery under 10 μmol photons m–2 s–1. After removal of roots, fronds were imaged for area with ImageJ and frozen in liquid nitrogen. Pigment concentrations for each dish were expressed as average concentrations of the two samples harvested before and after 30 min of recovery for those pigments that do not change in concentration over 30 min, i.e., chlorophyll a and b, lutein, β-carotene, the sum of the xanthophyll cycle pigments violaxanthin + antheraxanthin + zeaxanthin (V + A + Z), and total carotenoids (lutein, β-carotene, V, A, Z, and neoxanthin). Zeaxanthin level was calculated separately for samples collected before versus after 30 min of recovery. The reported zeaxanthin levels are from samples collected before the recovery unless otherwise stated.

For qualitative assessment of starch content, fronds were cleared in 70% (v/v) ethanol, stained for 5 min with diluted iodine-potassium iodide solution (Lugol’s solution; Sigma-Aldrich, St. Louis, MO, United States), and immediately mounted and imaged with a high-resolution scanner (Perfection 3200 Photo; Epson America, Inc., Long Beach, CA, United States).



Statistical Analyses

Statistically significant differences among growth PPFDs were determined via analysis of variance (one-way ANOVA) and post hoc Tukey–Kramer test for Honestly Significant Differences. Lines of best fit were obtained using non-linear models. Analyses were conducted with JMP Pro 15.0.0 (SAS Institute Inc., Cary, NC, United States). Sample sizes for each experiment was 3 dishes as also indicated in figure legends.



RESULTS


Growth Rates and Light-Use Efficiency of Growth

Dishes of L. gibba were photographed (Figure 2) once per day over 4 days of growth under PPFDs ranging from 100 to 700 μmol photons m–2 s–1 of continuous light. These images indicate that a similar level of frond growth was maintained over this range of growth PPFDs (Figures 2, 4). Due to these similar trajectories of exponential growth, corresponding growth curves were largely overlapping (Figure 4A). Relative growth rates (difference in ln-adjusted frond areas per unit of time) were consequently also similar (Figure 4B). In other words, L. gibba achieved rather high growth rates at low growth PPFDs and maintained similar growth rates over a wide range of growth PPFDs. Due to the fact that a 7-fold increase in growth PPFD (from 100 to 700 μmol m–2 s–1) did not produce a great deal of additional growth, light-use efficiency of area production was maximal at the lowest growth PPFD and declined precipitously with increasing growth PPFD (Figure 4C). Specifically, a 25% greater relative growth rate at 700 (maximal RGR) versus 100 μmol photons m–2 s–1 came at the cost of a 600% greater input of light.
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FIGURE 4. (A) Frond area accumulation (starting values normalized to 1) over a period of 4 days, (B) relative growth rate (difference in ln-adjusted frond areas per time elapsed) as a function of growth PPFD, and (C) light-use efficiency of L. gibba frond area production as a function of growth PPFD. The shades of green to yellow of the symbols correspond to the respective growth PPFDs (see Figure 1 and B,C), ranging from darker green (for 100 μmol m–2 s–1) to light green (for 700 μmol m–2 s–1). Mean values ± standard deviations, n = 3 for all growth PPFDs; different lower-case letters signify statistical differences at P < 0.05 via one-way analysis of variance and post hoc Tukey–Kramer HSD test.




Frond Content of Photosynthetic Pigments

Chlorophyll content on a frond area decreased at growth PPFDs between 200 and 700 μmol m–2 s–1 (Figures 2B–D, 5A). On a frond areas basis, total carotenoids increased with increasing growth PPFD and remained similar up to the highest growth PPFD. This pattern was accounted for by the trends of the constituent carotenoid fractions. While the total pool of the xanthophyll cycle pigments violaxanthin, antheraxanthin, and zeaxanthin (V + A + Z) showed an increasing trend with increasing growth PPFD, the levels of the individual carotenoids lutein and β-carotene declined between 200 and 700 μmol photons m–2 s–1 (Figures 5B,C). The only individual carotenoid that showed a unique, contrasting trend was zeaxanthin that was at negligible levels under the lowest growth PPFD and increased successively with each increase in growth PPFD between 200 and 700 μmol m–2 s–1 (Figure 5A).
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FIGURE 5. Levels of (A) chlorophyll a + b (squares) and zeaxanthin (circles), (B) carotenoids (sum of V, A, Z, lutein, β-carotene, and neoxanthin; squares) and the xanthophyll cycle pool (V + A + Z; circles), and (C) lutein (squares) and β-carotene (circles) on an L. gibba frond area basis as a function of growth PPFD. A, antheraxanthin; V, violaxanthin; Z, zeaxanthin. Mean values ± standard deviations, n = 3 for all growth PPFDs; different lower-case letters signify statistical differences at P < 0.05 via one-way analysis of variance and post hoc Tukey–Kramer HSD test.


The ratio of chlorophyll a (bound to all chlorophyll antennae) to chlorophyll b (bound only to the outer chlorophyll antennae that maximize light absorption under limited light levels) remained constant between 100 and 700 μmol photons m–2 s–1 (Figure 6A) whereas chlorophyll a + b levels declined (Figure 5A). All carotenoids increased relative to chlorophyll with increasing growth PPFD (Figures 6B,C). The increase of the total carotenoid pool was paralleled by an increase in the xanthophyll cycle pool (violaxanthin, antheraxanthin, and zeaxanthin; Figure 6B) and in lutein on a chlorophyll basis (Figure 6C). β-carotene relative to chlorophyll exhibited only a modest increase with increasing growth PPFD (Figure 6C). The carotenoid that exhibited the strongest increase with growth PPFD on a chlorophyll basis was, again, zeaxanthin (Figure 6A).
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FIGURE 6. (A) Chlorophyll a/b ratio (squares) and zeaxanthin per chlorophyll (Chl; circles), (B) total carotenoids (sum of V, A, Z, lutein, β-carotene, and neoxanthin; squares) and xanthophyll cycle pool (V + A + Z; circles) per chlorophyll, and (C) lutein (squares) and β-carotene (circles) per chlorophyll in L. gibba as a function of growth PPFD. A, antheraxanthin; V, violaxanthin; Z, zeaxanthin. Mean values ± standard deviations, n = 3 for all growth PPFDs; different lower-case letters signify statistical differences at P < 0.05 via one-way analysis of variance and post hoc Tukey–Kramer HSD test (n.s., not significantly different).




Photosynthetic Capacity, Light-Use Efficiency, Energy Dissipation, and Excess Excitation

Light-and CO2-saturated photosynthetic capacity on a frond area basis was not significantly different between 100 and 700 μmol photons m–2 s–1 (Figure 7A) and neither was dry mass per leaf area (see legend of Figure 7). To probe whether the absence of a PPFD-dependent increase in photosynthetic capacity may be associated with starch accumulation, an iodine starch test was performed. This test indicated modest starch accumulation in fronds grown under 100 μmol photons m–2 s–1 (Figure 7B) and strong starch accumulation in fronds grown under PPFDs between 200 and 700 μmol m–2 s–1 (Figures 7C–E).
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FIGURE 7. (A) Light- and CO2-saturated rate of oxygen evolution determined at 25°C and (B through E) iodine stain (as a qualitative test for starch presence) of L. gibba fronds as a function of growth PPFD. The numbers (100 to 700) in each of the panels B through E correspond to the PPFD (in μmol photons m–2 s–1) under which fronds were grown; the scale bars represent 5 mm. In A, mean values ± standard deviations, n = 3 for all growth PPFDs; n.s., not significantly different at P < 0.05 via one-way analysis of variance. Mean values ± standard deviations for frond dry mass per area (g m–2) were 26.4 ± 2.2, 37.4 ± 5.5, 37.9 ± 5.3, and 37.8 ± 3.8 for growth PPFDs of 100, 200, 500, and 700 μmol m–2 s–1, respectively (n = 3 for all growth PPFDs).


The photochemical efficiency of those PSII centers that remained open at each growth PPFD (Fv′/Fm′) declined with increasing growth PPFD (Figure 8A), which indicates increasing removal of excess excitation energy by photoprotective thermal energy dissipation (see Figure 3). The actual fraction of PSII centers that are closed (reduced) under each growth PPFD, 1 – qP, increased with increasing growth PPFD up to 500 μmol photons m–2 s–1, but did not increase further under 700 μmol photons m–2 s–1 (Figure 8B). Photochemical efficiency at the actual percentage of closed PSII centers under each respective growth PPFD (Fv′/Fm′ × qP) decreased strongly with increasing growth PPFD (Figure 8B). Potential maximal PSII photochemical efficiency (Fv/Fm) of fronds darkened for 5 min immediately upon removal from growth PPFD (− Recovery) exhibited a moderate decline as a function of growth PPFD, but rebounded quickly over 30 min of recovery (+ Recovery) in low light (Figure 8C). The resulting high dark Fv/Fm levels in L. gibba after this brief recovery period indicate an absence of photoinhibitory inactivation of photochemistry, which is consistent with L. gibba’s continuously high growth rates (Figures 2, 4). Figure 9 shows that dark Fv/Fm increased in proportion to removal of zeaxanthin (expressed as zeaxanthin level relative to the total xanthophyll cycle pool), indicating that the residual minor depression of dark Fv/Fm after 30 min of recovery is due to some sustained thermal energy dissipation. Since this residual minor depression in dark Fv/Fm precludes quantification of energy dissipation from the degree of quenching of maximal fluorescence in light versus darkness (Adams and Demmig-Adams, 2004; Adams et al., 2013, 2014; Logan et al., 2014), alternative approaches (see Figure 3 and section “Materials and Methods”) were used to estimate energy dissipation activity (Figure 10).
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FIGURE 8. (A) Efficiency of open photosystem II (PSII) centers (traps) during exposure to each respective growth PPFD, (B) fraction of PSII reaction centers (traps) that are closed, 1 – qP = (F – Fo′)/(Fm′ – Fo′) (circles), and PSII efficiency at the degree of center closure (Fv′/Fm′ × qP; squares) under each respective growth PPFD, and (C) the efficiency of PSII in the dark (Fv/Fm) in L. gibba fronds grown under each respective PPFD. Dark Fv/Fm was determined immediately upon removal of fronds from growth light conditions (– Recovery) and again after 30 min in low light (+ Recovery). Fm′, maximal fluorescence under actinic light; Fv′, variable fluorescence under actinic light (Fm′ – minimal fluorescence Fo′); PSII, photosystem II; qP, photochemical quenching. Mean values ± standard deviations, n = 3 for all growth PPFDs; different lower-case letters signify statistical differences at P < 0.05 via one-way analysis of variance and post hoc Tukey–Kramer HSD test.
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FIGURE 9. Relationship between the efficiency of open photosystem II (PSII) centers, Fv/Fm, and zeaxanthin content (as a fraction of the total xanthophyll cycle pool, violaxanthin [V], antheraxanthin [A], and zeaxanthin [Z]) in samples collected either immediately (circles) or after a recovery period of 30 min under a low PPFD of 10 μmol m–2 s–1 (squares) subsequent to removal from growth PPFDs. Fm, maximal fluorescence in the dark; Fv, variable fluorescence in the dark (Fm – minimal fluorescence in the dark, Fo). Mean values ± standard deviations, n = 3; analyzed statistically via linear regression.
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FIGURE 10. (A) Fraction of absorbed light utilized in photochemistry (P, green span labeled for 700 μmol photons m–2 s–1), thermally dissipated (D, orange span labeled for 700 μmol photons m–2 s–1), and in excess (E, red span labeled for 700 μmol photons m–2 s–1) and (B) the product of the latter fractions and photosynthetic photon flux density incident (PPFDi) upon L. gibba fronds as a function of growth PPFD. See the section “Materials and Methods” and Demmig-Adams et al. (1996a) for calculations. Mean values ± standard deviations, n = 3 for all growth PPFDs; different lower-case letters signify statistical differences at P < 0.05 via one-way analysis of variance and post hoc Tukey–Kramer HSD test.


Figure 10 provides a comprehensive accounting of absorbed photons and their pathways in the photochemical system of L. gibba as a function of growth PPFD. The percentage of absorbed photons utilized in photochemistry (P) was highest in fronds grown under 100 μmol photons m–2 s–1 and declined with increasing growth PPFD (P in Figure 10A), which is consistent with the pronounced decline in light-use efficiency of frond area production as a function of growth PPFD (Figure 4C). In the absence of photoinhibitory inactivation of photosynthesis in these plants, the fraction of absorbed photons dissipated in photoprotective thermal energy dissipation (D) under each respective growth PPFD can be assessed as 0.8 – Fv′/Fm′, which increased strongly and then plateaued with increasing growth PPFD (D in Figure 10A). The fraction of absorbed photons used neither in photochemistry nor dissipated thermally (E for Excess), Fv′/Fm′ × (1 – qP), increased only modestly and then also plateaued (E in Figure 10A).

In contrast to the fraction of photons, the actual number of photons entering the three possible pathways continues to increase with increasing absorption of light under increasing growth PPFD. Multiplication of each fraction of absorbed photons × the total number of photons absorbed at each growth PPFD would provide numbers of photons entering each pathway (P, D, and E). The total number of absorbed photons is, however, not available since absorptance measurements in these fronds could not separate photons into those absorbed by chlorophyll versus those absorbed by the yellow (carotenoid) pigments that do not transfer photons to photochemical reaction centers. To illustrate the concept of increasing rates of P, D, and E with increasing growth PPFD, Figure 10B shows the product of incident PPFD (PPFDi) × the fractions of absorbed photons going into pathways P, D, and E from Figure 10A. The declining chlorophyll a + b levels with increasing growth PPFD (Figures 2, 5A) presumably cause photon absorption to deviate increasingly from incident PPFD, and true rates of P, D, and E will thus be proportionally lower. Nevertheless, the estimated rate of thermal energy dissipation shown in Figure 10B provides the expected match for the level of the dissipater zeaxanthin on a chlorophyll basis (Figure 6A), with both parameters exhibiting continued increases with increasing growth PPFD. This result is also consistent with the close correlation between zeaxanthin level and dark Fv/Fm (Figure 9) subsequent to removal from growth PPFD.



DISCUSSION

This study addressed the impact of growth light intensity on plant growth and photosynthesis as well as on the concentrations of photosynthetic pigments with nutritional value for the human consumer. We focused on select vitamins and other essential antioxidant metabolites with well-documented health benefits that are (i) diet-derived nutrients for the human consumer, (ii) act synergistically with each other in both plants and animals, and (iii) are upregulated in plants in response to environmental cues (Grace and Logan, 1996; Logan et al., 1996, 1998a,b; Demmig-Adams and Adams, 2002; Adams et al., 2016). Humans require a number of antioxidant metabolites that cannot be synthesized in the human body and must be supplied by the diet, preferably via consumption of whole foods. Future studies should address the effect of growth light intensity on additional antioxidants with relevance to human nutrition, such as vitamins C and E, and phenolics.


Maintenance of Similar Growth Rates Over an Extreme Range of Light Environments

The results reported here demonstrate that L. gibba is able to achieve a remarkably high growth rate and light-use efficiency of plant growth under low growth light intensity. Lemna gibba achieves this high growth rate by superior light absorption – due to a combination of apparent minimal self-shading in the arrangement of its leaves and high chlorophyll levels under low light. The low levels of self-shading in the thin L. gibba leaves represent a natural adaptation that favors high light-use efficiency and is an alternative to current efforts to engineer crops with truncated chlorophyll antennae by way of reduced levels of outer chlorophyll antennae Lhcb (Ort et al., 2015; Kirst et al., 2017, 2018; Song et al., 2017).

Conversely, L. gibba’s growth rate also remained remarkably high even under a growth PPFD that supplied a total amount of photons per day similar to that received on the brightest and longest day of the year on Earth. One can consider this maintenance of high growth rates as evidence for a high degree of plant phenotypic plasticity, or robustness, of L. gibba with respect to extreme variation in the environment. It should be noted that L. gibba maintained these high growth rates under very high growth PPFDs despite the minimal self-shading in its relatively thin leaves. Self-shading in thick, high-light-grown leaves, as well as the overlapping nature of leaves in the canopy, of other plant species offers some structural photoprotection against excess light. The ability of L. gibba to avoid photoinhibition of photosynthesis under high growth PPFDs despite possessing thin leaves is thus a remarkable quality, which is apparently based on a combination of strong downregulation of chlorophyll synthesis and strongly increased biochemical photoprotection that kept excess excitation energy from building up beyond a modest level. This pronounced biochemical photoprotection included high levels of thermal dissipation of excitation energy, accumulation and retention of zeaxanthin in the amount of up to a third of the xanthophyll cycle pool at the highest growth PPFD for a period of 30 min in low PPFD, and accumulation of lutein. García-Plazaola et al. (2002) likewise found that L. minor strongly upregulated the pool of xanthophyll cycle pigments when grown under higher versus low PPFD and synthesized additional zeaxanthin when transferred to an even higher PPFD for several hours. The ability to sustain high area growth over a wide range of light environments is presumably advantageous for a floating plant like duckweed that occurs both in open ponds and areas around the edge of ponds that may be shaded by emergent macrophytes (e.g., cattails, sedges), overhanging terrestrial vegetation (e.g., willows, cottonwoods), or man-made structures (docks, bridges, etc.). Rapid coverage, and shading, of a pond by duckweed presumably serves to discourage the growth of algae that compete for nutrients.



High Phenotypic Plasticity With Respect to Highly Excessive Light

Lutein is abundant in all leaves even under low growth PPFDs because it is not a competitor with photochemistry; lutein detoxifies a triplet excited state of chlorophyll not used for photochemistry (Dall’Osto et al., 2006). In contrast, zeaxanthin is a direct competitor for photochemistry and de-excites the same singlet excited state of chlorophyll used for photochemistry (Demmig-Adams and Adams, 1992; Park et al., 2018, 2019). Several regulatory mechanisms ensure that zeaxanthin is formed in leaves only under excess light and is typically removed quickly upon return to non-excessive light levels (Demmig-Adams et al., 1996b).

The declining chlorophyll content and increase in the proportion of individual carotenoids relative to chlorophyll at high growth PPFD were consistent with some downregulation of the outer chlorophyll light-harvesting complex that maximizes light absorption in low light (Lhcb; the major Chl [a+b]- and lutein-binding light-harvesting complex) and with the role of lutein in Chl triplet de-excitation in Lhcb (Dall’Osto et al., 2006) as well as some downregulation of photosystem-core antenna complexes (that bind β-carotene). The strong accumulation of zeaxanthin despite the decline in chlorophyll level is consistent with localization of important zeaxanthin-binding sites with roles in thermal energy dissipation (Park et al., 2018, 2019) in linker proteins between photosystems and their outer Lhcb complexes. Under the highest growth PPFDs, additional zeaxanthin may be located in the lipid fraction of the photosynthetic membrane, where it can contribute to direct protection of membrane lipids (Havaux and García-Plazaola, 2014) in synergistic interaction with vitamin E (Wrona et al., 2003, 2004; Schneider, 2005). The findings of the present study thus confirm that zeaxanthin production in L. gibba requires very high growth PPFDs, while production of both lutein and β-carotene on a frond area basis declined somewhat at the highest growth PPFDs used here. β-carotene can serve as an antioxidant in both plants (Telfer, 2014) and animals (Stahl and Sies, 2012) and is, furthermore, the precursor (pro-vitamin A) in the synthesis of vitamin A, the precursor of the light-absorbing (retinal) component of vision purple in the human eye (Polutchko et al., 2015).

Coupling of chlorophyll downregulation and upregulation of zeaxanthin-associated photoprotection by L. gibba under excess levels of light combines two mechanisms with different features. The downregulation of chlorophyll content under high growth PPFDs cannot be reversed on short time scales of minutes to hours. However, rapidly reversible, thermal dissipation of excess excitation offers a high degree of flexibility with simultaneous strong photoprotection and a quick resumption of high light-use efficiency upon return to limiting light. The combination of these two biochemical adjustments – modulation of light-harvesting capacity/chlorophyll content and modulation of carotenoid levels and energy dissipation (assessed from Fv′/Fm′) – was apparently potent enough to (i) effectively limit build-up of excess excitation as well as prevent PSII centers from closing entirely even at the highest growth PPFDs and (ii) preserve the ability to quickly return to high PSII efficiency upon transfer to low light.

The concomitant changes in zeaxanthin content (and xanthophyll cycle conversion state to zeaxanthin) with changes in PSII efficiency are consistent with the well-documented role of zeaxanthin in thermal dissipation of excess absorbed light (Demmig-Adams and Adams, 1996, 2006; Demmig-Adams et al., 2012, 2014; Park et al., 2018, 2019). Theory predicts that the relationship between the absolute zeaxanthin level and the fraction of absorbed photons dissipated by zeaxanthin as thermal energy is curvilinear since the fraction of absorbed photons dissipated thermally is constrained to a maximum of 80% of absorbed photons. In contrast, zeaxanthin level and the rate constant of thermal dissipation both increase linearly with the absolute amount of photons dissipated thermally (Demmig-Adams et al., 1989a, b). A linear relationship between the rate constant of thermal energy dissipation and zeaxanthin level on a dry mass basis was empirically observed in leaves of several plant species by Demmig-Adams et al. (1989a, b).



Source-Sink Balance in Duckweed

Duckweed’s storage capacity for photosynthetically produced sugars is presumably limited by the virtual absence of non-green parts that can serve as major sinks for sugars in other plant species (Adams et al., 2014, 2018). This absence of non-green parts is what makes duckweed near-100% edible. Furthermore, this scenario may be the reason for duckweed’s prolific growth of new fronds as the species’ sole or main sink for sugars and the associated fast area growth and doubling times of duckweed species (Sree et al., 2015; Ziegler et al., 2015). The finding that maximal photosynthetic capacity did not increase with increasing growth PPFD between 100 and 700 μmol photons m–2 s–1 is consistent with sink limitation and starch accumulation as factors counteracting photosynthetic upregulation as part of a feedback loop that regulates photosynthesis by the demand for carbohydrate from the rest of the plant (Adams et al., 2013, 2014, 2018; Demmig-Adams et al., 2017). However, it is noteworthy that, despite the accumulation of starch, there was neither downregulation of photosynthetic capacity (see also McLaren and Smith, 1976) nor any decrease in area growth rate with increasing growth PPFD up to the highest growth PPFD. As stated above, high area growth rates are presumably ecologically advantageous for a floating plant like duckweed that benefits from an ability to rapidly cover large areas of water.



The Next Step in Duckweed Agriculture for Space Exploration

Compared to the light levels needed for remarkably high rates of L. gibba photosynthesis and growth, much higher light levels are required for strong induction of the essential antioxidant zeaxanthin. A similar relationship has been demonstrated in many other plant species for this relationship between light level needed to saturate photosynthesis and induction of strong zeaxanthin formation (see, e.g., Demmig-Adams et al., 1989a) as well as induction of strong accumulation of the antioxidant vitamins C and E and the enzymatic antioxidant glutathione (Grace and Logan, 1996; Logan et al., 1996). Excessively high growth light intensity (see Seginer et al., 2006 for lettuce) or other environmental stressors, on the other hand, can drive up excitation pressure to a level that causes growth reductions and photoinhibition (see, e.g., Adams et al., 2013) and even antioxidant destruction by light stress (see Havaux and García-Plazaola, 2014). Therefore, the challenge in designing light protocols for simultaneous optimization of plant yield, nutritional quality, and resource-use efficiency is that light-use efficiency of plant growth is maximal under low light input, while production of zeaxanthin and other essential antioxidants requires high light. In applications where the cost of light-energy input is not an issue, plants could be grown under high PPFD. However, if light input is an issue, the input of 600% more light to attain a 25% greater relative growth rate (as seen at 700 versus 100 μmol photons m–2 s–1) may not be justifiable.

Insight from plant ecophysiology can offer solutions for co-optimization of plant yield, energy-use efficiency, and nutritional quality. We discovered (Adams et al., 1999) that plants growing in the shaded understorey of a forest periodically punctuated by shafts of full sunlight (sunflecks penetrating the canopy) produce and continuously retain considerable amounts of zeaxanthin. Based on this finding, we used a combination of low background light intensity and a few high-light pulses in climate-controlled growth chambers to simultaneously keep energy-use efficiency high and yet produce and retain zeaxanthin under low background light. We obtained proof-of-concept for the validity of this approach with the model species Arabidopsis thaliana (Cohu et al., 2014). The latter study offered the conclusion that “growth light environment … can be exploited to simultaneously optimize nutritional quality … as well as biomass production of leafy greens suitable as bioregenerative systems for long-duration manned spaceflight missions.” It may thus be possible to minimize, or circumvent altogether, the trade-off between light-use efficiency of growth and nutritional quality with this novel growth protocol to co-optimize all desired features.
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Perhaps the main factor determining success of space travel will be the ability to control effects of ionizing radiation for humans, but also for other living organisms. Manned space travel will require the cultivation of food plants under conditions of prolonged exposure to ionizing radiation. Although there is a significant literature concerning the effects of acute high dose rate exposures on plant genetics, growth, and development, much less is known concerning the effects of chronic low dose irradiation especially those related to the impacts of the high energy protons and heavy ions that are encountered in the space environment. Here, we make the argument that in situ studies of the effects of radionuclides at nuclear accident sites (e.g., Chernobyl and Fukushima), atomic bomb test sites, and areas of naturally high radiation levels, could provide insights concerning the mechanisms of radiation effects on living systems that cannot be assessed short of conducting research in space, which is not yet feasible for large scale, long term, multigenerational experiments. In this article we review the literature concerning the effects of chronic low-dose rate radiation exposure from studies conducted in Chernobyl, Fukushima, and other regions of the world with high ambient radiation levels (parts of India in particular). In general, mutation rates and other measures of genetic damage are considerably elevated, pollen and seed viability are reduced, growth rates are slower, and the frequency of developmental abnormalities is increased, although there is considerable variation among taxa for these effects. In addition, there are interactions between radiation and other environmental stressors (e.g., temperature, drought, heavy metals) that may play important roles in determining susceptibility to radiation induced stress.

Keywords: plants, ionizing radiation, Chernobyl, Fukushima, mutation


INTRODUCTION

On this planet, ionizing radiation stems primarily from geological processes and is the result of the decay of radionuclides in the ground. For humans, the largest doses come from the inhalation of radon gas, a decay product of radium, which in turn is derived from the decay of uranium and thorium, which are relatively abundant in the earth’s crust. As an aside, natural radon emissions are thought to be a leading cause of lung cancer (Lubin and Boice, 1997) reinforcing the relationship between radiation and cancers. Another important radionuclide is potassium-40 which has a very long half-life of over a billion years. Uranium and thorium decay products are generally alpha and beta particle emitters making them relatively difficult to detect and measure while 40K is both a beta and gamma radiation emitter and can thus be easily measured using simple instruments (e.g., a Geiger counter or gamma spectrometer).

Most studies of radiation effects on plants have been conducted under laboratory or highly controlled conditions (Caplin and Willey, 2018). Most often seeds or growing plants are treated with an external gamma source, often cobalt-60, then compared to controls (e.g., Marcu et al., 2013). Findings among studies vary considerably, from stimulation of growth at low doses to negative effects at higher doses. In most cases, radiation treatment levels are extremely high (often 50–300 Gy, e.g., Maity et al., 2005), far beyond any natural conditions normally found in space or on this planet, apart from perhaps the extremely rare gamma-ray bursts related to supernova implosions (Kumar and Zhang, 2015), which are hypothesized to have led to several extinction events over the eons (Thorsett, 1995). In addition, because most studies employ an acute, high dose rate exposure to gamma rays alone, these studies may have limited relevance for issues related to the effects of radionuclides in the soil from natural or anthropogenic sources (e.g., nuclear accidents or atomic bomb testing fallout). Chronic, low dose rate with multigenerational exposure is the norm. Chronic doses associated with the space radiation environment may differ even more from exposure to gamma rays.

In space, and on Mars, the radiation environment consists of the solar electromagnetic spectrum and a diverse array of charged particles from both within and outside our solar system (Nelson, 2016). Terrestrial and even low earth orbit environments are largely shielded from these sources because of the Earth’s magnetosphere and atmosphere which deflect most of the heavy ions stemming from galactic cosmic radiation. Because of this, it is extremely difficult to conduct experiments on Earth that mimic the space environment for biologically relevant time periods.

One approach that has been used extensively has been to expose biological materials to artificially generated heavy ions. The main artificial source for heavy ions on earth come from linear accelerators like the Relativistic Heavy Ion Collider (RHIC) at DOE’s Brookhaven National Laboratory (Alessi et al., 2010) where NASA has established a space radiation laboratory (NSRL) to specifically generate the sorts of heavy ions found in cosmic radiation (La Tessa et al., 2016). Although this facility is invaluable, it is limited to generating very short duration exposures of minutes to hours. Thus, most experiments must trade off low dose rate for an acute high dose. Such a trade-off most certainly leads to a lack of realism making extrapolation to prolonged space flight conditions difficult if not impossible. That is not to say such experiments are without merit: clearly this is not the case. But it must be recognized that both total dose and dose rate, as well as developmental stage of exposure, are known to affect biological responses (e.g., Russell et al., 1958; Vilenchik and Knudson, 2000) and must be considered in any experimental design.

Here, we are advocating an alternative, more realistic approach, that uses a mixture of radionuclides in situ to simulate chronic exposure to both charged particle and photon radiation sources. We suggest that prolonged exposure to alpha and beta particles, and gamma photons, is a more realistic proxy for experimental studies of space radiation than acute high doses of heavy ions or gamma rays alone in an artificial, laboratory setting. Although far less energetic than the heavy ions found in Galactic Cosmic Radiation (GCR), alpha and beta particles do have mass and their interactions with biological molecules more closely resembles that expected for GCR than gamma photons alone. Certainly, if ingested, alpha and beta generating radionuclides can deliver substantial doses to intracellular structures (e.g., DNA, lipids), and there are many common radionuclides capable of delivering substantial gamma dose rates both externally and internally (e.g., 137Cs and 60Co). Most importantly, experimental treatments can be calibrated to deliver a variety of dose rates over multiple generations thus permitting a simulation of the conditions experienced during space flight and life on Mars.

That said, there are many challenges to using radionuclides for environmental experiments. The greatest challenge comes from their toxicity and the difficulty of clean-up after use. Half-lives of commonly available radioisotopes (e.g., 137Cs, 90Sr, 238U) are often quite long (30, 29, and 4.5B years, respectively) thus requiring expensive remediation of experimental plots after use even if one could get permission to conduct such an experiment to begin with. But this is far less a challenge than simulating GCR for prolonged experimental durations.

Here, we are advocating an alternative approach that offers many opportunities and few of the costs or drawbacks suggested above. Nuclear accident sites (e.g., Chernobyl or Fukushima), atomic bomb test sites (e.g., the Marshal Islands or Semipalatinsk), and naturally occurring radioactive landscapes (e.g., Kerala, India, Ramsar, Iran) potentially provide a setting for conducting large scale experiments without the need for major remediation following the experiments. Specific locations can be selected for a particular ambient radiation level that includes a mix of alpha, beta, and gamma sources, and dose rates can be selected or manipulated to include very low to relatively high doses (e.g., in excess of 1 mGy/h in Chernobyl) to assess dose-response relationships which is an important aspect of testing for causality in such studies (Shapiro, 2008). In some places, it is possible to manipulate the radiation environment by transporting contaminated soil to experimental plots (e.g., Chernobyl) or diluting substrates to achieve a desired dose rate. Given that the Chernobyl Exclusion Zone is highly heterogeneous with respect to contamination levels, it is easily possible to identify areas where both treatment and “control” plots could be located with a few hundred meters of each other. We have utilized this feature of the Chernobyl zone to compare highly radioactive to relatively “clean” areas at multiple locations thus permitting multiple paired-comparisons across the region (e.g., studies of decomposition, tree growth, abundance, and diversity; Mousseau et al., 2013, 2014, among many others). Field plots and/or greenhouses with highly contrasting radiation conditions are certainly feasible and have been used on occasion in the past (e.g., Dmitriev et al., 2011). Our perspective on this topic is not original and has been suggested before (e.g., Caplin and Willey, 2018) but it bears repeating given the near total lack of investment in this research area.

Similar to accident sites, atomic bomb test sites offer a wide range of radionuclides and radiation levels that could be exploited for experimental tests of radiation effects on plant growth. For example the United States detonated 67 atomic bombs at the Marshall Islands and the Soviet Union tested 456 bombs in Semipalatinsk region of Kazakhstan. Vast quantities of radionuclides persist in these regions yet to our knowledge, there have been very few studies concerning the biological impacts of the fallout. Studies of organisms living in these regions could offer insights concerning evolved adaptive responses as most testing ended more than 60 years ago in these areas, or about twice as long since the Chernobyl accident which occurred in 1986.

In contrast to atomic bomb test sites and accidents at nuclear facilities, there are geographic regions where naturally occurring radiation can reach very high levels (three orders of magnitude above global mean levels), as found in India, China, Iran, Turkey, Namibia, and Brazil among others (Møller and Mousseau, 2013b). In addition, there are equally many sites with high levels of radiation in the oceans with thermal vents and their associated unique biodiversity being a well-known example (e.g., Cherry et al., 1992; Jolivet et al., 2004). Maximum terrestrial levels of radioactivity reach as high as 29.7 μSv/h in Ramsar, Iran, 22 μSv/h in Morro do Ferro, Minas Gerais, Brazil, 12 μSv/h in Mombasa, Kenya, 10 μSv/h in Lodeve, France, 4.0 μSv/h in Kerala, India, 4.0 μSv/h in Tamil Nadu, India, and 0.7 μSv/h in Yangjiang, China (Ghiassi-Nejad et al., 2002). These levels of radiation are 20-fold less than the maximum levels today at Chernobyl but they have existed for geological time periods thus providing ample opportunity for evolved adaptations to ionizing radiation.

For more than two decades we have conducted research on the biological effects of radiation stemming from radionuclides in Chernobyl, and in Fukushima since 2011. We have also surveyed the literature and conducted meta-analyses of the findings from research conducted in naturally radioactive regions of the planet including parts of India, Iran, Brazil, and elsewhere. Studies in all these environments have provided a plethora of novel insights concerning the impact of ionizing radiation on natural systems that is at once much more realistic of both terrestrial and space environments than traditional laboratory studies, given the chronic exposure to a mix of radiation types. In addition, because many of the findings reported here reflect long term responses to ionizing radiation, this permits testing for adaptive responses of potential utility for the development of plant resources for space flight.

Here we review the impact of terrestrial ambient radiation on plants. First, we review mutation rates in plants in Chernobyl and other naturally radioactive places around the world (Møller and Mousseau, 2013b, 2015). Second, we review impacts of ionizing radiation on plant growth and morphological abnormalities. Third, we review the impact of ionizing radiation on plant reproduction. Fourth, we review the literature on how other organisms through herbivory and parasitism impact flowering plants and their performance. Fifth, we review studies of the effect of ionizing radiation on plant ecosystems (Santos et al., 2019). Finally, we provide future directions for research on the impact of ionizing radiation on flowering plants.



IONIZING RADIATION AND MUTATION RATES IN PLANTS

Elevated mutation rates are a key feature of ionizing radiation (Muller, 1950). Previous studies have shown increased mutation rates in some, but not in all plants (Kovalchuk et al., 2000; Møller and Mousseau, 2013b; Aguileta et al., 2016). In an extensive summary of radiation effects stemming from natural sources all around the planet, Møller and Mousseau (2013b) demonstrated that plants, as a group, had effects of ionizing radiation that were almost an order of magnitude higher than in animals (see Table 2, Møller and Mousseau, 2013b). Mean effect size for effects of radiation on mutations and other traits weighted by sample size was 0.749 (95% CI 0.570–0.878), while in animals this was only 0.093 (95% CI 0.039–0.171) (Møller and Mousseau, 2013b, p. 246). Effect size in such metanalyses is a scaled measure of the correlation between the dependent and independent variables. These strong effects may reflect the sedentary life history of most plants or differences in the ability to repair the damage inflicted by ionizing radiation. The fact that exposure to radiation is continuous over many generations may also play a significant role as the effects may be compounded by mutation accumulation across multiple generations as has been suggested in studies of other groups (e.g., Garnier-Laplace et al., 2015; Omar-Nazir et al., 2018). It is notable that many natural sources have dose rates that are relatively low, with the highest on the order of 200 mGy/y (most are substantially lower), suggesting that even very low dose rates can have significant repercussions for organismal functioning.

In a subsequent metanalysis, Møller and Mousseau (2015) performed a comprehensive study of all known experimental studies of radiation effects for organisms living under the influence of radio-contaminants stemming from the Chernobyl disaster. As with the analysis of natural radiation sources (Møller and Mousseau, 2013b), this analysis found that plants showed significantly higher effect sizes than animals [0.749 (95% CI 0.570–0.878) vs 0.089 (95% CI 0.071–0.108); Qb = 5.044, df = 1, p = 0.025] although the differences were not nearly as dramatic as those seen in areas of naturally high radiation. This difference between studies could reflect the much higher sample sizes for the latter study or perhaps the impacts of evolved adaptations to radionuclides although in general there is very little evidence to suggest that higher organisms (including plants) show much in the way of genetically based adaptive responses to ionizing radiation in the Chernobyl region (Møller and Mousseau, 2016).

A detailed listing of the plant studies included in Møller and Mousseau (2015) is given in Table 1. Effect sizes varied considerably among species and interspecific differences could be explained by differences in resistance to radiation due to physiological mechanisms, DNA repair ability and other factors such as life history or mode of reproduction. Differences between plants and animals could partly be due to the sedentary nature of plants, which unlike animals are unable to temporarily or permanently move away from the most contaminated areas, or differences in genome size and ploidy. Much further work is needed to address these questions.


TABLE 1. Mutation and genetic damage rates in Chernobyl plants.
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De Micco et al. (2011), Caplin and Willey (2018), and Arena et al. (2014) have conducted comprehensive reviews of experimental studies related to radiation sources of many types on plant mutations, including several studies conducted during space missions. Other experimental radiation sources included gamma rays, heavy ions of all sorts, and neutrons. Overall, the findings reinforce the expectation that heavy ions are a significant mutagen for plants and are very likely to pose significant challenges for plant cultivation during long term space travel.



IMPACTS OF IONIZING RADIATION ON MORPHOLOGICAL ABNORMALITIES

Plants and animals living in elevated radiation environments have been shown to have higher incidences of abnormalities including pheno-deviants and degrees of fluctuating asymmetry. Møller (2002) showed for 15 out of 15 studies of plants and animals studied in Chernobyl and in less contaminated control areas that the level of developmental instability in all cases was higher in Chernobyl than in control areas. That was also the case for three species of plants with the degree of abnormality in petal length and number deviating from the situation in uncontaminated controls (Møller, 1998). Zakharov and Krysanov (1996) listed abnormalities in leaves of a number of different plant species including differences in length of right and left morphological characters, but also differences in the number of leaflets on leaves of the right and left side of the symmetry axis, and differences in the variance in right and left characters of plants. The species studied with respect to leaf asymmetry were soy beans Glycine max, flax Linum usitatissimum, and robinia Robinia pseudacacia. While these levels of abnormalities were small, Møller and Mousseau (2003) showed that such abnormalities could be associated with reduced viability and reproductive success in other organisms.



PLANT GROWTH AND RADIATION

There have been several studies of tree growth and morphological aberrations in the Chernobyl region. For example, Mousseau et al. (2013) demonstrated significant decreases in growth rates of Scots pines (Pinus sylvestris) living in contaminated areas using a dendrochronological analysis of 105 trees across the spectrum of radiation levels in the Chernobyl Exclusion zone. Trees were selected to be at least 35 years old at the time of the study (2009) so that there was a record of growth from at least 10 years prior to the accident. Growth rates from both before and after the accident in 1986 were estimated using growth rings which are very easily measured for pine trees. A longitudinal analysis demonstrated very large decreases in growth rates in the most radioactive areas for 3 years following the accident, followed by smaller decreases particularly in years of drought. This was likely a consequence of the very high doses experienced by the trees at the time of the accident which declined dramatically in subsequent years. Scots pines have been shown to be particularly vulnerable to the effects of radiation and recruitment to areas above 50 μGy/h ambient radiation has been minimal even to this day. Several studies have demonstrated that younger trees were particularly vulnerable to the effects of radiation (e.g., Tulik and Rusin, 2005; Mousseau et al., 2013) with significant changes in growth form and wood quality observed.

Many of the pines in the most contaminated areas of Chernobyl show dramatic changes in the morphology with peculiar branching reflecting damage to the meristems at the time of the accident (e.g., Kozubov and Taskaev, 2002). Not coincidentally, Japanese red pine (Pinus densiflora) and Japanese fir (Abies firma) trees both showed developmental abnormalities similar to those seen in Chernobyl following the Fukushima accident (Watanabe et al., 2015; Yoschenko et al., 2016). This convergence in effects provides strong support for the hypothesis that exposure to radiation during development was the causal factor underlying these developmental aberrations. At present, little is known concerning the genetic or physiological mechanisms associated with these effects.

It is not known the degree to which the effects seen in Chernobyl are the result of direct effects on the trees themselves versus indirect effects mediated via other biotic factors. For example, studies of decomposition of plant material and soil invertebrate activity also show significant declines in areas of high contamination levels (Mousseau et al., 2014; Bezrukov et al., 2015), and this in turn could result in lower nutrient recycling rates with consequent effects on plant growth. It seems likely that both biotic and abiotic stressors interact with radiation to affect plant growth in these “natural” systems.

Overall there have been very few studies of the effects of radiation on plants related to the Fukushima event. Notable exceptions include studies of tree growth mentioned above, and studies of rice by Hayashi et al. (2014, 2015) and Rakwal et al. (2018) that have suggested effects on plant growth, DNA repair, stress responses, and an array of gene expression responses. These studies are likely to be very useful for further investigations of mechanisms associated with genetic and physiological responses to chronic radiation exposures.

Desiderio et al. (2019) conducted laboratory studies of X-ray and gamma ray exposure on tomato “hairy root” cultures and found significant effects on stress response activation and protein metabolism when cells were exposed to high radiation levels (>5 Gy) but not at lower exposures (0.5 Gy). Arena et al. (2019) suggested that Solanum lycopersicum seeds were not negatively affected by exposure to high doses from Ca ions because seedlings that germinated following exposure had better photochemical efficiency than controls and produced larger fruits. However, this seemingly positive effect may have resulted from the tradeoffs associated with producing fewer fruits. Biermans et al. (2015) tested for the effects of alpha particle exposure on Arabidopsis thaliana from 241Am and found negative impacts on photosynthesis performance and carbon assimilation that likely resulted from redox balance declines.



IONIZING RADIATION AND PLANT REPRODUCTION

Ionizing radiation may impact reproductive organs and gametes and hence reduce plant reproduction. This may delay phenology and hence the timing of reproduction. The difference between the number of buds and the number of flowers may also be affected by radiation with a relatively larger number of flowers relative to buds reflecting a relatively later timing of reproduction. Radiation may also reduce growth of plants and hence exposure of flowers to pollinators. The number and the size of flowers may affect reproductive output including seed set. We have recorded these components of reproduction in 73 species of flowering plants in Chernobyl and Fukushima in order to test whether ionizing radiation affects growth of plants.

Ionizing radiation may also affect pollen viability and hence reproductive output. Møller et al. (2016) showed for 109,000 pollen grains from 675 pollen samples from 111 species of plants at Chernobyl that there was an overall negative, but weak relationship between pollen viability and radiation. Only ploidy level and the number of nucleate cells influenced the strength of the relationship between the level of radiation and viability. Møller and Mousseau (2017) showed that germination rate of plants from Chernobyl was lower in more contaminated areas even when seeds are grown in an uncontaminated common garden. Møller and Mousseau (2017) showed no significant effects of genome size, number of chromosomes, level of ploidy or pollination by bi- or trinucleate pollen grains. Finally, seed weight decreased among sites with higher levels of ionizing radiation. In contrast, Arena et al. (2014) have suggested that there is a positive relationship between “chromosome volume” and mutation rates i.e., species with larger chromosome sizes are more vulnerable to radiation although they also suggest that polyploid species are more resistant to radiation effects because gene redundancy “protects polyploids from the deleterious effects of mutations.”

In a common garden experiment, Boratyński et al. (2016) examined germination and growth of seeds and seedling wild carrots (Daucus carota) collected from Chernobyl sites that varied in radiation levels by three orders of magnitude (0.08–30.2 μGy/h). The only significant predictor of germination rates was the radiation level from which the maternal plant was growing. In addition, the time to germination was longer as was the time to produce cotyledons for plants derived from more radioactive areas. Given that seeds and seedlings were grown in a common garden environment these findings suggest that exposure to ionizing radiation in the maternal generation carried over to the offspring. This could reflect genetic effects or other maternally transmitted factors in the seeds. Such transgenerational interactions are nearly ubiquitous in both plants and animals but often ignored. Such parental (and grandparental) effects must be accounted for in any experimental design (Mousseau and Fox, 1998a, b).

Experimental studies conducted in space and in the lab using heavy ions, and gamma sources, have also generally found effects on plant reproduction although the results vary depending on species and the biological endpoint studied (see Table 2, De Micco et al., 2011).



IONIZING RADIATION, HERBIVORY AND PARASITISM IMPACT FLOWERING PLANTS

Plants interact with herbivores, parasites, decomposers and pollinators. Hence changes in the abundance and the diversity of plant species and their growth and life history may be partially affected by these different taxa. There is considerable variation in density of herbivores across radiation gradients within the Chernobyl Exclusion Zone (Møller and Mousseau, 2013a). Roe deer Capreolus capreolus, red deer Cervus elaphus, moose Alces alces, and bank voles Myodes glareolus are abundant depending on ambient radiation. The abundance of bank voles is mainly determined by food availability and hence vegetation, but also by the interaction between food and radiation (Mappes et al., 2019). It remains to be seen if the abundance of plants depends on ambient radiation levels and the abundance of herbivores.

Fungi play important roles as decomposers and parasites. Parasitic fungi of the genus Microbotryum are transmitted by pollinators to flowers of caryophyllaceous plants sterilizing flowers and hence reducing reproductive output of plant hosts (Aguileta et al., 2016). Indeed, the prevalence of the anther smut increases with the abundance of butterflies, which in turn decrease in abundance with the level of ambient radiation. Interestingly, the impact of radiation on prevalence of the smut fungus depends on the abundance of pollinating butterflies as revealed by the statistical interaction. Subsequent molecular analyses revealed no dose-dependent substitution rates showing no evidence of radiation-dependent mutation rates. In fact, there was evidence of stronger purifying selection in contaminated that in non-contaminated areas.

Plant-microbe interactions play a large role in determining plant health (Berg, 2009) and success in natural settings (Reynolds et al., 2003). To date, virtually nothing is known concerning how such interactions might be influenced in a radioactive setting although field studies in Chernobyl suggest that radiation effects on decomposition may be affecting plant growth in important ways (Mousseau et al., 2014).



EFFECT OF IONIZING RADIATION ON PLANT ECOSYSTEMS

The Chernobyl Exclusion Zone is characterized by predominant cover with grasses and trees following the impact of the nuclear disaster. Santos et al. (2019) used the Normalized Difference Vegetation Index (NDVI) derived from satellite images and measurements of ambient radiation from the ground. Remote sensing and Landsat satellite images across years were used to relate NDVI to background radiation. Analyses of the association between NDVI and ambient radiation measurements were made using analysis of variance and Generalized Additive Models. NDVI increased over the years after the accident in 1986 largely independent of current ambient radiation. The increase in green coverage in the exclusion zone is due to positive effects of land abandonment and reduced abundance of herbivores that surpassed the negative effects of radiation exposure on the vegetation. The Chernobyl Exclusion Zone is now dominated by grasses and shrub/trees with the latter dominated by Scots pine and silver birch Betula pendula. Santos et al. (2019) concluded that there were positive effects of abandonment of farmland for the abundance of some plant species, while there were negative impacts of exposure to ionizing radiation on the vegetation. Finally, Santos et al. (2019) showed that the vegetation was negatively affected by a threshold level of ionizing radiation. This suggests that level of ionizing radiation reduces the abundance of some, but not of other species of trees. While the abundance of certain tree species has increased, the abundance of flowering plants has decreased considerably.

We have surveyed plant communities in 80 sites in Chernobyl that were either uncontaminated control areas or contaminated areas varying in their degree of contamination. In general, there are strong interactions between plants and insects, with ramifications for plant fertility and recruitment, and community structure (Møller et al., 2012). This study began in 2003 and has been repeated again at the same sites in 2018. These extensive analyses of the impact of radiation on plant communities will allow for continuous assessment of plant communities in years to come. They will also allow for comparison of short- and long-term effects of ionizing radiation.



CONCLUSION

Studies of genetics, development, and life history at terrestrial sites having large amounts of radionuclides offer an opportunity to experimentally investigate exposure to a wide range of ionizing radiation sources over long time periods that in some ways could be used as a proxy for studies of cosmic radiation. Current knowledge suggests that many plants are vulnerable to such exposures as evidenced by the many examples of genetic damage and developmental abnormalities not widely seen under “normal” conditions. Chernobyl, in particular, is a valuable “natural” laboratory given the relatively high radiation levels stemming from a diversity of radionuclides across its broad landscape that could be experimentally manipulated to investigate the complex ways that plants adapt and evolve to changes in a radioactive environment. In addition, paired studies at other accident sites (e.g., Fukushima), atomic bomb test sites (e.g., the Marshall Islands), and naturally radioactive regions of the world offer unique opportunities to dissect out effects of particular radionuclides and types of ionizing radiation (i.e., alpha, beta, and gamma) as well as the importance of time since start of exposure on adaptive and evolutionary responses.
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The MELiSSA Pilot Plant (MPP) is testing in terrestrial conditions regenerative life support technologies for human exploration in Space. One of its components is a controlled Higher Plant Chamber (HPC) accommodating hydroponic plant cultures. It consists of a 9 m3 single closed growth chamber providing adequate environmental conditions for growing plants, enabling the production of food, water and oxygen for the crew. A critical aspect for a reliable HPC performance is to achieve homogeneous air distribution. The initial experiment carried out in the MPP with lettuce as salad crop, showed uneven plant growth throughout the HPC, which was attributed to inadequate air distribution due to non-homogeneous air velocity profile along the inlet-vents. After a detailed computational fluid dynamics (CFD) analysis, the heating, ventilation, and air conditioning subsystem of the HPC was upgraded and a new experiment was carried out in optimized air flow conditions. Nine-day seedlings of lettuce cultivar “Grand Rapids” were transplanted into the HPC and harvested at the end of the growing cycle, where shoot fresh weight, dry biomass, and shoot mineral composition were analyzed. During the experiment, the environmental control system performed remarkably well based on the biometric measurements as well as the mineral composition leading to a vast homogeneous growth. Overall, the results demonstrated the beneficial effect of an adequate air distribution system in HPCs and the effectiveness of CFD-analysis to design properly the gas distribution. The obtained results are of high relevance for life support systems in space involving plants growth.

Keywords: closed loop life support system, computational fluid dynamics, higher plant characterization, hydroponics, Lactuca sativa L., mineral composition


INTRODUCTION

Controlled ecological life support systems (CELSSs) or bio-regenerative life support systems (BLSSs) have been defined as systems that guarantee human life for long-term in space environments, being able to provide the necessary food sources (Guo et al., 2017). Their main objective is to provide the crew with food, oxygen and water without the need of continuous resupplying from Earth, therefore recovering resources from the waste generated by the crew (Zabel et al., 2016).

MELiSSA (Micro-Ecological Life-Support System Alternative) project was conceived for the development of a regenerative life-support system for long-term space missions (Mergeay et al., 1988). Micro-Ecological Life-Support System Alternative project has five major compartments colonized by (i) thermophilic anoxygenic bacteria, (ii) photo-heterotrophic bacteria, (iii) nitrifying bacteria, (iv) photosynthetic bacteria and higher plants, and (v) the crew, respectively (Gòdia et al., 2004; Lasseur et al., 2010). The Higher Plants Compartment or Chamber (HPC) is an important component of the MELiSSA loop (Favreau et al., 2005; Waters et al., 2005). The complete MELiSSA loop is demonstrated in the MELiSSA Pilot Plant (MPP), at terrestrial conditions and using rats to mock-up the respiration of the crew. The sizing, design, and construction of the different compartments of this Pilot Plant has been performed for a final demonstration target of providing the oxygen required for one human and 20–40% of the required food.

The use of HPC within BLSSs has a double objective: (i) to provide atmosphere regeneration for the respiration and also (ii) to supply fresh food for the crew, which constitutes not only a key point for nutrition but also encompasses beneficial impact on the crew psychological and overall health status (Koga and Iwasaki, 2013). A detailed review of the agricultural systems developed for space addressing the constraints and needs for the improvement of these systems has been recently published by Wheeler (2017). Among these factors, the advances in hydroponics and in illumination by the use of efficient Light Emitting Diode (LED) are highlighted. Moreover, the use of fully controlled plant chambers is an utmost need for a consistent and reproducible food and oxygen production (Haeuplik-Meusburger et al., 2014).

The most relevant environmental variables (air temperature, humidity, light, air flow, pressure, atmosphere gas composition, etc.) have to be controlled in an HPC to sustain optimal plant growth, this being achieved only if plants are cultivated in isolated chambers (Lasseur et al., 2010).

One of the main driving factors for the design of the HVAC system of a HPC is to obtain maximal gas exchange rates, which is essential for plant photosynthesis and consequently for plant growth. In order to achieve this objective, the air velocity inside the canopy should be above 0.2 m s–1 (Kitaya et al., 2004) and the air current speed above the canopy should be more than 1.0 m s–1 to obtain maximal gas exchange rates (Kitaya et al., 2003). Air flow is important not only for promoting plant growth, but also for water purification via plant transpiration and maintaining healthy conditions of the crops. Lee et al. (2013) found a clear decrease in tipburn symptoms on lettuce cultivars leaves in a closed plant factory, using pre-screened tipburn-sensitive cultivars, when horizontal air velocity was set to 0.28 m s–1 or higher, validating the positive effect of air turbulence to prevent tipburn. On the other hand, in the same work, a higher air velocity (1.04 m s–1) caused a decrease in plant growth.

Accordingly, the internal air recirculation in the HPC of the MPP was set to an air exchange rate that according to the design would provide an air velocity inside the canopy of about 0.3 m s–1.

In order to obtain an air distribution field inside the plant growth region, the internal air circulation was simulated using computational fluid dynamics (CFD) models. Over the past few years, CFD has proven to be a useful tool to estimate air velocity in a reliable and accurate way, improving airflow mal-distributions and asymmetric airflow in closed environments (Martins et al., 2014; Di Perta et al., 2016; Lee et al., 2018). In particular, three-dimensional CFD analyses have been successfully used to predict and improve the air profiles surrounding the growing crops (Zhang et al., 2016).

In order to optimize the input/output of the MELiSSA Higher Plant compartment, an appropriate crop selection is necessary. Hitherto, various species such as cereals, fruit, tubers and leafy vegetables have been tested as potential candidates for food production in space (Wolff et al., 2014). The main selection criteria for these species were their adaptability based on environmental constraints; therefore, plant size, light requirements, harvest index (HI), as well as nutritional value are considered fundamental aspects for the crop selection (Chunxiao and Hong, 2008; Kyriacou et al., 2016, 2017; Wheeler, 2017). Salad crops have a low water uptake/transpiration ratio, short growing cycle, very high HI and require little crew commitment for cultivation. Lettuce is a ubiquitous species among the crops suggested for life support systems as candidate salad crops for near-term missions such as tomato, radish, spinach, chard, and carrot (Wheeler, 2002). Furthermore, it is a very good candidate in terms of space/time efficiency, light/energy use efficiency, HI and handling time, as well as marking the highest score among the selected crops to be cultivated in the Future Exploration Greenhouse (FEG) at Neumayer Station III and in the International Standard Payload Rack (ISPR) on the International Space Station (ISS; Dueck et al., 2016).

Starting from the above considerations, the aim of the current fully controlled experiments was to assess the effects of an improved airflow distribution in the HPC on growth homogeneity, agronomical performance, and mineral profiling of hydroponically-grown lettuce plants.



MATERIALS AND METHODS


Higher Plant Chamber Description

The HPC of the MPP was manufactured by the Controlled Environment Systems Research Facility (CESRF – University of Guelph, Ontario, Canada) in collaboration with the company Angstrom Engineering Inc. (Ontario, Canada). It is a closed chamber of the following dimensions: 5.0 m × 1.0 m × 1.2 m (L × W × H), providing a total volume of 6.9 m3 for the crops’ growth and a growing surface of around 5 m2. It is composed of three modules (A, B, and C) assembled longitudinally (Figure 1). The growing area can host 20 trays. Each tray consisted of five plants (n = 100 lettuce plants). For the introduction of new trays and the harvest of already grown plants, two airlocks of 0.69 m3 each were installed at both ends (A and C) of the chamber (Figure 1).


[image: image]

FIGURE 1. Schematic top view of the growth chamber with plants location and trays numbering (A) and hardware representation of the Higher Plant Compartment of MELiSSA Pilot Plant Facilities (B).


Air recirculation was provided by a centrifugal blower (Centrifugal Exhauster Delhi 410, Canarm, Brockville, Ontario, Canada), controlled by a VFD motor with a controller of 0–50 Hz (SMVector, Lenze, Barcelona, Spain). The airflow was measured in the HVAC plenum by means of an air velocity sensor (8455 TSI, Shoreview, MN, United States). From the plenum, the air was distributed in the chamber through nine louvers with adjustable slats, and was recovered again at the bottom through perforated baffle plates under the trays (Figure 2). Three PTFE bags of 100 L volume each (Keika Ventures, LLC, Chapel Hill, NC, United States), located behind each module, allowed atmospheric pressure compensation. Relative humidity and temperature were controlled in the chamber based on the measurement provided by the humidity and temperature sensors and the action of the dedicated heat exchangers (Delhi CW15, Canarm, Brockville, Ontario, Canada). The first one was controlled by cooling water in order to reduce the excess of humidity, and the second one was supplied by hot water to reach the proper temperature in the chamber. An additional RH/T sensor was located in the air distribution plenum, and additional thermistors (2–3 per module) were provided along the chamber. The generated condensates were collected in a stainless steel 4 L condensate collecting tank and then transferred to the hydroponics nutrient tank. The lighting was provided by six lamps 600 W High pressure sodium (HPS) (HSE 600, P.L. Light Systems, Beamsville, Ontario, Canada), two per each module, and three 400 W Metal Halide (LMH) lamps (MH-400, P.L. Light Systems, Beamsville, Ontario, Canada), one per module, located at the roof of the growing area that presents one glass window per module. For each module, two dedicated fans (MC2483, Comair Rotron, Richardson, TX, United States) were installed to remove the generated heat (keeping the temperature in the lamps loft below 40°C). The gas composition inside the chamber was analyzed by an O2/CO2 gas analyzer (600 Series, California Analytical, Orange, United States), and CO2 concentration was controlled by the injection of CO2 until reaching the desired level. The flow was measured by a mass flow controller (EW-32907-67, Cole-Parmer, Vernon Hills, IL, United States), allowing the calculation of the cumulated CO2 volume injected.
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FIGURE 2. Perspective view of the Higher Plant Compartment, highlighting the air circulation system and components and showing the airflow fluxes (red arrows).


The hydroponic loop included a 200 L main nutrient reservoir (Central Plastics, Irvine, CA, United States), an irrigation pump with a flow of 0–200 L min–1 (Penta KB Drive, Emerson, St. Louis, MO, United States) and a distribution piping composed of four branches that supply the nutrient flow to all the trays through 20 spigots. The hydroponic total flow was measured by a 0–37 L min–1 flow sensor (RFO-2500, Gems, Plainville, CT, United States). In a bypass of the main pipe, pH and electrical conductivity (EC) sensors were fixed. The nutrient solution pH and EC were measured by a pH Sensor (HI 8614, Hanna Instruments, Villafranca, Padovana, Italy) and an EC sensor (HI 7638, Hanna Instruments, Villafranca, Padovana, Italy), respectively. The pH control was performed by the PLC according the desired set point through the addition of acid (0.5 M HNO3) and base (0.5 M KOH) that were stored in dedicated 10-L tanks. Two concentrated solutions (Stock A and B) were stored also in dedicated 10-L tanks and were injected into the loop in order to control the EC according to the EC set point. The nutrient tank and trays were manufactured from polypropylene, as well as the acid, base, nutrient A and nutrient B tanks (Nalgene, Rochester, NY), while the main collector and the pipelines were manufactured from stainless steel (316-L).



Computational Fluid Dynamics Models

The numerical models used to simulate the air distribution inside the plant growth chamber were generated using commercial CFD software (CFX, ANSYS Inc., Canonsburg, PA, United States). All the analyses were performed in steady-state conditions. Since the airflow encounters different local flow regimes, the Gamma-Theta transitional laminar-turbulent model was implemented. In this way and based on the local Reynolds number, the flow can switch from fully turbulent (e.g., in the blower region) to laminar (e.g., close to the growing crops). Due to the low temperature variations, air was considered incompressible. As boundary condition, the models imposed a fix value of recirculating mass flow rate, equal to the measured experimental value with nominal blower speed (0.77 kg s–1).

Firstly, the CFD study had the objective of replicating the airflow conditions with suboptimal air distribution. Once the air velocity field was obtained in the overall fluid domain, an optimization study was performed to balance the air pattern at growing plants height. In order to identify the best solution, the objective was to minimize the standard deviation of the air velocity in the region of interest.

All 3D CFD models were carried out using identical boundary conditions, in order to compare the internal air distribution at the same operating point.



Plant Material and Growth Chamber Conditions

About 200 lettuce seeds (Lactuca sativa L. cultivar ‘Grand Rapids’, Stokes Seeds Ltd.) were first sanitized with 5% sodium hypochlorite solution for 15 min and after rinsing with demineralized water they were dispersed onto previously autoclaved dark absorbent paper, moist with demineralized water and incubated at room temperature under indirect lighting. After 48 h, seeds having about 1 cm radicle were transferred onto small rockwool cubes (Grodan AO 36/40 6/15W), previously autoclaved and soaked with the nutrient solution, and then they were incubated at 24°C in a dedicated nursery according to a light/dark regime of 16/8 h and a light intensity of 200 ± 50 μmol m–2 s–1. After seven days, selected seedlings (homogenous second true leaf stage) were transplanted into large sterilized rockwool cubes (Grodan Delta 4G 42/40) presoaked with the nutrient solution, and then placed on the trays of HPC. Five seedlings were placed on each tray, with a total of 20 trays placed into the HPC (100 plants in total). Plants in the HPC were grown according to a light/dark regime of 16/8 h with an intensity of 460 ± 60 μmol m–2 s–1, while temperature and relative humidity were regulated at 26/20°C and 50/70%, respectively. The experiment was carried out with a CO2 concentration set at 1000 ppm.

Lettuce plants were cultivated in a Nutrient Film Technique (NFT) growing system (closed loop hydroponic system). The trays were 80 cm long, 15 cm wide and 8 cm deep, having an inclination of 1%. Each tray was covered with perforated stainless steel covers to avoid the algae proliferation and to limit the nutrient solution evaporation. The flow rate of the nutrient solution was set at 1.5 L min–1, supplied at the top end of each tray, while the excess was gathered in the general collector and subsequently in the reservoir tank.

The composition of the nutrient solution was as follows: 3.62 mM Ca(NO3)2 ⋅ 4H2O, 0.08 mM FeCl3 ⋅ 6H20, 0.1 mM Na ⋅ EDTA, 1 mM MgSO4 ⋅ 7H2O, 5 mM KNO3, 1.5 mM NH4H2PO4, 1 mM (NH4)2SO4, 0.02 mM H3BO3, 5 μM MnSO4 ⋅ H2O, 3.5 μM ZnSO4 ⋅ 7H2O, 0.8 μM CuSO4 ⋅ 5H2O, and 0.5 μM H2MoO4 (85% MoO3). The nutrient solution was prepared starting from 100 times concentrated Stock A (Ca(NO3)2 ⋅ 4H2O, FeCl3 ⋅ 6H20 and Na ⋅ EDTA) and Stock B (rest of the components) solutions, while the nutrient solution pH and EC were automatically managed by the control system maintaining a set point of 5.9 ± 0.1 and 1.9 ± 0.05 dS m–1, respectively. The nutrient solution was completely replaced every 2 weeks. The harvesting of all the plants was performed at 19 and 28 days after transplanting (DAT) in the HPC for Test 1 and Test 2, respectively.



Biomass Determination and Leaf Mineral Analysis

At the end of each test, all plants were harvested and separated into edible and inedible fractions on a plant basis. Shoot fresh weight per plant was determined immediately after chamber opening. Shoot and roots of each plant were oven dried at 70°C for three days, until reaching a constant weight and then weighed for dry biomass determination.

The relative growth rate (RGR) was calculated based on the following formula described by Hunt et al. (2002):

[image: image]

where t is time (t1 transplant day; t2 harvest day), W1 shoot dry weight at transplant and W2 shoot dry weight at harvest.

Determinations of morphological traits: plant and roots dry weight, fresh and dry shoot weight were conducted at harvest on all five plants of the experimental unit (i.e., tray) and were averaged to produce the replicate mean (n = 20). The dry biomass produced from these lettuce plants was further used as an aggregate replicate sample for analysis of mineral composition (n = 20).

Dried leaf samples were ground separately with an electrical mill to an 841 μm screen, then 0.25 g of the dried tissues were analyzed for mineral content by ion chromatography: P, K, Ca, and Mg as described in detail by Rouphael et al. (2017) and Kyriacou et al. (2019). Nitrogen (total N) concentration in the shoot tissues was determined on 1 g of dried samples by Kjeldahl method (Bremner, 1965).



RESULTS AND DISCUSSION


Test Rationale

The two tests conducted in our study reflect the need to have a proper distribution of the gas phase in a plant chamber in order to guarantee uniform plant growth throughout the overall cultivation area of the HPC. Both tests shared the same methodology in terms of plant material, growth conditions and biomass analysis as described above, as well as the plant harvest scheduled at 28 DAT. However, during Test 1, following the daily routine visual inspections, an evident heterogeneity of plant size was noted starting from the beginning of the third week after transplanting. This lack of homogeneity showed a different plant growth stage between the HPC modules, in particular all plants in the growth chamber were at the phenological phase of head development (Stage 4) according to Biologische Bundesanstalt, Bundessortenamt and CHemical industry (BBCH) scale for leaf vegetables (Meier, 2001), but about 70% of lettuce plants had already reached the full maturity (Code 49 of BBCH-scale). Therefore, in order to avoid the early achievement of the phenological flowering phase (Code 50 of BBCH-scale), the experiment was terminated earlier than expected and the lettuce plants were harvested at 19 DAT to further analyze potential causes of the visually evident non-homogeneous growth. Thus, it was identified that there was a lack of homogeneous distribution of the gas phase in the chamber as well as not appropriate circulation regime. Consequently, CFD tools were used to guide the design of the hardware modifications in order to solve this malfunction. After the corresponding changes in the HPC, Test 2 was conducted in which a higher homogeneity of growth compared to Test 1 was detected and all the plants in the chamber reached the full maturity (Code 49 of BBCH-scale) at 28 DAT as scheduled in our test plan protocol.



CFD Analysis and Technical Modifications Performed in the Airflow System of the Plant Chamber

CFD analyses enabled the determination of the complete fluid dynamics field inside the plant growth chamber, studying the suboptimal air distribution of the original configuration of the chamber. The results assessment was primarily based on the investigation of the air velocity magnitude at plant height, in order to have complete information regarding the environment in which the crop was grown. With suboptimal air distribution (Test 1), the air velocity was significantly higher in the trays located in the central part of the chamber, where the magnitude approached 1.0 m s–1 (Figure 3A). The air velocity was averaged for the five plants per tray (Figure 3C). Particularly, the central trays (tray no. 7 to tray no. 14) had almost the double velocity value of that at the side trays (about 0.35 and 0.6–0.7 m s–1 in the side and central trays, respectively).


[image: image]

FIGURE 3. Computational Fluid Dynamics (CFD) analysis of the airspeed at the canopy level along the Higher Plant Chamber (HPC) surface and average airspeed at the canopy level per tray in Test 1 (A,C, respectively) and Test 2 (B,D, respectively).


In order to improve the chamber homogeneity for the gas phase, the CFD analysis guided changes in several elements of the heating, ventilation and air conditioning subsystem of the chamber, as follows:


a)The plenum region was modified by the insertion of a deflector, a stainless steel perforated baffle designed in order to deviate the air flow from the central region and obtain a more uniform air distribution at the plenum exit.

b)In order to achieve control on the supply air flow to the growing region, new dampers were installed connecting the plenum region to the chamber. Such components are adjustable, able to modify their open area to allow more or less crossing air flow. Nine stainless steel dampers were manufactured with dimensions 350 mm × 450 mm, guaranteeing the flexibility of the air distribution system.

c)In the return air system, the baffle panels’ configuration was modified. The arrangement of the baffle panels was based on the original configuration, considered not adequate for a sufficient return air uniformity. The baffle panels’ configuration was redesigned, with different hole patterns on the baffles.

d)Finally, in the original configuration the baffle panels were not positioned against the side walls, leaving open gaps where air could bypass the panels. In order to force the air flow through the baffle panels, 10 additional stainless steel components were designed and manufactured closing the side gaps.



With these changes, CFD models were predicting an improved balance throughout the 20 trays with an average air velocity of 0.34 m s–1 (Figures 3B,D), corroborating that in the improved configuration, the air velocity increased its evenness at plant height, with the same overall flow rate (averaged for the five plants per tray, Figure 3D). Once the changes in the chamber had been implemented, a new test (Test 2) was performed.



Assessment of Plant Biomass Distribution Along the HPC and Shoot Mineral Composition in the Two Plant Cultivation Tests

The growth parameters measured at harvest in both Tests 1 and 2 are reported in Table 1. Considering the different duration of the two tests, in Test 1 the lettuce plants were harvested 19 DAT, while in Test 2 the harvest occurs 28 DAT (Figure 4); plant roots and shoot fresh and dry weight at harvest were significantly higher in the second test compared to the first one (Table 1). On the other hand, the RGR was not statistically different in the two tests, this result can be explained considering that the plants in both tests were harvested during the same phenological phase of head development (Stage 4 of BBCH-scale) and therefore long before the stationary growth phase was reached which coincides with the beginning of the flowering phase (Code 50 of BBCH-scale; Meier, 2001). However, the HI was significantly higher in Test 2 than in Test 1 (Table 1), while the plant biomass in Test 1 was about 25% lower than the reference values obtained from several tests performed under comparable environmental conditions and crop growth duration (Hanford, 2006; Wheeler and Sager, 2006). The harvest in Test 2 occurred 9 days later compared to Test 1, and the fresh and dry weight per plant were obviously higher in the second test, but in any case the shoot dry biomass in Test 2 was about 25% higher than that obtained by Wheeler et al. (1994) after 28 DAT on a different cultivar, but in completely comparable environmental conditions.


TABLE 1. Plant dry weight, roots dry weight, shoot dry and fresh weight, harvest index, relative growth rate (RGR), shoot dry weight standard deviation (SD) and shoot dry weight standard deviation percentage of hydroponically-grown lettuce plants in Test 1 and Test 2.
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FIGURE 4. Evolution of lettuce plants growth over the weeks (A, B, C and D, respectively for 7, 14, 21, and 28 DAT) during Test 2, captured by one of the internal cameras of the HPC.


Regarding the distribution of the shoot dry weight along the HPC, the value of the standard deviation has considerably decreased in Test 2 with respect to Test 1 (12.59 and 23.01, respectively; Table 1). Plant dry biomass and shoot dry weight distribution along the growth chamber in both tests are presented in Figure 5. Comparing the distribution of plant growth along the chamber in the two tests, a clear lack of uniformity was noted in Test 1, both in terms of shoot and total dry biomass (Figures 5A,C). An evident decrease in shoot dry weight was observed starting the tray no. 8 until the tray no. 14. In particular, a 33.5% average reduction of the shoot dry weight in the seven central trays was recorded with respect to the plants positioned on the lateral trays of the HPC (Figure 5C). Test 2 clearly shows a better uniformity of plant dry biomass distribution and a greater homogeneity of the average shoot dry weight per tray along the growth chamber (Figures 5B,D). In addition, the lettuce plants of Test 2 recorded a HI of 0.92, in agreement with data reported by Wheeler and Sager (2006) in several experiments of lettuce grown in a fully-closed growth chamber in comparable conditions. Instead, the significantly lower HI obtained in the first experiment (0.86), denotes a stress condition at the canopy level leading to an imbalance of the shoot to roots ratio. An appropriate air circulation inside a growth chamber promotes growth and maximizes gas exchange rates (Kitaya et al., 1998). In Test 1, an air velocity higher than 0.5 m s–1 at the level of the central trays of the HPC (Figure 3C) has resulted in a reduction of the shoot dry weight in correspondence of the same positions of the chamber (Figure 5C). This result was statistically confirmed by the significant inverse linear regression (R2 = 0.62) existing between the air flow at the different trays position of the chamber and the respective shoot dry weight of Test 1 plants (Figure 6). On the contrary, in Test 2 the poor correlation, confirmed by the low value of the coefficient of determination (R2 = 0.02), indicated that the shoot dry weight was not affected by the air velocity inside the chamber (Figure 6). These findings comply with what was found in the work of Lee et al. (2013), in which the lettuce cultivar “Dambaesangchuesse” observed a significant decrease in leaf area and shoot fresh weight at an air velocity greater than 0.55 m s–1. Likewise, in another work carried out in a plant factory on “Greenwave” lettuce cultivar, a reduction in the dry weight of the shoots was observed at an air velocity greater than 0.9 m s–1 (Nishikawa et al., 2013). Kitaya et al. (2003) found in a work with sweet potato, that the net photosynthetic rate and the transpiration rate increased significantly as the air velocity increased from 0.01 to 0.2 m s–1, but further increases of air speed up to 1.0 m s–1 gradually increased transpiration rate, while the photosynthetic rate remained rather constant. Moreover, in a similar work with tomato, a decrease in the photosynthetic rate was found following an increase in air velocity from 0.4 to 0.8 m s–1 (Kitaya et al., 2004). In lettuce, on the other hand, it was observed that an air velocity of 0.7 m s–1 caused water stress followed by the reduction of stomatal conductance (Shibata et al., 1995). Based on these findings and the results from Test 2, we can deduce that in a closed growth chamber, a homogeneous air velocity between 0.3 and 0.5 m s–1 enables to optimize gas exchange rates and consequently promotes lettuce plants growth and more importantly plants growth uniformity in the chamber.
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FIGURE 5. 3D plant dry biomass distribution (n = 100) and shoot dry weight distribution (n = 20) along the Higher Plant Chamber (HPC) in Test 1 (A,C, respectively) and Test 2 (B,D, respectively).
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FIGURE 6. Regression between the air flow velocity at the different trays position (n = 20) of the Higher Plant Chamber (HPC) and the respective shoot dry weight (n = 20) in Test 1 and Test 2.


Shoot mineral composition of both harvests are presented in Table 2. Among the minerals analyzed, K was by far the most abundant, regardless of the two tests, followed by N, P, Ca, and Mg. The nitrogen content was higher in the second test, reaching values of 5.8 g 100 g–1 dw compared to 5.2 g 100 g–1 dw in Test 1. Contrarily, the concentration of potassium and calcium had slightly decreased in Test 2 with respect to Test 1, where potassium content reached 7.3 and 6.9 g 100 g–1 dw and calcium content reached 0.9 and 0.6 g 100 g–1 dw, in Test 1 and 2, respectively. However, phosphorus and magnesium content was instead fully comparable in both tests.


TABLE 2. Comparison of shoot mineral copmposition of hydroponically-grown lettuce plants coming from Test 1 and Test 2 with scientific literature.

[image: Table 2]The reduction of K and Ca content recorded in Test 2 compared to Test 1 could be a result of a higher transpiration rate that occurred in the first test following the higher air velocity measured in the central position of the HPC. In fact, the increase in transpiration rate promotes the transport of macronutrients toward the leaves; in particular Goto and Takakura (1992) had found in several works on lettuce, an increase in calcium foliar content following the increase in air speed at canopy level. Conversely, the increase in shoot nitrogen content in Test 2 compared to Test 1 can be related to the growing stage, as well as to the size of the plant. Indeed, in a test carried out in an open-gas-exchange growth chamber on two butterhead lettuce cultivars, it has been observed that the shoot nitrogen content during the growing period increased with the increase of the plant fresh biomass, according to a highly significant positive quadratic correlation (El-Nakhel et al., 2019). Regardless the different air velocity conditions of the two tests, the shoot mineral content appears to be almost in line with the literature data referring to the lettuce cultivation in closed or semi-closed growth chambers (Table 2). The only notable difference was observed in the work of Wheeler et al. (1994), in which higher potassium content and a lower concentration of phosphorus are reported, probably due to different growing conditions rather than to genetic factors.



CONCLUSION

The successful cultivation of higher plants in a growth chamber is strongly related to the precise control of environmental variables. To sustain optimal plant growth, it is essential to maximize gas exchange rates especially in a fully closed growth chamber. One of the main factors that strongly affects the gas exchanges and consequently the plant growth is the air velocity at the canopy level. Furthermore, the movement of air is important not only to enhance plant growth, but also for effective water recycling through plant transpiration in human life support systems. Especially in limiting conditions, such as space outposts, it is important to ensure a homogeneous distribution of biomass along the growth chamber, in order to achieve efficient use of resources. The results of this study indicate that air velocities between 0.3 and 0.5 m s–1 maximizes biomass production in the HPC, while air speed values above 0.6 m s–1 can depress the lettuce plant growth. Finally, a homogeneous air circulation at the canopy level guarantees uniform distribution of shoot biomass along the growth chamber.
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Plant cultivation systems for Bioregenerative Life-Support Systems in Space developed on Earth need to be tested in space, where reduced gravity alters the liquid and gas behavior both within the plant and between the plant and its surrounding environment, making the distribution of water and nutrients a critical issue. The ESA project “Precursor of Food Production Unit” (PFPU) aims to design a modular cultivation system for edible tuberous plants (such as potato and sweet potato) in microgravity, to be preliminary tested in ground conditions in the view of successive space application. Among the different modules of the PFPU demonstrator, the Root Module (RM) is the component physically hosting the plant and accommodating tubers and roots. This paper describes the step-by-step procedure adopted to realize the RM, including the design, the building, and the ground testing of its prototype. Specifically, the hydrological characterization of possible cultivation substrates, the set-up of the water distribution system, and the validation test of the assembled prototype in a tuber-to-tuber growing cycle of potato plants are described. Among six substrates tested, including three organic materials and three synthetic materials, cellulosic sponge was selected as the best one, based on the hydrological behavior in terms of air and water transport and water retention capacity. The water sensor WaterScout was successfully calibrated to monitor the water status in cellulosic sponge and to drive irrigation and fertigation management. The designed porous tubes-based distribution system, integrated with water sensors, was able to provide water or nutrient solution in a timely and uniform way in cellulosic sponge.

Keywords: potato, Solanum tuberosum L., Bioregenerative Life-Support Systems (BLSSs), hydroponics, cultivation substrate, hydrological characterization, porous tube


INTRODUCTION

Higher plants play a key role in Bioregenerative Life-Support Systems (BLSSs) for long-term manned missions in space, by regenerating air through photosynthetic CO2 absorption and O2 emission, recovering water through transpiration, and recycling human waste products through mineral nutrition (Hendrickx and Mergeay, 2007; Wheeler, 2010). In addition, plants could provide fresh food to integrate into the crew’s diet and help to preserve the astronauts’ wellbeing (Lasseur et al., 2010).

Although plant cultivation for food production is mainly envisaged for long-term missions beyond Low Earth Orbit (LEO), current missions in LEO provide a relevant testbed for technological demonstrators of food complement production. Indeed, any cultivation system evaluated on Earth needs to be tested in space, where weightlessness or reduced gravity alter the liquid and gas behavior, making the distribution of water and the control of moisture in the plant root zone a critical issue, as well as the water flow within the plant and between the plant and its surrounding environment (Porterfield, 2002).

Plant growth, yield, and quality are very dependent on physical and chemical characteristics of the root environment, as a consequence providing favorable conditions to the root system is essential to support a successful cultivation. However, unique growing procedures are needed to effectively cultivate plants in space. Indeed, a nutrient delivery system must provide adequate amounts and uniform distribution of water, nutrients, and oxygen in the root zone, in the presence of a small rooting volume and in microgravity conditions, that make the water behavior unpredictable in both the growing medium and the plant tissue (Porterfield, 2002). In addition, since substrate hydraulic properties in space are not easily deducible from our knowledge of Earth, the development of a reliable plant growth system should be based on the understanding of fluid distribution in porous media under microgravity (Reddi et al., 2005). In this scenario, the interfacial or capillary phenomena, occurring between the nutrient solution and the substrate, become increasingly important in determining the movement of liquid, and may become dominant in microgravity (Ostrach, 1982). For this reason, the water retention curve and transport properties of the substrates are fundamental to predict the water flow and the water and O2 availability. Saturated hydraulic conductivity (Ks) and water retention curves represent the crucial hydrologic characteristics to be considered for adequate substrate selection.

In container-grown plants, the features of the pot-substrate system (i.e., size and shape of the pot and type, volume, and structure of the substrate) strongly influence the nutrient solution holding capacity, determining the mineral and water availability for plant uptake and affecting the rate of root development and the root system architecture (Jones et al., 2012; Heinse et al., 2015). Particularly, small pots and cohesive substrates can ultimately result in root restriction, impeding the proper plant growth, with stronger effects on tuberous and taproot plants. Various gelling agents containing predetermined amounts of water and nutrients have been successfully used in passive plant nutrient delivery systems for brief stays in orbit (Goins et al., 1997). However, for extended cultivation periods, growing media will require more than an initial loading of these inputs, due to the greater plant water consumption and nutrient uptake. Past research in microgravity has focused on a few limited applications of liquid transfer at low matric potentials within coarse-grained porous materials, such as zeolite, arcillite, floral foam, or perlite (Ivanova and Dandolov, 1992; Morrow et al., 1994; Podolsky and Mashinsky, 1994; Levine et al., 1998; Hoehn et al., 2000, 2003).

The tuberous species potato (Solanum tuberosum L.) and sweet potato (Ipomoea batatas L.) are candidate crops for space cultivation in BLSSs, based on technical and dietary criteria, including environmental requirements, yield potential, and nutritional value (Hoff et al., 1982). Specifically, potato is a highly productive crop, having an elevated harvest index (0.7–0.8, as ratio of edible part to total biomass per plant), and with tubers that constitute an excellent source of carbohydrate and a good source of protein. Cultivation of potato presents several advantages over other crops, such as the availability of numerous cultivars (cultivated varieties) with a wide range of characteristics, the low requirement of fertilizer, the suitability of tubers to be processed quickly with relatively low energy demand, the easily degradable inedible waste, and the possibility to harvest tubers gradually, providing continuous food supply. Within the tuberous species, potato produces stem tubers, easier to harvest compared to the root tubers of sweet potato, and forms more compact aerial parts.

The response of potato plants to the growth in different hydroponic systems (e.g., nutrient film technique, aeroponics) and conditions of cultivation (e.g., nutrient solution composition) and environment (e.g., light intensity, photoperiod, air CO2 concentration) have been investigated in Space-oriented ground studies in growth chambers from both the National Aeronautics and Space Administration (NASA; reviewed by Wheeler, 2006, 2009) and the European Space Agency (ESA; Molders et al., 2012; Paradiso et al., 2018), in cultivars selected for cultivation in BLSSs.

Most of the studies aiming to characterize crop production under controlled conditions, in the context of BLSSs, have been conducted using hydroponic culture, with recirculating nutrient solution (closed system) (Wheeler, 2006; Monteiro Corrêa et al., 2008; Molders et al., 2012). However, the root growth of tuberous plants in hydroponics can be limited because of water logging and poor root aeration. Nevertheless, successful ground applications demonstrated the possibility to grow tuberous plants hydroponically, for example by exploiting the nutrient film technique (NFT), with water flowing in the bottom portion of the growth tray (e.g., on opportune spreading mats), avoiding the submersion of the tubers to prevent the development of fungal agents of rottenness (Molders et al., 2012). This arrangement implies the possibility to separate a wetted root zone and an aerated tuber zone. However, for the target microgravity application, separating root and tuber zones is difficult to realize, due to difficulties of water containment and lack of density-driven separation of the liquid and gas phases. As a consequence, cultivation of tuberous plants in microgravity will require alternative systems based on the selection of suitable inert substrates, the development of a no-mixed phase system, and the design of specific nutrient delivery systems to ensure adequate plant growth and high tuber yield.

On these bases, within the activities of “Phase 3 Ground Demonstration” of the ESA Programme MELiSSA (Micro Ecological Life-Support System Alternative), the project “Precursor of Food Production Unit (PFPU) – Phase A System Study” aims to design a modular food complement production unit for the cultivation of edible tuberous plants (i.e., potato and sweet potato) in microgravity. Specifically, the objective is to realize a demonstrator to be preliminary tested in ground conditions, in the view of successive spaceflight experiments in microgravity, on board the International Space Station (ISS) (Thales Alenia Space, 2014).

Within the entire PFPU demonstrator, three key modules are designed: the Root Module, the Nutrient Module, and the Microbial Contamination Control Module (Thales Alenia Space, 2014). Among these, the Root Module is the module physically maintaining the plant, accommodating roots and tubers, assuring the separation between the root zone and the aerial zone, and providing the capability to measure the environmental conditions in the rhyzosphere (e.g., temperature, moisture).

The aim of this paper is to describe the subsequent steps of design, realization, and ground testing of the Root Module prototype. Specifically, the hydrological characterization of possible cultivation substrates, the set-up of the water distribution system, and the validation test of the assembled prototype in a tuber-to-tuber growing cycle of potato plants are reported.



MATERIALS, EQUIPMENT, AND METHODS


Preliminary Definition of Root Module Requirements

The design of a payload for experiments on board of the ISS has to consider all the constraints coming from the specific environment. For instance, resources aboard the ISS are limited and have to be shared among both several experiments running in parallel and the ISS’ equipment itself. Crew time is also a limited resource. Therefore, the design of the Root Module must minimize the need for crew operations, and must be easy, quick, and safe to maintain. Accordingly, a plug-and-play approach, with a system that is pre-assembled on ground and requires, once on orbit, a fast configuration for operations (functioning, inspection, and disposal) has to be used.

Following the requirements analysis, the Root Module (RM) was conceived in two parts, namely the Root Tray (RT) and one or more Plant Growth Units (PGUs) (Figure 1). RT is a drawer accommodating the services needed by the PGUs and interfacing other subsystems; the PGU is a bag or a box devoted to host the substrate and the plants (Figure 1). In particular, the RT represents the reusable part of the system and is conceived to support more than one single experiment or mission. It is equipped with all the utilities necessary to forward the resources (power, data, water) from the Power Distribution System and Data Management System to the PGUs. The PGU is conceived as a zip lock Kevlar bag, with a zip on the top part for tubers and roots inspection, and is equipped with porous tubes, embedded in the substrate and connected to an active Nutrient Delivery System (NDS), to distribute the water or nutrient solution to the root zone. In addition, the PGU is equipped with sensors and actuators (electro valves), allowing an automatic management of water and nutrients supply: as soon as the sensors readings (measuring the water content in the substrate) fall below a threshold value, the electro valves are activated to activate an irrigation/fertigation pulse and restore the desired moisture value (Figure 2).


[image: image]

FIGURE 1. Layout of the root module (RM) and plant growth unit (PGU) root module (RM) designed in the ESA project “precursor of food production unit” (PFPU).



[image: image]

FIGURE 2. Schematic representation of the system layout adopted in the plant growth test on potato cultivar “Colomba” for validation of (PFPU) Root Module concept.


Sensor calibration is a crucial aspect for system set-up, as most of the water sensors are calibrated in natural soils or peat-based substrates. For this reason, a calibration procedure was performed preliminarily to verify the possibility of using commercial sensors for the selected substrate and to build calibration curves to drive irrigation/fertigation in the subsequent cultivation test.



Test Definition

Following the concept definition, the breadboarding phase aimed to demonstrate the technical feasibility of the identified configuration and at the validation of the concept. The results included the identification of the best cultivar and the best substrate, as well as of the critical aspects in the view of successive tests onboard of the Space Stations.

Based on a step-by-step approach, a sequence of tests was identified as follow:

Phase 1 (Laboratory): Substrates hydrological characterization, aimed to investigate the hydrological behavior of the proposed materials;

Phase 2 (Laboratory): Sensors calibration and Water distribution system set-up, aimed respectively to calibrate moisture sensors and to test the designed porous tubes system for distribution of water and nutrient solution in the selected substrate;

Phase 3 (Growth chamber): Tuber seeds germination and plant growth, aimed to identify the best substrate for potato plants during the early phases of development (tuber sprouting and seedling establishment), and to verify the plant ability to complete a tuber-to-tuber cycle in the proposed system layout.



Phase 1: Substrates Hydrological Characterization

Six substrates were investigated, including 3 synthetic materials – Oasis Horticubes® (phenolic foam), rockwool and capillary mat (polyester fiber) – and 3 organic materials – cellulosic sponge (100% cellulose), cotton wool and a combination of hemp (Cannabis sativa L.) and kenaf (Hibiscus cannabinus L.) fibers.

A set of measurements was implemented to determine the hydrological properties, including the saturated hydraulic conductivity and the water retention curves, in these substrates.

To measure saturated hydraulic conductivity (Ks), substrate samples were packed in cylindrical samplers of 0.05 m length and 0.05 m diameter (3 replicates for each substrate). According to the structural characteristics of each substrate, and in particular based on the presence or absence of a fixed geometry, the sample assemblage was made preserving the native bulk density (BD), or assuring a value permitting gas and water movements. Ks was determined using a constant or a falling head permeameter, depending on the velocity of the water flux inside the sampler during the measurement (Reynolds et al., 2002). The characteristic of the porous medium of being passed through by air is defined as air permeability; the latter is quantitatively described by the coefficient ka, governing the process of convective transport and transmission of air based on Darcy law (Grant and Groenevelt, 2007). The importance of Ks determination also holds a strong positive correlation with permeability ka at a matric potential of −0.05 and −0.10 bar, as evidenced by Loll et al. (1999) and Iversen et al. (2001).

The water retention curve describes the water retention characteristic of the substrate sample subjected to increasing tension and represents the relation between the water content and the water potential. Pressure plate extractor apparatus was adopted on 6 replicates for each substrate and at prefixed values of pressure head (0.2, 0.5, 0.75, 1.0, 1.5, and 2.0 bar) (Dane and Hopmans, 2002). From the analysis of the water retention curves, substrate total porosity can be estimated, assuming for it the value of saturated water content (Kirkham, 2005). It is also possible to calculate water content of the substrate at field capacity, which represents the volume of water retained after the end of drainage and describes the upper limit of water available for the plant, calculating it from the water content at the matric potential of −0.1 bar (Townend et al., 2001). In this work we measured the effective container capacity corresponding to the water held by the substrate against the gravity, considering the effects of the shape and size of the container used, following the methodology of Klute (1986). This measure suggests the proper irrigation volume, reducing the risk of over-irrigation and water excess in the root zone (Sammons and Struve, 2008), taking into account that in long term cultivation experiments in root modules designed for microgravity conditions, a minimum of 10% air-filled porosity is necessary for adequate aeration (Jones and Or, 1998).



Phase 2: Sensors Calibration and Water Distribution System Set-Up

Based on the substrate hydrological characterization performed in Phase 1, cellulosic sponge was selected as the most suitable substrate for plant growth. Accordingly, Phase 2 aimed to evaluate the substrate/porous tubes integrated system, by verifying the capability of porous tubes to correctly distribute water in cellulosic sponge. The test consisted of two steps: (A) sensor calibration, aimed to build the calibration curve of a selected water sensor in cellulosic sponge; (B) system evaluation, aimed to measure the velocity and uniformity of water distribution within the root zone.

For sensor calibration in step A, 8 WaterScout SM 100 Soil Moisture Sensors for dielectric permittivity measure1 were placed on 8 cellulosic sponge panels 40 × 40 × 60 mm (length × width × height). The panels were oven-dried and weighted, then saturated with water, and readings of water content and measurements of sample weight were taken after irrigation or drying operations, to determine the correlation between the readings and the effective water content for each sensor. Data were collected in an Excel file then plotted in a graphic with the best interpolation curve (coefficient of determination R2 > 0.95). Calibration curves were reported as Relative Water Content, RWC = Water content in weight (WC, g)/Sample weight (g).

In step B, one PGU unit was assembled in a plastic box 350 × 250 × 150 mm (length x width x height), containing a cellulosic sponge panel (same dimensions), equipped with two stainless steel porous tubes 12 × 8 × 330 mm (external diameter x internal diameter x length; 316LSS, 10 micron pores diameter, Applied Porous Technologies, Inc.). The porous tubes, embedded in the cellulosic sponge panel, were connected to a distribution circuit, consisting of PVC plastic tubes (10 mm diameter), in which the desired volume of deionized water, stored in a tank, was delivered through a peristaltic pump (P3680 Sigma, Millipore Corporation) and controlled through a flow meter (FHKU Flow Sensor Riels), placed along the watering line.

Four WaterScout sensors, previously calibrated, were inserted in the sponge panel, with the objective to assess the capability of the system to uniformly distribute the water, and the time needed for the water distribution within the entire volume. Subsequently, the test was conducted following a procedure similar to the one used for sensor calibration, taking sensor measurements after the injection of a predefined quantity of water, from a known initial water status until saturation.



Phase 3: Tuber Seeds Germination and Plant Growth

Prior to starting the plant growth test, two European cultivars of potato, (Solanum tuberosum L.) “Avanti” (Stet Holland B.V.), and “Colomba” (HZPC Holland B.V.), were selected according to the requirements established in the ESA project MELiSSA for cultivation in BLSSs. The following features were considered: short growth cycle, compact plant size, high harvest index, wide disease resistance, nutritional quality of tubers (high dry matter and nutrient content, low levels of anti-nutritional compounds), and tuber processability (cooking type, high starch content, regular shape, thin peel).

For the germination test, certified potato tuber seeds of the two cultivars were sterilized with sodium hypochlorite water solution (NaClO 5 g l–1). Based on the results of the hydrologic characterization, only three substrates were used: oasis, capillary mat, and cellulosic sponge. Tuber seeds were sown in plastic boxes prepared with the selected substrates (6 tubers seeds per cultivar per substrate), then placed in germination chambers at 18°C in the darkness (Picture 1). All the substrates were covered with a layer of cotton wool as mulching, to prevent water evaporation. Substrates were moisturized constantly by spraying sterile water.
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PICTURE 1. Substrate layout used for germination of potato tuber seeds in germination chamber (18°C in the darkness): (A) Oasis Horticubes® (phenolic foam), (B) capillary mat (polyester fiber), and (C) cellulosic sponge (100% cellulose), with cotton wool as mulching to prevent water evaporation.


Based on the results of the germination test, plant growth test was carried out only with cv. “Colomba,” on cellulosic sponge, identified as the best substrate in terms of hydrologic characteristics. A layer of cotton wool was placed on top of the sponge substrate as mulching, to prevent water evaporation. Four PGUs in total were assembled as described in Phase 2, two in plastic boxes, and two made in on purpose designed Kevlar bag (both container types with 350 × 250 × 150 mm, length × width × height). All PGUs were equipped with porous tubes and with two WaterScout sensors (Picture 2) and connected to the water and nutrient distribution system. Prior to starting cultivation, all the containers and components of the distribution system were sterilized using a NaClO water solution (0.5% in vol.), while cellulosic sponge and porous tubes were sterilized in autoclave (20 min at 120°C).


[image: image]

PICTURE 2. Set up of the Plant Growth Units (PGUs) of the Root Module (RM) designed in the ESA project “Precursor of Food Production Unit” (PFPU), during the Plant growth test: two ziplock bags with a zip on the top part, for tubers and roots inspection, and two plastic boxes, equipped with porous tubes, embedded in the substrate, to distribute the water or nutrient solution to the root zone.


Pre-sprouted tuber seeds were moved in the above described PGUs (2 plants per bag, 8 plants n total), and placed in a 28 m2 walk-in growth chamber, atmospherically open, equipped with a computer program for climatic control. The test lasted until the beginning of tuberization (60 days). The following environmental conditions were set: temperature 22/18°C (light/dark), relative humidity 60–70% (actual values actual values 21.6 ± 0.6/18.5 ± 0.3°C and 57.9 ± 8.5%, respectively; average ± standard deviation of measurements at 1 h interval), and ambient CO2 concentration. Light was provided by High Pressure Sodium (HPS) lamps and light intensity at the canopy level was approximately 450 μmol m–2 s–1, according to a light/dark regime of 12/12 h.

Cellulosic sponge was moistened with only deionized water until the beginning of rooting. Thereafter, fertigation with nutrient solution was alternated with irrigation, in order to prevent salt accumulation in the substrate and to keep the nutrient solution parameters in the root zone close to the target values (pH 5.5–5.8; EC 1.40–1.80 dS m–1). The nutrient solution was prepared according to Molders et al. (2012). Water injection took place every time the sensor readings reached the threshold value obtained in Phase 2. Samples of nutrient solutions were collected once a week for measurements of pH and EC in the root zone.



RESULTS


Substrates Hydrological Characterization

Table 1 shows the physical and hydrological properties measured in the six substrates tested. Permeability tests revealed a high saturated hydraulic conductivity (Ks) in all the substrates. In particular, the Oasis Horticubes® showed the highest Ks value (2.82 cm/s), compared to the other substrates (range 0.27–0.88 cm/s).


TABLE 1. Physical and hydrological properties (Mean ± St. Error) and summary of the main characteristics as cultivation substrate for plant cultivation in Space of 3 synthetic materials, Oasis Horticubes® (phenolic foam), rockwool and capillary mat (polyester fiber), and 3 organic materials, cellulosic sponge (100% cellulose), cotton and a combination of hemp and kenaf fibers.

[image: Table 1]Capillary mat and cellulosic sponge showed the highest bulk density (0.14 g cm–3 and 0.12 g cm–3, respectively). In general, for porous media an inverse relation exists between bulk density and saturated hydraulic conductivity. This was confirmed for all the examined substrates with the exception of cotton wool, which revealed a tendency toward water repellence during the permeability test (Figure 3). This behavior also contributes to explaining the low container capacity of cotton wool (0.33 cm3 cm–3) compared to the other substrates (from 0.56 cm3 cm–3 in Oasis Horticubes to 0.94 cm3 cm–3 on average in cellulosic sponge and rockwool).
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FIGURE 3. Relation between Saturated hydraulic conductivity (Ks, cm/s) and bulk density (BD, g/cm3) of the materials tested as substrate for plant cultivation in Space: 3 synthetic materials, Oasis Horticubes® (phenolic foam), rockwool and capillary mat (polyester fiber), and 3 organic materials, cellulosic sponge (100% cellulose), cotton and a combination of hemp and kenaf fibers. Mean values of 6 replicates. Note that the cotton values (diamond gray marker) have been excluded from the computation of the parameters of the trendline.


Figures 4A,B report the volumetric water retention curves of the inorganic and organic substrates, respectively. Results showed different hydraulic behavior in the substrates in terms of water retention at increasing suction. In particular, within the inorganic group, capillary mat reached the highest water content (about 0.1 cm3 cm–3), with no relevant changes under a different matric pressure. Similarly, the other two inorganic substrates also showed a flat pattern of water retention, with a very low water content (about 0.02 cm3 cm–3 on average). For the organic group, the cellulosic sponge revealed two interesting aspects: it showed the highest water content in the range of the matric suction tested (0.32 cm3 cm–3 at 0.2 bar), and a good gradation of water content at increasing water suction (reaching 0.14 cm3 cm–3 at 2 bar).


[image: image]

FIGURE 4. Water retention curves of the materials tested as substrate for plant cultivation in Space: (A) 3 synthetic materials, Oasis Horticubes® (phenolic foam), rockwool and capillary mat (polyester fiber), and (B) 3 organic materials, cellulosic sponge (100% cellulose), cotton and a combination of hemp and kenaf fibers. Mean value ± Standard error; n = 6.




Sensors Calibration and Water Distribution System Set-Up

Table 2 reports the equations obtained in the 8 sensors during calibration, and Figure 5 shows the calibration curve obtained on cellulosic sponge for Sensor nr. 8, chosen as an example. As expected, even though all sensors showed a similar trend in the relation between the sensor reading and the substrate water content in weight, each sensor revealed its own calibration curve. Calibration curve is useful to define the lower and upper limit of readings to be used to drive irrigation during plant growth, in order to keep the substrate water content within an optimal range. Specifically, based on the interval of optimal water availability known for potato plants (−0.025 to −0.320 bar of soil moisture potential, according to Wesseling et al., 1991), the volume of water to be assured in the cellulosic sponge resulted in the range from 300 to 1100 grams per panel (Table 3). Accordingly, based on the sensor reading, the volume of water to be added in the cellulosic sponge panel at each irrigation/fertigation pulse, to restore the optimal availability, was calculated (Table 3).


TABLE 2. Equations of calibration curves of the 8 WaterScout SM 100 Soil Moisture Sensors (www.specmeters.com/brands/waterscout/) on a cellulosic sponge panel (250 × 350 × 150 mm, length × width × height), equipped with two 10 micron porous tubes (316LSS, 10 micron pores diameter, Applied Porous Technologies, Inc.).

[image: Table 2]
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FIGURE 5. Example of calibration curves of WaterScout SM 100 Soil Moisture Sensor (www.specmeters.com/brands/waterscout/) on cellulosic sponge (Sensor nr. 8).



TABLE 3. Relation between the readings of moisture sensors (WaterScout SM 100 Soil Moisture Sensor) and the water content in cellulosic sponge substrate.

[image: Table 3]As a successive step, the results of the water distribution test demonstrated the efficiency of the designed porous tubes system in terms of velocity and uniformity of water distribution within the sponge panel, and confirmed the good performance of WaterScout sensors in the proposed system layout (Figure 6A). Indeed, even if slight differences among the sensors were recorded, the trend for the readings and the time of reaction after water injection were similar for all the sensors, demonstrating a good water distribution within the substrate panels. In addition, this distribution was very fast; as an example, Figure 6B shows the readings after the injection of four different volumes of water (100, 200, 300, and 500 ml), after 2, 5, 10, and 15 min, in sensor nr. 1, demonstrating that each reading was stable 2 min from the injection.
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FIGURE 6. Results of the Water distribution test with WaterScout SM 100 Soil Moisture Sensor (www.specmeters.com/brands/waterscout/) in the cellulosic sponge substrate, in terms of: (A) sensor readings as function of water addition and depletion, and (B) time of water diffusion, after the addition of 100, 200, 300, or 500 ml (Sensor nr. 1). Events from 1 to 13 and event 17 represent water injections, while events 14 and 15 represent water removal.


Unexpectedly, saturation point measured during the distribution test was lower compared to those found during the sensor calibration (1.08 vs. 1.22, respectively).

The mulching cotton wool, weighted before starting the test and after water saturation of the cellulosic sponge, was shown to absorb water from the surface of cellulosic sponge at a negligible quantity (5% of the its weight). However, after the handling required for a periodic inspection of the system, cotton wool lost consistency and compactness, releasing fabric fibers.



Tuber Seeds Germination and Plant Growth

All the tuber seeds of both the selected cultivars “Avanti” and “Colomba” germinated in all the substrate layouts, being kept constantly moist with deionized water (Picture 1).

Tuber seeds of “Colomba” were earlier in sprouting compared to “Avanti” and did not show relevant variability within each substrate and differences among the different substrate layouts in the time for sprouting, which varied from 12.7 to 16.2 days from sowing (Table 4). Conversely, tuber seeds of “Avanti” revealed a greater variability in the sprouting time, which ranged from 29.5 to 41.2 days, and showed a slower and incomplete sprouting on cellulosic sponge (Table 4).


TABLE 4. Rate of tuber-seeds sprouting (% of the total number of tubers) and Average Time of Sprouting (ATS, in days) (Mean ± St. Error) in potato cultivars “Avanti” and “Colomba” sown on 2 synthetic materials, Oasis Horticubes® (phenolic foam), rockwool and capillary mat (polyester fiber), and one organic material, cellulosic sponge (100% cellulose), using cotton wool as mulching.

[image: Table 4]In the plant growth test, potato tuber seeds cv. “Colomba” pre-sprouted in a germination chamber started to root on cellulosic sponge 5 days after transplanting (DAT) on average (Picture 3). As roots deepened in the sponge substrate, a visual inspection from the bottom of transparent plastic boxes revealed a uniform development of healthy roots of a white color, with no brown area on the apexes.
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PICTURE 3. Subsequent phases of development of potato plants cv. “Colomba” grown on cellulosic sponge in growth chamber, under controlled environment: (A) rooting and stem and leaf development; (B) stolons and tubers formation.


The stolons formation began 24 DAT, in plants 32 cm high, with 8 compound leaves on average, and it was followed by the appearance of tubers, 33 DAT.

When the experiment was stopped (60 DAT), both the aerial part and the root system of potato plants were normally developed, with roots spread in the inner and bottom part of the panel and stolons and tubers at the surface layer. At this time, tubers had 3.5 cm of diameter on average.

As regards the irrigation/fertigation, the number of pulses ranged from 1 to 2 per week and the volume required to keep the water content in the above mentioned optimal interval ranged from 70 to 200 ml per plant (140–400 ml per bag), depending on the plant size and the related water uptake.

With an average of 7 samplings along the growing cycle, the mean values of pH and EC were 7.6 and 2.02 dS m–1, respectively. Because of the increase of pH over the target interval (5.5–5.8), in the last 3 weeks of cultivation, deionized water was acidified with nitric acid at pH 4.0 in order to better control pH fluctuations in the root zone.

Despite the preliminary disinfection of tuber seeds and cultivation devices, a fungal contamination occurred in the substrate starting from the third week of cultivation, however the pathogen did not colonize the potato plants.



DISCUSSION


Substrates Hydrological Performance

The results of the physical and hydrological characterization of the proposed growing media need to be interpreted while considering their specific uses in the Root Module. As regard the capability of the tested substrates to allow the movement of water and air, the Oasis Horticubes® showed a Ks value equivalent to a gravel soil, while those of all the other substrates were comparable to a coarse sand soil. These findings confirm that all of the substrates tested are capable of transporting the nutrient solution from the delivery system to the growing medium with a proper velocity. In addition, a good rate of gas exchange in the substrates can be expected given the high values of Ks and the positive correlation with ka, previously demonstrated (Loll et al., 1999; Iversen et al., 2001).

The relation between Ks and BD determined in the tested substrates represents an easy tool to predict the capacity of a growing media to transmit properly the nutrient solution and air to the root zone, only by considering bulk density, that can be determined more easily with respect to Ks. The substrates tested manifested a proper container capacity, except the cotton wool that showed a tendency to water repellence and collapse phenomena during the permeability test. The lack of structure of cotton implies an unstable pore spaces system, while the use of porous media with prescribed and stable pore spaces is a key principle for reliable management of substrates in microgravity (Jones et al., 2005).

Another important issue is the capability of the substrate to feed the root system efficiently, even when the matric suction increases. To assess the differences between the tested substrates, the analysis of water retention curves led to the conclusion that cellulosic sponge holds the highest amount of available water, while the other substrates available revealed a poor water content even at low levels of matric suction.

In terms of air, water, and nutrient transport processes, all the selected substrates, with the exception of cotton wool, are eligible to be used as growing media in hydroponic cultivation systems on Earth. However, with the exception of cellulosic sponge, all the substrates need a frequent irrigation to maintain an adequate water status for the root extraction, due to their poor water retention (Spomer, 1994). This shortcoming doesn’t match the requirements for cultivation of tuberous plants in microgravity, which implies that substrates should be wetted with a minimum amount of energy and water.

Cellulosic sponge provides the highest water holding capacity and capillary rise thanks to the wider distribution of pore radiuses, also guaranteeing the proper air content. This is also consistent with the findings of Steinberg et al. (2005), who encouraged the use of porous media with a broader pore size distribution, given that it may reduce cluster scale effects (clusters of several particles glued by water) caused by microgravity. For these reasons, cellulosic sponge was found to be the best material as substrate for the root zone.



Sensors Calibration and Water Distribution System Set-Up

Sensor calibration demonstrated the suitability of Waterscout SM 100 soil moisture sensors to be used in natural sponge substrate. However, care must be taken in the practical application, since each sensor has its own calibration curve, and the attempt to use average values to find one single calibration curve for all the sensors determined large errors when applied for single sensor measurements. In addition, each calibration curve is valid using the same sensor/datalogger configuration (i.e., connecting to the same datalogger and the same channel used for calibration).

A water distribution test demonstrated that the water diffusion process in the cellulosic sponge panel was fast and efficient, as a uniform humidification was reached in less than 2 min from the water injection. It is worth noting that the lower saturation point recorded in this test, compared to those measured during sensor calibration, could depend on the containment effect exerted by containers, which limited the expansion of the wetted sponge. This result will be considered in the execution of the future tests.

As expected, water and nutrient solution were not absorbed by the cotton wool mulching.

The test showed that the use of four sensors per box/bag was not required, while two sensors were sufficient to monitor the humidity level in the root zone. However, some constraints need to be considered in the porous tubes system. For instance, the test demonstrated that porous tubes work properly only when they are completely filled with water, since air determines unequal distribution of water along the porous tube, implying the need for preliminary flushing to remove air throughout the circuit.

Based on the hydraulic properties, cellulosic sponge represents a good alternative to traditional substrates for hydroponics, suitable for distributing and holding water and nutrient solution. Conversely, cotton wool used as mulching revealed a poor structure stability, implying risks for the crew safety (release of particles in the air).



Tuber Seeds Germination and Plant Growth

Time for tuber seeds germination was different between the two potato cultivars “Avanti” and “Colomba.” This result can be determined by genotypic reasons as well as by agronomical aspects, including the conditions of mother-plants cultivation and the preparation protocol for sale and transport of tuber seeds adopted by the different breeders providing the tubers seeds of the two cultivars (Frusciante and Roversi, 2011).

In “Colomba” plants cultivated on cellulosic sponge in a growth chamber, under HPS lamps, the time for the beginning of tuberization was similar to those observed in the same cultivar grown on a peat-based substrate in phytotron, under white fluorescent light and similar conditions of temperature and relative humidity (Paradiso et al., 2018).

The plant growth of potato on cellulosic sponge in a controlled environment followed a normal pattern for the crop; plants developed well and did not show any symptoms of unbalanced mineral nutrition. This latter result demonstrates that the strategy of water and mineral nutrition adopted in the experiment, alternating irrigation and fertigation pulses to contain the EC and pH fluctuations in the root zone, was efficient in guaranteeing non-limiting levels of water and nutrients in the growing medium for plant growth.

Cultivation protocol used in the plant growth test with “Colomba” on cellulosic sponge allowed the obtainment of healthy potato plants and the completion of the tuber-to-tuber cycle. In addition, the distribution of roots and of stolons and tubers, in the inner and bottom part of the panel and at the surface layer, respectively, allows for an efficient inspection during the experiment and an easy staggered harvest of tubers.

Despite the sterilization treatment before the test, cellulosic sponge experienced pathogen infection, requiring medical treatments. Fungal infection represents a real threat in the cultivation layout proposed, because of the constant humidity and availability of nutrients for pathogens due to the considerable holding capacity of cellulosic sponge. However, it is worth noting that, even in the presence of fungi, roots and tubers were not colonized and plants remained healthy, indicating the high specificity needed by the pathogens for the cellulose-based substrate. Nevertheless, sterilization, microbial analysis, and definition of chemical treatments during plant growth are sensitive items, also considering that a deep tuber disinfection is not possible (Frusciante and Roversi, 2011).



CONCLUSION

Based on the analysis of the hydrologic performance, in terms of air and water transport and water retention capacity, cellulosic sponge is the best candidate substrate for plant cultivation in the PFPU Root Module among the tested materials.

WaterScout water sensor, designed for measurements of water content in natural soil and peat-based substrates, is suitable for monitoring the water status in cellulosic sponge and to drive irrigation and fertigation management in the Root Module.

The designed distribution system, based on a porous tubes circuit, is able to provide water or nutrient solutions in a timely and uniform way in cellulosic sponge. Based on the definition of lower and upper limits of the sensor readings, it is possible to define an efficient irrigation strategy, while also preventing drying or over-loading conditions in the root zone.

Cellulosic sponge is suitable to support potato plants throughout a tube-to-tuber cycle, however, it revealed to be sensitive to fungal infection. In the view of future experiments in the same breadboard, pre-treatments with a wide-range of antifungal products will be considered before sowing.

During plant cultivation, the fertigation strategy adopted, based on the alternation of supply with deionized water or nutrient solution, was efficient in preventing salt accumulation in cellulosic sponge and alkalinization of the rhyzosphere. Fertigation management in future experiments could be improved by using the next generation sensors, allowing also the measurement of pH and the electrical conductivity.

The overall analysis of our results indicates that the proposed design of the Root Module, including a Kevlar bag as a container, cellulosic sponge as cultivation substrate, and a porous tube based system for water and nutrient solution distribution, was efficient in guaranteeing the proper conditions in the root zone to obtain healthy plants, able to complete the tuber-to-tuber cycle. However, it is worth noting that results from ground-based experiments do not allow us to foresee either the substrate or the plant behavior in altered gravity. Consequently, as mentioned, all our findings need to be confirmed in flight experiments.
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A biological life support system for spaceflight would capture carbon dioxide waste produced by living and working in space to generate useful organic compounds. Photosynthesis is the primary mechanism to fix carbon into organic molecules. Microalgae are highly efficient at converting light, water, and carbon dioxide into biomass, particularly under limiting, artificial light conditions that are a necessity in space photosynthetic production. Although there is great promise in developing algae for chemical or food production in space, most spaceflight algae growth studies have been conducted on solid agar-media to avoid handling liquids in microgravity. Here we report that breathable plastic tissue culture bags can support robust growth of Chlamydomonas reinhardtii in the Veggie plant growth chamber, which is used on the International Space Station (ISS) to grow terrestrial plants. Live cultures can be stored for at least 1 month in the bags at room temperature. The gene set required for growth in these photobioreactors was tested using a competitive growth assay with mutations induced by short-wave ultraviolet light (UVC) mutagenesis in either wild-type (CC-5082) or cw15 mutant (CC-1883) strains at the start of the assay. Genome sequencing identified UVC-induced mutations, which were enriched for transversions and non-synonymous mutations relative to natural variants among laboratory strains. Genes with mutations indicating positive selection were enriched for information processing genes related to DNA repair, RNA processing, translation, cytoskeletal motors, kinases, and ABC transporters. These data suggest that modification of DNA repair, signal transduction, and metabolite transport may be needed to improve growth rates in this spaceflight production system.

Keywords: algae, space environment, genetic fitness, population genetics, Chlamydomonas reinhardtii


INTRODUCTION

Microalgae grow by converting light, water, and CO2 into biomass. Algae have long been proposed for space life support systems to recycle CO2 and provide food either directly or indirectly to astronauts (Brechignac and Schiller, 1992; Ai et al., 2008; Niederwieser et al., 2018; Matula and Nabity, 2019). Many species of microalgae are photosynthetically efficient under the limiting light and low volume conditions necessary in space production (Kliphuis et al., 2012). As single cell organisms, microalgae are easy to cultivate with minimal requirements, and have great potential to yield value-added products.

Both eukaryotic and prokaryotic species, such as Chlorella vulgaris and Arthrospira platensis, respectively, are generally regarded as safe (GRAS) for human consumption (Caporgno and Mathys, 2018). Algae have nutritional benefits with high levels of antioxidants and protein with essential amino acids (Buono et al., 2014). Algae are also rich in ω-3 fatty acids, such as eicosapentaenoic acid and docosahexaenoic acid (Salem and Eggersdorfer, 2015). The red algal carotenoid, astaxanthin, has multiple uses including the ability to protect against retinal damage in animals (Wang et al., 2000; Katagiri et al., 2012; Liu et al., 2016; Otsuka et al., 2016; Shah et al., 2016). Algal oils may be used in future astronaut diets to help mitigate harmful effects of microgravity and cosmic radiation during spaceflight. Chlamydomonas reinhardtii is a model organism for unicellular algae with a well-annotated genome sequence (Merchant et al., 2007). Although Chlamydomonas is not designated as a GRAS organism, feeding studies show no harmful effects of including significant amounts of algae biomass in animal feed (Baek et al., 2018; Murbach et al., 2018). Consequently, Chlamydomonas can be used as a model for other microalgae species, an animal feed for space food systems, or a feedstock for manufacturing.

A few past studies exposed or grew algal species in space conditions (Mergenhagen and Mergenhagen, 1989; Wang et al., 2006; Giardi et al., 2013; Niederwieser et al., 2018). A Space Shuttle mission in 1985 used C. reinhardtii to examine phototaxic responses in microgravity (Mergenhagen and Mergenhagen, 1989). Microgravity allowed cells to remain close to light sources in spaceflight suggesting that photosynthetic productivity could be higher in space. By contrast, Wang et al. (2006) grew cyanobacteria for 15 days in a satellite and found reduced growth relative to a ground control. However, the ground control temperature and light cycles were not adjusted to the space conditions. The satellite had two temperature drops and two missed day photoperiods preventing strong conclusions from being drawn about growth rates. Giardi et al. (2013) compared Chlamydomonas photosynthetic responses for wild-type and photosystem II (PSII) D1 mutants in stationary cultures. Spaceflight had a greater negative effect on PSII fluorescence in wild-type cells and negatively impacted cell growth upon return to Earth. Soviet and Russian spaceflight experiments indicate that C. vulgaris has similar growth kinetics in space and on Earth, but the cells experience spaceflight as a stress (reviewed in Niederwieser et al., 2018).

The impact of the spaceflight environment for larger scale production of algae is currently unknown. To test larger scale microalgae production, the European Space Agency (ESA) has developed a photobioreactor that pumps liquid media through a meandering path, pipe-reactor (Bretschneider et al., 2016). Gas exchange is mediated by fluorinated ethylene propylene (FEP) membranes that allow CO2 and O2 diffusion, while algae are continuously mixed with a peristaltic pump (Helisch et al., 2019). This photobioreactor is currently being tested on the International Space Station (ISS) for long-term growth of C. vulgaris. A significant challenge of maintaining photosynthetic productivity is regular removal of stationary cells and addition of new media to maintain photoautotrophic growth without forming excessive biofilms within the raceway. In addition, this photobioreactor experiment is not focusing on understanding genes required for growth in spaceflight conditions (Helisch et al., 2019).

In yeast, competitive growth experiments in liquid culture were used to identify genes needed for survival in spaceflight conditions (Nislow et al., 2015). We are completing spaceflight experiments to determine similar gene sets for Chlamydomonas via competitive growth of mutagenized cells. Here we report results from our development of methods and experiment verification test (EVT). We describe a simple batch culture protocol using commercial FEP tissue culture bags that is adapted to the Veggie plant growth chambers on the ISS. Shortwave ultraviolet (UVC) light mutagenesis and full genome sequencing enabled the detection of new mutations in two microalgae strains. The spectrum of mutations identified suggests that UVC primarily induces DNA damage in Chlamydomonas via errors in translesion synthesis and double strand break repair. In addition, a variety of cellular information processing functions may need to be modified to adapt Chlamydomonas to this batch culture system.



MATERIALS AND METHODS


Strains and Culturing Conditions

Strains CC-5082 (WT) and CC-1883 (cw15) were obtained from the Chlamydomonas Resource Center. CC-5082 is a sequence-verified clone of CC-1690, which is a wild-type strain of mating type mt+ (Gallaher et al., 2015). CC-1883 is an mt– cw15 cell wall mutant, which allows transformation of exogenous DNA by vortexing with cells and glass beads (Kindle et al., 1989). Strains were maintained at room temperature (20–25°C) on agar plates with Tris acetate-phosphate (TAP) medium (Gorman and Levine, 1965), under 50–100 μmol/m2/s continuous photosynthetically active radiation (PAR) from daylight fluorescent bulbs (6500 K).

To initiate liquid cultures, 1–2 mm colonies were scraped from TAP agar plate and inoculated into 50–100 mL TAP media. Traditional liquid cultures were grown with continuous light in 250 mL Erlenmeyer flasks with 100 r/min gyratory shaking. For spaceflight analogs, liquid cultures were grown with continuous light in 120 mL PermaLife cell culture bags (OriGen Biomedical, Austin, TX, United States). Liquid cultures were grown in daylight fluorescent lighting or in the Veggie Vegetable Production System at the Kennedy Space Center (Merritt Island, FL, United States) with a ratio of red (630 nm): green (525 nm): blue (450 nm) of 8:1:1 (Massa et al., 2016). The Veggie reservoir was set at the maximum distance from the LED lightcap. All lighting was 80–100 μmol/m2/s.

The UVC mutagenesis dose that caused ∼10% cell survival was determined by transferring 7 mL of early-log phase culture at OD600 = 0.45 to 15 cm sterile petri plates in a sterile laminar flow hood. The petri plates were opened in a GS Gene Linker UV Chamber (Bio-Rad, Hercules, CA, United States) and exposed to increasing doses of UVC light from germicidal bulbs. Petri plates were closed, wrapped in aluminum foil, and agitated overnight in the dark at 50 r/min. Mutagenized cultures were plated on TAP agar plates with non-treated samples diluted 1:5 prior to plating. Colonies were grown under continuous light, counted, and normalized relative to non-mutagenized cultures.



EVT Mutagenesis

Colonies from TAP agar plates were scraped and suspended in 600 μL liquid TAP media and adjusted to an optical density of 1 at 600 nm using a visible light spectrophotometer (SmartSpec 3000, Bio-Rad, Hercules, CA, United States). The Chlamydomonas suspension was used to inoculate TAP liquid media at a 1:250 dilution, i.e., 0.2 mL of OD600 = 1 suspension was added to 50 mL TAP media. WT was inoculated on day 1 of the experiment and cw15 was inoculated on day 2. The cultures were grown in flasks until reaching an OD600 of 0.4–0.5 on day 4. Non-mutagenized cells from the culture were sampled for whole genome sequencing by centrifuging 2 mL of the culture and freezing the cell pellet at −80°C until DNA was extracted. For each mutagenesis, 7 mL of early-log phase culture was exposed to 8 mJ of UV light. The mutagenized cells were then used to inoculate 100 mL of TAP media in a PermaLife tissue culture bag in a sterile laminar flow hood. Inoculated tissue culture bags were held at room temperature in the dark for 7 days and then transferred to the Veggie growth chamber.



EVT Culture Conditions and Selection

The Veggie chamber was set with the reservoir at maximum distance from the lighting (Massa et al., 2016). The 630 nm red light was set to “medium”; the 450 nm blue light was set to “low”; and the 525 nm green light was set to “on.” The bellows were closed during growth cycles, and the fan was set to “low.” The initial mutagenized cultures were grown for 7 days in Veggie. The cultures were then passaged by transferring 1 mL of culture to a bag containing fresh TAP media using a sterile syringe. The second culture was grown for 6 days and then passaged to a third tissue culture bag for 6 days of growth. During each passage, 2 mL of culture was sampled, centrifuged, and the cell pellet was frozen at −80°C until DNA was extracted. The remaining cultures were stored in a soft stowage, Cargo Transport Bag (CTB) until 36 days after the initial inoculation. For each dark-stored culture, 2 mL was sampled for DNA extraction.



Growth Assays

Growth curves for non-mutagenized cells were determined by sampling 1 mL of culture each day and reading the absorbance at 600 and 750 nm. Culture samples were diluted if optical density measurements were greater than 1. Cell density was counted using a hemocytometer and light microscopy. Dry biomass was determined by transferring all of the remaining culture volume into two 50 mL centrifuge tubes. The cells were centrifuged with the supernatant media removed and the cell pellets were lyophilized overnight. Dry weights were measured on an analytical balance. Biomass for each culture is the average of the two technical replicates.



Whole Genome Sequencing

DNA was extracted from the flash-frozen and dark-stored cell pellets as described with some minor modifications (Newman et al., 1990). Cell pellets were resuspended in 150 μL H2O on ice, and 300 μL of SDS-EB buffer (2% SDS, 400 mM NaCl, 40 mM EDTA, 100 mM Tris-HCl, pH 8.0) was added and vortexed. The cell suspension was then extracted with 350 μL phenol: chloroform: isoamyl alcohol 25:24:1 (v:v) for 2–5 min by intermittent mixing using a vortex. The organic and aqueous phases were separated with a 5 min centrifugation at maximum speed in a microcentrifuge. The aqueous phase was then extracted with 300 μL chloroform: isoamyl alcohol (24:1). The RNA in the aqueous phase was digested with RNase A at room temperature for 10 min. DNA was precipitated by adding 1 mL 100% ethanol, incubating on ice for 30 min, and centrifuging for 10 min. The pellet was washed with 200 μL 70% ethanol, dried in a vacuum centrifuge, and resuspended in 30 μL H2O. DNA sample integrity was evaluated with an Agilent TapeStation (Santa Clara, CA, United States), and concentration was determined with Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, United States) according to the manufacturer’s instructions.

For each library, 3 μg of DNA was sheared to 350 bp average size using an S220 Focused-ultrasonicator (Covaris, Woburn, MA, United States). Barcoded TruSeq PCR-Free Low Throughput libraries were prepared for each DNA sample following the manufacturer’s instructions (Illumina, San Diego, CA, United States). Each sample had a unique index from Illumina TruSeq DNA CD Indexes (96 indexes/samples). The libraries were split into two pools to sequence a total of 38 samples: nine dark-stored and nine flash-frozen samples for each strain, growth cycle, and biological replicate as well as the two non-mutagenized initial cultures. Library pools were color-balanced and sequenced with paired-end 150 bp reads on the Illumina HiSeq X platform at MedGenome (Foster City, CA, United States).



Read Processing and Genome Alignment

The raw sequence reads were filtered using Trimmomatic v.0.38 to remove barcode and adaptor sequences in paired-end mode (Bolger et al., 2014). High quality reads were aligned to the C. reinhardtii reference genome (Merchant et al., 2007), v.5.6 from Phytozome, using BWA-mem (Li, 2013). Duplicate reads were removed using Picard MarkDuplicates, v.2.19.11 with default parameters. Reads near insertion-deletion (InDel) polymorphisms were realigned using GATK v.3.8.1 RealignerTargetCreator and IndelRealigner (McKenna et al., 2010; DePristo et al., 2011).



Identifying Sequence Variants

Three software packages for detecting single nucleotide polymorphisms (SNPs) and small indels were compared. FreeBayes v.1.2.0 (Garrison and Marth, 2012) was implemented with the pooled continuous option. LoFreq v. 2.1.3.1 used default parameters (Wilm et al., 2012), while CRISP pooled, discrete parameters were: –poolsize 5 –perms 100000 –mmq 10 –minc 3 (Bansal, 2010; Bansal et al., 2011). FreeBayes called more variants for libraries with the lowest depth giving a negative correlation between the number of mapped reads and number of variants detected. LoFreq is restricted to calling variants for single samples and not detecting variants at a population level. Consequently, CRISP was determined to be the optimal approach for variant detection.

For each strain, CRISP genotyping results were filtered to remove variants with a call rate below 70% (i.e., missing data ≥ 30%) and monomorphic variants with a minor allele frequency (MAF) of zero. Monomorphic variants revealed non-mutated, natural variants relative to the reference genome. In addition, variants with low depth and low-quality mapped reads were removed based on CRISP assignments of “LowDepth, LowMQ10 and LowMQ20.” Finally, novel variants were scored by identifying exact matches to natural variants reported from whole genome sequencing of 39 Chlamydomonas laboratory strains (Gallaher et al., 2015). Variant density was visualized by plotting SNPs detected in windows of 100, 400, 500, and 1000 kb. A window size of 400 kb was selected visually as showing the highest resolution of natural variant SNP clusters.



Determining Protein Coding Variants and Selection

The effect of each variant on protein coding regions was predicted using SnpEff v.4.3t (Cingolani et al., 2012). Synonymous and non-synonymous mutations from the primary SnpEff call were used to estimate the overall impact of UVC mutagenesis on protein coding genes. Synonymous (πS) and non-synonymous (πN) nucleotide diversity was estimated for each gene using SNPGenie (Nelson et al., 2015). SNPGenie was run for all high-quality and novel variants independently, using both the forward strand and reverse complement strand. Positive selection was inferred when πN > πS, and purifying selection was inferred when πN < πS. Genes showing positive or purifying selection were tested for gene ontology (GO) term enrichment using AgriGO v2.0 with default parameters except for the “Hochberg (FDR)” multi-test adjustment method for the default false discovery rate of 0.05 (Tian et al., 2017).




RESULTS

We tested commercial FEP tissue culture bags for the ability to support microalgae growth without agitation or active mixing of gases with liquids. Under daylight fluorescent lighting, the bags are able to support robust growth for both cw15 and WT strains (Figures 1A–D). Time courses of growth show a 1 day delay in the bags (Figures 1E–H). Logistic growth curve regressions of optical density estimated the maximum doubling time for cw15 was 5.32 h in flasks and 8.01 h in FEP bags (Figure 1E). For WT, maximal doubling time was 7.42 h for flasks and 8.98 h for FEP bags (Figure 1F). Similar doubling times were estimated from cell counts: 5.7 versus 7.65 h for cw15 and 7.3 versus 8.73 h for WT (Figures 1G,H). Cell counts estimated a 600- to 1450-fold increase in cell number during the culture indicating 9–11 cell doublings in the batch cultures. Dry weight biomass was in rank order with the measurements of optical density and cell density at the 6 days time point. The cw15 flask cultures had the lowest biomass at 0.61 g/L, and the WT flask cultures had the highest biomass at 0.95 g/L (Figure 1I). The FEP tissue culture bags grew to a cell density in-between flask cultures for cw15 and WT. These data indicate the bags provide sufficient gas exchange to support microalgae, but that Chlamydomonas laboratory strains grow faster in flasks.
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FIGURE 1. Microalgae growth in FEP plastic culture bags. (A) Flask and (B) FEP bag culture of cw15, CC-1883. (C) Flask and (D) FEP bag culture of wild-type (WT), CC-5082. Growth curves of cw15 (E,G) and WT (F,H) algae comparing flask and FEP bag cultures. Symbols are mean values (n = 5, except n = 4 for cw15 FEP bags). Trend lines are logistic growth curve regressions. (I) Average biomass produced after 6 days of culture. (J) Dose-response of WT algae to UVC light. Trend line is an exponential regression. Error bars in all panels are standard deviation.


To identify genes required for growth in tissue culture bags, we mutagenized the strains prior to competitive growth assays. We first determined the dose-response for cell lethality in a UVC light chamber. Figure 1J shows that 6–10 mJ of UVC exposure is sufficient to kill ∼90% of WT cells. Similar results were obtained for cw15, and we concluded that 8 mJ of UVC would give sufficient DNA damage to induce mutations in both strains without risking excessive cell death and culture failure during spaceflight.

An EVT was completed at the Kennedy Space Center (Figure 2). Three biological replicates of WT and cw15 were mutagenized at the University of Florida, Gainesville, FL, United States. The mutagenized cells were transferred to tissue culture bags with TAP media and stored at room temperature in the dark for 7 days to emulate a late load and storage during a resupply mission to the ISS. The cultures were then transferred to a Veggie unit to provide light and stimulate photosynthesis. The culture bags were placed under bungee cords that hold plant pillows in the Veggie reservoir (Figure 2B). The bags were left without any agitation except during passages (Figure 2C). To complete a passage, culture bags were removed from the reservoir, agitated manually, and 1 mL of culture was transferred to fresh media for a new growth cycle (Figures 2D–F). An additional 2 mL of culture was sampled and cell pellets were frozen to preserve a DNA sample without dark storage.
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FIGURE 2. Algae selection experiment in Kennedy Space Center Veggie growth chamber. (A) Schematic of the experiment design and workflow. (B) Initial installation of mutagenized culture bags in the Veggie reservoir. (C) Veggie chamber with algae bags and closed bellows. (D) Algae cultures prior to passage. (E,F) Passage of culture using sterile syringes.


The remaining culture was stored in a closed CTB to simulate ambient storage on the ISS and return of live cultures to Earth (Figure 3A). At 36 days after the initial inoculation, all culture bags were sampled for DNA extraction and biomass assessment (Figure 3B). The WT strain showed higher biomass compared to the cw15 cell wall mutant (p = 0.01, paired Student’s t-test). Within each strain, there was a significant trend for increased biomass with additional culture passages (p < 0.01, ANOVA). However, all biomass levels were lower than immediate harvest of cells after 6 days of culture without UV mutagenesis or dark storage (Figure 1I). The biomass trends observed most likely reflect loss of biomass due to respiration during dark storage.
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FIGURE 3. (A) Storage of live algae cultures in CTB soft stowage bag. (B) Biomass yield after dark storage. Average and standard deviation of three biological replicates are plotted. Lowercase letters indicate statistically significant groups of culture passages based on ANOVA of each strain and a Tukey HSD test.


Whole genome sequencing of the pre-mutagenized cultures, frozen cell pellets, and dark stored cultures was completed with an average read depth of 16x. Variants consisting of SNPs and short InDel polymorphisms were called with CRISP using pooled sample parameters (Figure 4). After removing missing data (≥30%) and monomorphic polymorphisms (MAF = 0), we detected 73,573 WT variants and 79,455 cw15 variants. Filtering to remove low-depth and low-quality reads reduced WT and cw15 polymorphic variants to 48,380 and 53,939, respectively. This represents an average of one variant per 2.24 kbp in WT and 2.01 kbp in cw15.
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FIGURE 4. Sequence analysis pipeline with key parameters for variant calling and quality filtering.


Plotting the variant density across the genome identified known hotspots of natural variation among laboratory strains (Figure 5, Gallaher et al., 2015). The WT strain is a sequence-verified clone of CC-1690, and the polymorphic variants identified overlapping peaks on chromosomes 2, 6, and 9. In addition, there were peaks that overlapped with other natural variants on chromosomes 3 and 12. The cw15 strain derives from a cross with CC-1690 and a similar pattern of natural variant peaks was observed. These natural variants may represent spontaneous mutations that are easily tolerated in Chlamydomonas or regions of the genome that are difficult to align with high confidence. In either case, known natural variants are likely to have little signal of selection due to induced UVC mutagenesis. We removed all exact matches to natural variants to obtain 5286 WT and 5873 cw15 novel variants, which are more evenly distributed across the genome (Figure 5). The average genomic density for the novel variants were one variant per 20.83 kbp in WT and 18.75 kbp in cw15.
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FIGURE 5. Density of SNP and indel variants in the Chlamydomonas genome. The Y-axis is the number of variants per 400 kb, and the X-axis is the physical distance of each chromosome. The variant dataset plotted is labeled on the right of each panel. Variants from 39 laboratory strains (black, top panel) and CC-1690 (black, second panel) sequenced by Gallaher et al. (2015). Light and dark gray show all high quality variants (step 4 in Figure 4) in the WT and cw15 strains. Orange (WT) and green (cw15) plot novel variants after filtering identical matches to polymorphisms in the Gallaher et al. (2015) study (step 5 in Figure 4).


The novel variants show a different spectrum of base changes than natural variants (Figure 6A). There is a relative decrease in transitions and an increase in transversions with the complementary mutations of A > C and T > G as well as C > G and G > C predominating. These data suggest the novel variants represent mutations caused by induced mutagenesis instead of the endogenous spectrum of Chlamydomonas variants. In addition, the novel mutations are found at a higher allele frequency indicating that the novel mutations have more sequence read support across samples than natural variants (Figure 6B). We conclude that novel variants better represent the UVC mutagenized sites.
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FIGURE 6. Effects of variant filtering and live culture storage on mutations detected. (A) Relative frequency of base changes and indels for natural variants found by Gallaher et al. (2015) and the novel variants after UV mutagenesis. (B) Minor allele frequency distribution for all variants and novel variants. (C,D) Average sequencing depth of three biological replicate libraries prepared from dark stored cultures and algae pellets that were frozen at the time of passage. (E,F) Average number of novel mutations detected in libraries from dark stored and frozen tissues. Error bars are standard deviations.


Centrifugation and freezing cell pellets for DNA sampling requires more extensive astronaut time and limiting resources on the ISS. We compared the mutations recovered from samples that had been frozen at the time of passage and those from live cultures that had been stored in the dark. There were no significant differences in sequencing depth based on the storage conditions (Figures 6C,D). However, dark storage decreased the number of mutations recovered in passage 1, which were cultures stored for 22 days prior to sampling (Figures 6E,F). Student’s t-tests showed a significant reduction of mutations detected for the WT strain (p = 0.003), but the reduction was non-significant for cw15 (p = 0.07). For frozen stored libraries, the number of novel mutations detected in each passage was nearly constant indicating sequencing depth was limiting for mutant detection. These results suggest that changes in allele frequency over culture passages are not a reliable indicator of selection for this experiment.

To assess the effects of novel mutation on protein coding sequences, SnpEff was used to identify protein coding changes. Natural variants were enriched for synonymous mutations, while the novel variants were enriched for protein coding changes (Figure 7A). These results are consistent with an increased frequency of deleterious mutations after UV mutagenesis. Individual genes were tested for selection based on nucleotide diversity (π) using SNPGenie. Novel variants were enriched for genes showing evidence of positive selection with about 46% of genes tested having πN > πS, compared to 29% of all variants (Figure 7B). These results are consistent with the enrichment for non-synonymous mutations resulting from UV mutagenesis.


[image: image]

FIGURE 7. Novel variants are enriched for predicted protein coding changes. (A) Ratio of non-synonymous to synonymous variants based on SnpEff annotations. White and gray show natural variants detected. Orange and green show novel variants. (B) Average fraction of genes showing positive selection of all genes tested with SNPGenie. Averages are from six libraries per passage. Error bars are standard deviations. (C) Enriched GO terms for genes with positive selection.


Based on GO term enrichment analyses, the positively selected genes in WT and cw15 both show significant enrichments for terms associated with purine nucleotide binding and hydrolase activity (Figure 7C). The individual genes with these GO terms represent information processing functions in DNA damage repair, RNA processing, translation, cytoskeletal motors, and signal transduction (Supplementary Table S1). The WT libraries also had enrichment for terms associated with small molecule transporters with individual genes predominantly being ABC transporters.

The WT strain also had significant enrichments for genes under purifying selection (Figure 8). More than half of these genes are predicted to function in regulating the levels of cyclic nucleotide second messengers suggesting that second messenger signal transduction may be under selective pressure in in the culture bag growth system. The cw15 strain had no significantly-enriched GO terms for genes under purifying selection.
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FIGURE 8. Enriched GO terms for genes showing evidence of purifying selection in the WT strain.




DISCUSSION

This EVT validated a strategy for identifying genes required by Chlamydomonas during log phase growth in spaceflight. We have shown that commercial FEP tissue culture bags can be used for batch culture of microalgae and result in 9–11 cell doublings during a 6 day culture. Cells in these cultures that divide normally will be at least 1000 fold enriched at stationary phase over cells with genetic variants that prevent mitotic division. Competition through multiple passages will eliminate mutations that prevent mitotic growth. Chlamydomonas is viable in these bags after prolonged dark storage, which enables full genome sequencing and identification of mutant genes in the culture. We have since used this strategy to grow the WT and cw15 strains during the SpaceX CRS-15 mission; analysis of the spaceflight experiment is on-going.

Whole genome sequencing has been used to assess the mutagenic load of the bacteria, Staphylococcus aureus, in a 2 week spaceflight exposure (Guo et al., 2015). Less than 40 SNPs were detected in the genome from spaceflight with similar numbers of SNPs detected on ground and in spaceflight. These data suggest that exogenous mutagenesis is necessary to gain adequate signal of selection in short-term competitive growth experiments.

A yeast selection experiment was completed in spaceflight by using a genome-wide deletion collection (Nislow et al., 2015). The competitive growth experiment measured the reduction in representation of bar-coded mutants over the course of ∼21 mitotic generations. This type of competitive growth identifies individual genes needed for growth. By contrast, UVC mutagenesis has a higher genetic load and generates a more diverse array of allele types to compete within the culture. Moreover, three serial batch cultures of Chlamydomonas are expected to give ∼30 mitotic generations potentially giving more signal of selection within the genome sequence data.

There are several limitations to the design of this competitive growth assay. The algae were grown in mixotrophic conditions with both acetate and light as sources of energy. The addition of acetate to the media promotes rapid growth of the cultures allowing up to four passages to be completed in a 1-month SpaceX commercial resupply mission. Consequently, genes under purifying selection are expected to include pathways to utilize acetate. Similarly, the Veggie growth chamber has a limited spectrum of lighting with three narrow wavelengths that do not include far-red light (Massa et al., 2016). Each wavelength has two to four light level settings, and the lighting needed to be enriched for red light to provide 80–100 μmol/m2/s of light to the culture bags. Limitations to random mutagenesis are that loss-of-function mutations in all genes are not represented in each biological replicate of the experiment and that multiple mutations are simultaneously selected in individual cells during mitotic divisions. Moreover, we found that all cultures had a high level of polymorphisms that were identical to previously described natural variants in laboratory strains (Gallaher et al., 2015). The sequencing depth and 30 mitotic generations of the experiment did not provide sufficient sensitivity to detect changes in allele frequencies of individual natural variants. Consequently, we focused on selection signatures in novel mutations that were unique to UV mutagenized cultures.

Ultraviolet light causes direct DNA damage to create cyclobutane pyrimidine dimers, and the UV mutation signature is typically biased toward C > T transitions (Ikehata and Ono, 2011). Chlamydomonas DNA readily forms pyrimidine dimers, and WT strains have a robust dark-repair pathway to repair 90–95% of the DNA damage directly within 24 h (Small, 1987). With whole genome sequencing, we observed enrichment for T > G and C > G transversions in the mutations resulting from the UV treatment instead of the expected C > T transitions. Incorporation of several oxidative products of guanine can promote C > G transversions in response to a variety of mutagens, including UV (Kino and Sugiyama, 2005). In human cancers, C > G base changes are associated with activation of AID/APOBEC cytidine deaminases followed by error-prone translesion synthesis (Forbes et al., 2017). Human cancers also have base substitution signatures that are enriched for T > G, such as COSMIC signatures 17b and 28 (Forbes et al., 2017). However, no specific mechanisms have been proposed for the specific enrichment of T > G transversions.

Intriguingly, we observed signatures of selection in DNA polymerase ζ, θ, and REV1 (Supplementary Table S1), which are associated with translesion synthesis (Sakamoto, 2019). In the human germ line, C > G mutations have been suggested to be caused by errors in double-stand break repair (Gao et al., 2019). DNA polymerase θ and DNA ligase 4 function in the non-homologous end joining double strand break repair pathway, and we found evidence of selection for both of these enzymes in the EVT (Pannunzio et al., 2018). Evidence for selection in double-strand break repair and translesion synthesis suggests that these pathways are likely relevant to the UV-induced mutations observed.

The low sequence coverage of this experiment creates risk in using the frequency of recovery for specific mutant alleles in determining whether specific genes are under positive or purifying selection. The number of alleles discovered is limited by the sequencing depth, and higher coverage is necessary to increase the power of the statistics to detect selection at a genome-wide level. Nevertheless, we were able to classify 476 genes in the WT strain and 503 genes in the cw15 strain for purifying or positive selection based on mutations within coding sequences. Among these, 104 genes were enriched for molecular functions based on GO terms. In addition to DNA repair pathways, these analyses revealed signal transduction and other information processing functions including, chromatin reading, RNA processing, and translation to be enriched within selected genes. The enriched molecular functions are predicted to be processes necessary for Chlamydomonas to adapt to the UV mutagenesis, lack of media agitation, the diffusion of gases across the FEP membrane, and the lighting conditions in the Veggie unit.

Scalable production of Chlamydomonas in spaceflight has multiple potential applications. The species will accumulate lipids to about 20–25% of total biomass, which can be used as an organic chemical feedstock (Becker, 2007; Xu et al., 2018). Chlamydomonas also has high protein content of 40–60% of biomass making it a potential source of food. Although it is not yet designated as a GRAS organism by the FDA, Chlamydomonas is non-toxic; animal feeding studies show no harmful effects at 4 g algae biomass per kg body weight per day, the highest consumption levels tested (Murbach et al., 2018). Equivalent consumption for a 65 kg person would be approximately 260 g of algae powder per day.

As a genetic model organism, Chlamydomonas biomass composition can be further modified by mutagenesis or targeted gene editing. For example, starch over-accumulation mutants have been isolated that shift starch content from 15 to 30–35% of biomass (Koo et al., 2017). Likewise, CRISPR gene editing of the Chlamydomonas zeaxanthin epoxidase gene significantly increases carotenoids needed to prevent macular degeneration (Baek et al., 2018). The modified algae strain was used to supplement chicken feed to increase the zeaxanthin content of eggs. The myriad of potential applications for microalgae production in spaceflight justify direct investigation of the genes needed for liquid culture production. Our current study shows both feasibility for a spaceflight experiment and identifies a series of cellular information processing genes that are likely required for Chlamydomonas to adapt to batch culture in breathable plastic bags.
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The EDEN ISS greenhouse is a space-analog test facility near the German Neumayer III station in Antarctica. The facility is part of the project of the same name and was designed and built starting from March 2015 and eventually deployed in Antarctica in January 2018. The nominal operation of the greenhouse started on February 7th and continued until the 20th of November. The purpose of the facility is to enable multidisciplinary research on topics related to future plant cultivation on human space exploration missions. Research on food quality and safety, plant health monitoring, microbiology, system validation, human factors and horticultural sciences was conducted. Part of the latter is the determination of the biomass production of the different crops. The data on this topic is presented in this paper. During the first season 26 different crops were grown on the 12.5 m2 cultivation area of the greenhouse. A large number of crops were grown continuously throughout the 9 months of operation, but there were also crops that were only grown a few times for test purposes. The focus of this season was on growing lettuce, leafy greens and fresh vegetables. In total more than 268 kg of edible biomass was produced by the EDEN ISS greenhouse facility in 2018. Most of the harvest was cucumbers (67 kg), lettuces (56 kg), leafy greens (49 kg), and tomatoes (50 kg) complemented with smaller amounts of herbs (12 kg), radish (8 kg), and kohlrabi (19 kg). The environmental set points for the crops were 330–600 μmol/(m2*s) LED light, 21°C, ∼65% relative humidity, 1000 ppm and the photoperiod was 17 h per day. The overall yearly productivity of the EDEN ISS greenhouse in 2018 was 27.4 kg/m2, which is equal to 0.075 kg/(m2*d). This paper shows in detail the data on edible and inedible biomass production of each crop grown in the EDEN ISS greenhouse in Antarctica during the 2018 season.

Keywords: bio-regenerative life support system (BLSS), plant cultivation chamber, space plant growth facility, space food and nutrition, space analog studies, controlled environment agriculture (CEA)


INTRODUCTION

Food production during human space missions to and on Moon and Mars is a necessary step to reduce resupply mass from Earth and thus long-term mission costs. Growing plants for food production also offers the advantages of producing oxygen and removing carbon dioxide from the atmosphere as well as the recycling of water. Because of these advantages, experiments in growing plants in space began as early as the first manned space stations and continue to the present day (Zabel et al., 2016a).

Several research teams conducted experiments in cultivating plants in a closed controlled environment on Earth for the application in future space missions in the past (Wheeler, 2017). Notable are NASA’s Biomass Production Chamber (Wheeler et al., 2003; Dreschel et al., 2018), the Russian BIOS facilities (Gitelson et al., 2003), the Japanese Closed Ecology Experimental Facility (Nitta, 2005) and the Chinese Lunar Palace 1 (Fu et al., 2016).

The EDEN ISS project is the newest space greenhouse analog project to test subsystems, technologies, operation procedures, plant health monitoring devices and plant cultivation for future space missions. The EDEN ISS Mobile Test Facility (MTF) (Figure 1) was setup in Antarctica to achieve these goals. This paper presents detailed values on food production (edible biomass) and inedible biomass production of the vegetable crops cultivated in the experimental phase in 2018.


[image: image]

FIGURE 1. The EDEN ISS Mobile Test Facility in Antarctica around 400 m south of the German Neumayer Station III.


The difference of the EDEN ISS MTF to the other facilities is its unique location. The MTF is positioned in the vicinity of the German Neumayer Station III in Antarctica. This continent offers several conditions which are favorable for space analog test campaigns (Bubenheim et al., 1994). While most of the other facilities were built to conduct research on humans living in a closed loop life support system, EDEN ISS focuses on cultivating plants in controlled conditions, testing the necessary hardware and investigating microbiology, food quality and safety aspects. Furthermore, most of the facilities mentioned earlier were built and operated in the 1980s–2000s and are no longer available, except for Lunar Palace 1 which was built only a few years ago and is still in operation. EDEN ISS also uses technologies which were not available in the past (e.g., LED lighting for plant cultivation).

The novel aspect of the EDEN ISS project is its approach to work with a compromise climate in which all crops are grown simultaneously. This is more realistic for near-term space greenhouses as compared to studies were each crop has its own optimized climate. Despite not having the optimal climate for each crop the food production of the MTF in the 2018 season was higher than expected. In 2018, for the first time a comprehensive set of measurements were performed in an analog space greenhouse. These measurements encompass the biomass production data presented in this paper, but also data on the microbial environment inside the greenhouse, the quality and safety of the produced food, the resources (e.g., carbon dioxide, nutrients, consumables) necessary to grow the crops, the amount of electrical energy and crewtime required and the acceptance of the food to the station crew. The biomass production dataset presented in this paper can be used to improve simulation models for space greenhouses. It can also be used for cultivar selection, because the dataset includes values on different cultivars (e.g., for lettuce and tomato) which is helpful to assess which cultivar should be grown in the next space greenhouse. The data is also a valuable contribution to the recently developed Crop Readiness Level evaluation method (Romeyn et al., 2019) for crop candidates for space greenhouses.



MATERIALS AND METHODS


EDEN ISS Mobile Test Facility Infrastructure

The EDEN ISS MTF is located in the immediate vicinity of the Neumayer III Station which is operated by the German Alfred-Wegener Institute for Polar and Marine Research. The MTF was designed and built as an experimental facility for plant cultivation systems, allowing the test of essential technologies and production procedures for future long-duration human space missions (Zabel et al., 2015). Detailed system analysis was conducted by the consortium partners resulting in a solid design (Bamsey et al., 2014, 2016; Zabel et al., 2016b), including a complete risk assessment (Santos et al., 2016). The MTF consists of two customized 20 foot high cube shipping containers, which are placed on top of a raised platform located ∼400 m south of Neumayer III. The research facility can be subdivided into three distinct sections:


•Airlock/Cold-Porch (Blue section in Figure 2): A small room providing storage and a small air buffer to limit the entry of cold air when the main access door of the facility is used. This area is used for changing clothes. Furthermore, the main fresh water tank and the waste water tank are both located in the subfloor space of this section.

•Service Section (Red section in Figure 2): This section houses the primary control, atmosphere management, thermal control, power control and nutrient delivery systems of the MTF (Vrakking et al., 2017). Additionally, this section provides a working table including sink, trash bins, and storage for tools and consumables. In addition this section houses an independent rack-like plant cultivation system as part of the plant growth demonstrator for future deployment onboard the ISS (Boscheri et al., 2016, 2017).

•Future Exploration Greenhouse (FEG) (Green section in Figure 2): The main plant cultivation space of the MTF which includes multi-level plant growth racks operating in a controlled environment. The FEG is used to study plant cultivation and the related technologies for future planetary habitats (Zabel et al., 2017).
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FIGURE 2. Schematic top-view of the MTF. The blue section indicates the cold porch. The red area is called service section and houses a work desk and almost all greenhouse subsystems. The green section is the main plant cultivation space, called the FEG.


The technologies required to cultivate plants in a controlled environment are arranged in six different subsystems, which are briefly described in the following. Detailed information about the subsystems can be found in Zabel et al. (2017) and Vrakking et al. (2017).


1)The nutrient delivery subsystem adjusts the irrigation water’s pH and EC value. Depending on the plant type (leafy or fruit-building crop), the mixing computer provides a dedicated nutrient solution that is delivered directly to the roots. Eight high-pressure pumps spray a fine nutrient mist inside the root compartment of each plant tray.

2)The atmosphere management subsystem regulates the temperature, humidity, and CO2 concentration within the FEG. Furthermore, the air flow is filtered (particle filter, HEPA, and activated carbon filter) and the humidity condensate water is recovered and fed back to the fresh water tank.

3)The thermal control subsystem is used to remove excess heat from the MTF and to provide a cool fluid for condensation of the humidity produced by the plants.

4)The illumination control subsystem consists of 42 fluid-cooled LED fixtures integrated into the FEG. The light spectrum can freely be composed of red, blue, far-red, and white for each plant tray.

5)The power distribution subsystem provides electrical energy to all subsystems of the MTF. The electrical energy is generated in the Neumayer Station III and transmitted to the MTF.

6)The control and data handling subsystem consists of a set of independent programmable logic controllers which receive information from a wide range of sensors. Based on this information and defined program logics this subsystem controls all functions of the MTF. The control and data handling subsystem sends system telemetry to the mission control center in Bremen, Germany. Furthermore, every day a set of images taken from fixed positions inside the FEG is sent to the mission control center to allow remote experts observing plant development and to assist the on-site operator.





Experiment Timeframe

The MTF arrived in Antarctica on the 3rd of January 2018. The deployment took around 5 weeks and was finished in early February (Schubert et al., 2018). The winter-over on-site operator remained in Antarctica for the following 10 months until December 2018. In the following chapters “experimental phase” refers to the period from mid-February 2018 to mid-November 2018. The timeline of the experiment phase is shown in Figure 3.
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FIGURE 3. Timeline of the EDEN ISS experiment phase (early 2018 to early 2019).


The first plants were sown on February 7th 2018. The winter-over period started with the departure of the last summer crew on February 18th. The first harvest of lettuce and leafy greens was on March 20th. The first cucumber harvest (29th of March) and first tomato harvest (16th of May) took place in the weeks that followed. The coldest temperature of the season was recorded in the morning of the 8th of October 2018 with being −43.5°C. The winter-over period ended with the arrival of the first summer crew on November 2nd. The nominal operation phase of the MTF ended with the final harvest which took place on November 20th. The EDEN ISS winter-over operator departed a few days before Christmas 2018.



Crop Species

The EDEN ISS project team established a crop selection methodology in order to select crop species for the experiment campaign in Antarctica (Dueck et al., 2016). The focus of the project was on fresh pick-and-eat vegetables. Consequently, the list of cultivated crop species includes various varieties of lettuce and leafy greens accompanied by some fruit crops (e.g., tomato and cucumber).

The cultivated crops are organized in the five categories lettuce, leafy greens, herbs, fruit crops and tuber crops. The following crop varieties were cultivated:


•Lettuce: Batavia, Expertise, Outredgeous, Waldmann’s Green

•Leafy greens: Two varieties of red mustard, swiss chard, arugula, mizuna

•Herbs: Basil, chives, parsley

•Fruit crops: Red dwarf tomato, orange dwarf tomato, cucumber (parthenocarpic, beit alpha)

•Tuber crops: Two varieties of radish, kohlrabi

•Miscellaneous crops: Two varieties of indeterminate tomato, two varieties of pepper, cilantro, mint, lemon balm, celery, strawberry.



Additional information (e.g., seed supplier) about the cultivated crop species can be found in Supplementary Material.



Plant Treatment

Most of the crop species were sown in rockwool blocks of 2 × 2 × 4 cm (L × W × H), with the exception being parsley, chives and arugula. Those crops were sown directly in the cultivation trays on mats consisting of recycled cotton fibers. The crops grown in rockwool blocks were first put into a nursery tray for 10–20 days depending on the species. Small amounts of nutrient solution were added manually to this tray in order to keep the rockwool blocks moist. Following the period in the nursery tray, the young plants were moved to the plant cultivation trays for maturation. Some crop species (cucumber, tomato, and pepper) required regular pruning of excess side shoots and leaves.

Two different methods for cultivation/harvest were used. Batch cultivation means that the whole plant was harvested when the plant reached a certain age. This technique was used for the lettuce varieties, radishes, and kohlrabi. Spread harvest means that only parts of the plant (leaves, fruits) were harvested allowing the plant to continue growing. All fruit crops, all herbs and all leafy greens were harvested this way.

Dates for sowing, transfer, pruning, and harvest events per cultivation tray were tracked continuously. Plant density can be determined from the type of cultivation tray which was used. Table 1 summarizes information regarding the plant treatment for each crop. Upon harvest fresh edible and inedible biomass was measured. The latter was measured separately for roots and stems/leaves. Sometimes plant material was dried using lyophilization in order to determine the dry biomass ratio which is the ratio of the dried biomass weight to the original fresh biomass weight. Drying plant material was limited due to the sizing of the equipment and due to the fact that dried material was required for each crop species.


TABLE 1. Summary of plant treatment information.

[image: Table 1]Plant development was monitored by several cameras. From each plant cultivation tray, one photo from the top and one photo from the side were taken every day and send to a FTP server where all project partners could access the images. This way the horticulture scientists in the project team could advise the on-site operator on improvements for the cultivation of the crops. An image processing algorithm checked the photos automatically to detect issues with plant development. A multi-wavelength imaging system was setup in two positions to test whether this system can detect plant stress during growth (Zeidler et al., 2019).



Environmental Conditions During Plant Cultivation


Irrigation

High pressure pumps in the FEG feed nutrient solution from the tanks to the plant cultivation trays via a hybrid aeroponic and nutrient film technique (Vrakking et al., 2017; Zabel et al., 2017). The solution was injected into the root zone via misting nozzles and the run-off served as a nutrient film once the roots had developed sufficiently. The irrigation schedule for the plants was a 30 s misting period every 6 min. For the initial germination phase, the on-site operator manually supplied nutrient solution to the germination tray.

Two different nutrient solutions were provided to the crops, depending on their classification as either a leafy crop or a fruit crop. The two solutions were automatically mixed together in bulk solution tanks using deionized water and nutrients from concentrated stock solution bottles. The expected (initial) nutrient concentrations in the bulk solutions, based on the recipes developed for the project, can be seen in Table 2. The pH value of the solutions was managed by utilization of acid (1.25% Nitric acid) and base (1% Potassium hydroxide) stock solutions.


TABLE 2. Nutrient concentration in 100 L bulk solution in NDS tanks during the experiment phase.

[image: Table 2]Based on the plant development observed throughout the operations phase, and in communication with remote experts in Europe, it was decided part way throughout the mission to adjust the composition for the fruit crop nutrient solution to include more calcium and to reduce the amount of potassium slightly. The concrete values are given in Table 2.

There are only two main points of control for the Nutrient Delivery Subsystem (NDS), pH and EC. Both of these operated as expected throughout the first season of plant production. After the initial setup and testing of the growing systems in the beginning 30 days of operation, pH control was excellent. Any deviations from the set point were due to easily diagnosed technical issues (e.g., broken connectors on the acid delivery supply lines) and pH was never beyond a level suitable for plant growth. Tank 1 followed a higher control level than that of tank 2, and this was due to a programmed offset within the control software. Tank 1 averaged pH 6.06 ± 0.18 and tank 2 averaged 5.91 ± 0.12 over the entire growing period.

EC monitoring results were similar to that of pH. Control was excellent after the initial 30 day setup period. Each nutrient tank had a different EC set point, and control was tight with 2.21 ± 0.13 mS/cm and 3.49 ± 0.17 mS/cm in tanks 1 and 2, respectively. At no time did EC deviate outside of a range amenable to plant growth and productivity.

Also monitored but not controlled was the nutrient solution temperature in the main nutrient tanks. Tank temperature followed that of the well-controlled room temperature and was quite stable with 19.90 ± 0.74°C in tank 1 and 19.97 ± 0.78°C in tank 2.

As continuous determination of and control over individual ion concentrations was not possible, it was decided to periodically empty the bulk nutrient solution tanks and start with a new mixture. For tank 1 this procedure was done approximately once every 3 months, whereas for tank 2 the exchange was done about once every 2 months.



Illumination

A detailed description of the illumination subsystem is provided by Zabel et al. (2016b). Each plant cultivation tray has its own LED lamp which can be independently controlled in terms of light spectrum and light intensity. The LED lamps are of the model LX601 by the Swedish company Heliospectra which were modified with a liquid cooling system instead of the air cooling system. This way the light settings for each tray can be adjusted to the crop species and plant maturation stage. The photoperiod inside the FEG consisted of 15 h of full illumination per day and 1 h of reduced light intensity (50% of nominal intensity) before and after the full illumination period. Consequently, the dark period was 7 h per day. The light spectrum mainly consisted of blue (∼450 nm) and red (∼650 nm) light and small portions of other wavelengths. The light intensity varied between 300 and 600 μmol/(m2*s) at canopy level of a mature plant, depending on crop species and plant age. The following light intensities were measured for the different crops:


1.All four lettuce varieties: 330 μmol/(m2*s) at 16 cm height.

2.Red mustard, swiss chard, mizuna, basil, chives, parsley: 330 μmol/(m2*s) at 16 cm height.

3.Radish, arugula: 600 μmol/(m2*s) at 16 cm height.

4.Tomato, Kohlrabi, pepper: 300–400 μmol/(m2*s) at 16 cm height.

5.Cucumber: > 500 μmol/(m2*s) at top of canopy.





Atmosphere

The temperature set points inside the FEG were 21°C during the photoperiod and 19°C during the dark period. Relative humidity was set to 65% and CO2 concentration to 1000 ppm. Figures 4–6 show the actual values measured within the FEG throughout the first year of operations. In general it can be seen that the temperature was maintained at the set points, fluctuating between 21 degrees during the photoperiod and 19 degrees during the dark period.
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FIGURE 4. FEG air temperature during the experimental phase (one data point per minute).
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FIGURE 5. FEG relative humidity during the experimental phase (one data point per minute).



[image: image]

FIGURE 6. FEG atmospheric CO2 level during the experiment phase (one data point per minute). Note that the sensor used had an upper limit of 2000 ppm. This value was exceeded frequently due to the presence of the on-site operator.


During the Antarctic winter season, at very low external temperatures, the facility failed to maintain temperature during the dark period, resulting in temperature drops down to 16°C. Some off-nominal events with the thermal control subsystem resulted in temperature increases beyond the 21°C set point. Furthermore, a number of measurements are erroneous (showing 0°C) due to communication issues in the command and data handling subsystem.

The relative humidity within the FEG showed larger deviations from the set point of 65%, in particular between April and July the relative humidity would go as high as 86% for periods of a few hours. This was the result of issues with the condensate recovery design, which had to be mitigated by adjusting flow rates and coolant temperatures within the thermal control subsystem and fine-tuning the control logic. Following the troubleshooting phase, and implementing countermeasures, the relative humidity control throughout the later phase of the experiment phase was significantly improved.

The CO2 concentration within the FEG was almost always higher than the set point of 1000 ppm, due to the fact that the on-site operator frequently (almost every day) worked within the greenhouse, emitting CO2, and there is no CO2 removal system implemented within the facility. Depending on the time (e.g., 1–4 h) spent inside the FEG, the CO2 concentration went up to ∼2000 ppm or even ∼4000 ppm. Normally the plants in the FEG would need around 1 day to consume enough CO2 to bring the concentration back down to the set point of 1000 ppm.

A desired maximum ethylene concentration of 15 ppb was defined for the greenhouse, with up to 100 ppb allowed for durations of no more than 30 min. An activated carbon filter was implemented into the atmosphere management subsystem to remove ethylene. However, no sensor was installed to provide measurements of the actual concentration within the facility.



RESULTS


Overview

The FEG produced a total of around 268 kg of fresh edible biomass. Most of this food was consumed by the 10 person strong winter-over crew. Small amounts were set aside to perform a wide range of measurements (e.g., dry weight ratio, nitrate content). The fruit crops produced by far the most food (105.4 kg) followed by the lettuce (56.4 kg), leafy greens (49.1 kg), tuber crops (26.8 kg), herbs (12.2 kg), and miscellaneous crops (18.4 kg).

The evaluation of the inedible biomass was rather complicated, because some of the inedible biomass was harvested wet (e.g., roots and rock wool), some fresh (e.g., radish leaves), and some dry (e.g., withered tomato leaves). Combining all three values into a single figure for all crops was challenging, because the dry biomass ratio was required. In total roughly 11.2 kg of dry inedible biomass (excluding misc. crops) was harvested.

The following chapters give a detailed overview of the biomass production of each crop species.



Lettuce

In total 18 cycles of lettuce cultivation were performed in the experiment phase. Between 11 and 15, depending on the lettuce cultivars, of these cycles are valid for evaluation. The remaining cycles have been excluded from evaluation due to various reasons (e.g., extensive sampling of plant material). The four lettuce varieties were always sown and harvested at the same time and cultivated in trays located in the same rack and with the same environmental conditions. Nevertheless, the biomass production varied greatly among the crop varieties, as can be seen in Table 3. Waldmann’s Green clearly produced the most biomass per tray, followed by Expertise, Outredgeous, and Batavia. Data on the dry weight ratio for edible and inedible biomass can be found in Table 4 and dry inedible biomass production in Table 5.


TABLE 3. Lettuce edible fresh weight production values.
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TABLE 4. Dry weight (DW) ratio values for edible and inedible biomass.
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TABLE 5. Inedible biomass production overview.

[image: Table 5]For all lettuce varieties a large variance between batches could be observed and this is also visible in the values of the standard error. There was a decline in biomass harvest roughly in the mid of the season. The productivity of the batches harvested in June and July was less than half of the maximum value.



Leafy Greens

Five different leafy greens were cultivated. Arugula was harvested in batches, while the other leafy greens (red mustard, swiss chard, and mizuna) were spread harvested. Furthermore, arugula was cultivated with two different light settings. Table 6 shows the biomass production values of all leafy greens. Mizuna and arugula (high light intensity, 600 μmol/(m2*s) at 16 cm height) performed best followed by Swiss chard, both red mustard varieties and arugula (low light intensity, 330 μmol/(m2*s) at 16 cm height) which all had a similar output. Due to the batch harvesting of arugula and the availability of two trays for simultaneous cultivation 17 cycles are available for evaluation. For the other leafy greens, only between 1 and 3 cycles, depending on the cultivar, of data are available. Data on the dry weight ratio for edible and inedible biomass can be found in Table 4 and dry inedible biomass production in Table 5.


TABLE 6. Leafy greens edible fresh weight production values.
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Herbs

Basil, chives, and parsley were cultivated during the experiment phase. All herbs were spread harvested. Parsley and chives were grown for almost the complete duration of the experiment phase (266 out of 286 days). Basil had to be removed from the trays and sown anew regularly, because the plants grew rapidly, reaching up to the LED lamps after several weeks. Four cycles of basil were grown of which two are suitable for data evaluation. The other two had to be excluded because the first cycle used an inappropriate growing procedure and the last cycle was too short. The three herbs have a similar production rate of edible biomass with parsley and basil being slightly ahead of chives. The biomass production data for the herbs can be found in Table 7. Data on the dry weight ratio for edible and inedible biomass can be found in Table 4 and dry inedible biomass production in Table 5.


TABLE 7. Herbs edible fresh weight production values.
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Fruit Crops

Fruit crops produced the most edible biomass during the experiment phase. Especially the cucumber showed an exceptional productivity of more than 100 g/(tray∗d) and consequently contributed the most edible biomass of all cultivated crop species. The two dwarf tomato varieties show a similar productivity, with the orange tomato being slightly lower than the red one. The tomato plants were grown in a single cycle lasting the full experimental phase, while the cucumber plants were grown in two cycles. The biomass production data for the fruit crops can be found in Table 8. Data on the dry weight ratio for edible and inedible biomass can be found in Table 4 and dry inedible biomass production in Table 5.


TABLE 8. Fruit crops edible fresh weight production values.
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Tuber Crops

Tuber crops (radish and kohlrabi) were harvested in batches. 20 batches of radishes were grown during the experiment phase, 10 of each variety. Of those 20 batches, 19 were suitable for evaluation. One batch had to be excluded from evaluation due to extensive sampling of plant material for microbial and matter analyses (e.g., nitrate content, antioxidants). Furthermore, seven batches of kohlrabi were grown. Kohlrabi produced more biomass per cultivation area and time normalized than radish. The biomass production data for the fruit crops can be found in Table 9. Data on the dry weight ratio for edible and inedible biomass can be found in Table 4 and dry inedible biomass production in Table 5.


TABLE 9. Tuber crops edible fresh weight production values.
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DISCUSSION

During the 286-day operational phase in 2018 the EDEN ISS MTF produced 268 kg of fresh edible biomass, which is a good result for the first year of operation. The production rate was 21.44 kg/m2. This results in a time normalized production rate of 0.075 kg/(m2*d). The pepper plants did only produce small amounts of fruit in the 2018 EDEN ISS season, but took up 11% of the cultivation area. When correcting the overall production of EDEN ISS by removing the pepper plants from the calculation the edible fresh biomass production rate increases to 0.089 kg/(m2*d). The South Pole Food Growth Chamber (SPFGC), an indoor plant cultivation room at the American South Pole Station (Patterson et al., 2008), had a production rate of 0.130 kg/(m2*d) in 2006 (Patterson et al., 2012). The SPGFC mainly produced lettuce (32% of total fresh edible biomass) and cucumber (41%) and only small amounts of herbs (6%), tomato (4%), and other crops (17%). Whereas the distribution in EDEN ISS in 2018 was 21% lettuce, 18% leafy greens, 25% cucumber, 5% herbs, 14% tomato, 10% tuber vegetables and 7% other crops. Since cucumber have the highest production rate per unit area and time, the higher ratio of cucumber in the SPFGC harvest can explain the better overall production rate of fresh edible biomass compared to EDEN ISS to some degree.

Plant cultivation experiments have been conducted by an EDEN ISS project partner in advance of the Antarctic experimental campaign (Meinen et al., 2018). When comparing the results from Antarctica with the experiments conducted in plant growth chambers in Europe, the yield per unit time and cultivation area of lettuce was higher in Antarctica than in the experiments in Europe. The yield of the red mustard frizzy lizzy, Swiss chard, parsley and chives was better in the plant growth chambers in Europe than in Antarctica, but the plant density in those experiments was much higher.

The yield of lettuce was better than (Richards et al., 2004b; Edney et al., 2006) or equal to (Richards et al., 2004a) some other experiments, but only half as good as the values achieved by the BPC (Wheeler et al., 2008). No reliable reference data could be found for the leafy greens mizuna and the red mustard red giant. This is also the issue with the cultivated herbs basil, parsley and chives for which the only comparison that could be made was with the preparatory experiments of the project (Meinen et al., 2018). The dwarf tomato yield was basically equal to experiments with similar cultivars (Spencer et al., 2019; Wang et al., 2019), but smaller compared to the BPC results (Wheeler et al., 2008) which were most likely done with normal sized tomato crops. The yield of the EDEN ISS cucumber cultivation was better compared to the experiments with this crop in Lunar Palace 1 (Fu et al., 2016). The comparisons between the results from the experiment campaign in Antarctica in 2018 to other experiments are summarized in Table 10.


TABLE 10. Comparison of EDEN ISS time normalized edible fresh biomass production rate to the results of experiments by other scientists.

[image: Table 10]The FAOSTAT database, maintained by the United Nations Food Agriculture Organization, is a collection of yield values for a variety of commercially grown crops. This database can be filtered by crops and countries or regions of interest. Three crop categories similar to the EDEN ISS are found in the database: cucumbers/gherkins, tomatoes and lettuce/chicory. When looking on the FAOSTAT data for 2017 and setting the country to the Netherlands, the most effective producer of vegetables, one gets a yearly production of 68.97, 50.84, and 3.11 kg/m2 for cucumbers/gherkins, tomatoes and lettuce/chicory, respectively. The EDEN ISS values for the 2018 season converted to a yearly production are 122.99 kg/m2 cucumbers, 19.70 kg/m2 tomatoes and 36.11 kg/m2 lettuce. When comparing the values EDEN ISS production is much higher for cucumbers and lettuce, but only around 40% for tomatoes. The difference in tomato production is most likely caused by the decision to grow less-effective dwarf tomato cultivars instead of normal sized high-productive tomatoes, while the much higher yield of cucumbers and lettuce can be explained by the absence of seasonal temperature and illumination changes which affect conventional greenhouse farming.



SUMMARY

During the 9 month long experiment campaign of the international EDEN ISS space greenhouse analog project in Antarctica a wide range of vegetables were cultivated. These crop species are also candidates for greenhouses on future human spaceflight missions. The plants were cultivated in a closed, controlled environment using an aeroponic system and LED illumination. The on-site operator in 2018 harvested more than 268 kg of fresh food from the 12.5 m2 cultivation area of the EDEN ISS greenhouse. A description of the cultivation conditions is part of this paper. Detailed production values (edible and inedible biomass) for each crop species are shown in this paper as well as dry biomass ratios. Comparisons of the EDEN ISS yield from 2018 to other experiments are made.

The EDEN ISS MTF is the newest and most state-of-the-art space greenhouse analog experiment currently ongoing. The dataset presented in this paper can be of value to compare future experiments to and also for simulation and modeling efforts of space greenhouses. Furthermore, this first EDEN ISS biomass production data set states the beginning of a series of experimental seasons in Antarctica, which will continuously be recorded and published over the next years. One unique aspect of this research was the cultivation of all crops together in the same space under the same conditions. Although, this means that the conditions were not optimal for each cultivar, this is closer to how crop cultivation is going to be done in near-term space greenhouses, in which environmentally separated compartments for each crop are too costly and technically complex. This is in opposition to most laboratory experiments, in which crops are grown under optimal conditions.
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The Advanced Plant Habitat (APH) is the largest research plant growth facility deployed on the International Space Station (ISS). APH is a fully enclosed, closed-loop plant life support system with an environmentally controlled growth chamber designed for conducting both fundamental and applied plant research during experiments extending as long as 135 days. APH was delivered to the ISS in parts aboard two commercial resupply missions: OA-7 in April 2017 and SpaceX-11 in June 2017, and was assembled and installed in the Japanese Experiment Module Kibo in November 2018. We report here on a 7-week-long hardware validation test that utilized a root module planted with both Arabidopsis (cv. Col 0) and wheat (cv. Apogee) plants. The validation test examined the APH’s ability to control light intensity, spectral quality, humidity, CO2 concentration, photoperiod, temperature, and root zone moisture using commanding from ground facilities at the Kennedy Space Center (KSC). The test also demonstrated the execution of programmed experiment profiles that scheduled: (1) changes in environmental combinations (e.g., a daily photoperiod at constant relative humidity), (2) predetermined photographic events using the three APH cameras [overhead, sideview, and sideview near-infrared (NIR)], and (3) execution of experimental sequences during the life cycle of a crop (e.g., measure photosynthetic CO2 drawdown experiments). Arabidopsis and wheat were grown in microgravity to demonstrate crew procedures, planting protocols and watering schemes within APH. The ability of APH to contain plant debris was assessed during the harvest of mature Arabidopsis plants. Wheat provided a large evaporative load that tested root zone moisture control and the recovery of transpired water by condensation. The wheat canopy was also used to validate the ability of APH to measure gas exchange of plants from non-invasive gas exchange measurements (i.e., canopy photosynthesis and respiration). These features were evaluated by executing experiment profiles that utilized the CO2 drawdown technique to measure daily rates of canopy photosynthesis and dark-period CO2 increase for respiration. This hardware validation test confirmed that APH can measure fundamental plant responses to spaceflight conditions.

Keywords: Apogee Wheat, Arabidopsis, canopy photosynthesis, controlled environment agriculture, elevated CO2, ISS spaceflight environment, NASA APH, microgravity


INTRODUCTION

The Advanced Plant Habitat (APH) facility was designed and built by NASA and Orbital Technologies Corporation (ORBITEC, now Sierra Nevada Corp., Madison, WI, United States) to conduct both fundamental and applied plant research in reduced gravity (Figure 1). Located in the Kibo module on the ISS, the APH was designed for a 10-year mission for collecting physiological data of plant responses to the spaceflight environment. This data will improve our understanding of how terrestrial biology responds to reduced gravity which is useful for enabling the manned exploration of space (National Research Council, 2011; Wheeler, 2017).


[image: image]

FIGURE 1. APH Facility: (A) Modular APH subsystems. (B) Overall APH system architecture. Abbreviations are listed in Table 1.



This paper describes the results of a hardware validation technology demonstration of the APH facility after its assembly on ISS. Technology demonstrations are simpler than typical flight experiments conducting peer-reviewed science designed to discern differences in plant responses caused by the lack of gravity (Stutte et al., 2015). As such, extensive science and experiment verification tests prior to flight, and a corresponding ground experiment mimicking the culture and environmental conditions experienced on ISS were not conducted.

The goal of this hardware validation test was to demonstrate that the APH facility was fully operational and capable of conducting fundamental plant research in microgravity onboard the ISS. The functionality of APH subsystems was verified, as well as the ability of APH to grow two plant species in microgravity during a 7-week period. Minimal ground testing was conducted in an APH engineering development unit (i.e., a similar but non-flight qualified version of the APH) to ensure wheat and Arabidopsis plants would germinate using the watering protocols recommended by the APH design team. The operation of the APH facility was verified by executing experiment profiles that controlled: (1) the environmental conditions during growth of each plant species, (2) chamber CO2 to obtain daily gas exchange data from a plant canopy, and (3) chamber CO2 and light intensity to conduct pre-programmed CO2 drawdown experiments.


Spaceflight Plant Research

The primary goal of several decades of spaceflight plant research has been to determine if plant growth, development, and reproduction in microgravity is similar to that on Earth (Stutte et al., 2015; Zabel et al., 2016). The goal of this research was to determine if future plant-based Bioregenerative Life Support Systems (BLSS) growing crops for human colonies on the Moon or Mars (Averner et al., 1984; Wheeler, 2010, 2017) can be sized using 1 g data (Monje et al., 2005). In addition, NASA has recently identified the need for new technologies in space crop production and food safety for supplementing the space diet with fresh leafy green crops in near term ISS, cislunar, and lunar missions (Massa et al., 2015; Anderson et al., 2017).

Spaceflight plant research is conducted in plant chambers designed to operate in reduced gravity. Previous spaceflight experiments found that indirect effects of microgravity reduce plant growth in space (Musgrave et al., 1997; Monje et al., 2003). These indirect effects include: (1) altered behavior of liquids and gases affecting fluid behavior phenomena, (2) capillary-driven moisture redistribution resulting in poor root-zone aeration, and (3) the absence of buoyancy-driven convection causing poor mass and heat transfer to leaves and plant organs (Musgrave et al., 1997; Musgrave, 2002; Monje et al., 2003; Heinse et al., 2007; Kitaya et al., 2010; Stutte et al., 2015). Other considerations include the limited availability of resources in spacecraft (i.e., mass, power and volume) for plant chambers (Zabel et al., 2016). As a result, plant growth systems for conducting spaceflight experiments [e.g., Advanced Astroculture (ADVASC) and the Biomass Production System (BPS)] were designed to mitigate these secondary effects of the spaceflight environment using forced convection and actively watered root modules that provide well-aerated root zones (Stutte et al., 2015; Zabel et al., 2016). However, these systems were limited by small growth areas available for crop production. Larger plant growth systems are required to overcome the remaining challenges in spaceflight plant research. These challenges are to develop and demonstrate the performance of substrate-free, gravity-independent, water delivery systems to safely grow salad crops in reduced gravity environments for supplementing crew diets (Massa et al., 2015; Anderson et al., 2017; Monje et al., 2019; Khodadad et al., 2020).



NASA Facilities Enable Future Exploration

NASA recently developed two new plant research facilities, Veggie and the APH, for conducting spaceflight plant research on ISS as recommended by the NRC Decadal Survey Study “Recapturing a Future for Space Exploration: Life and Physical Sciences Research for a New Era” (National Research Council, 2011). These facilities have larger plant growth areas (∼0.2 m2) and volumes than previous platforms, and are designed for studying crop production, plant-to-plant interactions, and human-plant-microbial ecosystems using large plants in space (Massa et al., 2016; Khodadad et al., 2020). Veggie uses LED lights, a passive watering system and minimal environmental control consisting of a fan to circulate ISS air through the plant growth volume. Recently, the Veggie was used to grow nutritious lettuce crops that are safe to eat on ISS (Khodadad et al., 2020). In contrast, the APH facility is a research, plant growth chamber that can grow plants under complete environmental control (i.e., spectral quality, light intensity, temperature, relative humidity, CO2 and ethylene concentration) for life cycles as long as 135 days (Morrow et al., 2016). It incorporates a root module watering design that is similar to those developed for ADVASC and BPS: a substrate-based water delivery system that actively controls matric potential of the root zone (Morrow and Crabb, 2000; Link et al., 2003; Morrow et al., 2004).

The APH has the ability to collect non-destructive data sets (i.e., images and gas exchange rates) for measuring plant growth during spaceflight, and significantly expands the lighting capabilities (e.g., higher light intensities and increased spectral combinations) available for plant research on ISS. The APH measures CO2 and water vapor fluxes using non-destructive gas exchange techniques demonstrated on the BPS, a predecessor to the APH with an identical CO2 control architecture (Monje et al., 2005). During the ISS Expedition 4 in 2002, the BPS was used to measure the photosynthetic canopy quantum yield (CQY), the conversion of absorbed radiation into gross CO2 fixation, of wheat plant stands in microgravity using the CO2 drawdown technique (Morrow et al., 2004, 2016; Monje et al., 2005; Stutte et al., 2005). In that study, the canopy photosynthetic rates and CQY of 21-day-old wheat in microgravity did not differ from 1g controls at moderate light intensities (Stutte et al., 2005). The APH was designed to also measure canopy photosynthetic rates and CQY during spaceflight, however, at higher light intensities than previously available in the BPS. The APH provides lighting with a wide range in spectral quality and a maximum photosynthetic photon flux density (PPFD) of 1,000 μmol m–2 s–1, which is nearly three times higher than was possible in the BPS.

Future plant research conducted in Veggie and APH will enable exploration by improving our understanding of how plants, and their associated microbiomes in leaves and roots, grow in the spaceflight environment. This knowledge is useful for developing suitable countermeasures to mitigate potential problems of crop production, water recycling, and atmosphere revitalization needed for supporting sustainable and long-term human colonies in space (Wheeler, 2010, 2017).



APH Facility

The APH facility is a platform that permits the collection of physiological and environmental data to test specific hypotheses on how plant development, gene expression, photosynthesis and respiration, seed formation, plant/microbe interactions, or growth rate may respond to primary effects of microgravity or to secondary effects of the spaceflight environment. The APH is a controlled environment chamber (0.2 m2 by 0.4 m tall) that is teleoperated from the ground, permitting minimal crew involvement to conduct science (Figure 1A). Crew operations are limited to adding water to the APH reservoirs, collecting biological samples, harvesting plants, and conducting periodic system maintenance. Biological samples from shoots and roots grown in APH (such as leaf disks, periodic harvest of plants, etc.) can be returned frozen, or in Kennedy Fixation Tubes (KFTs) containing fixatives (e.g., RNAlater), for post-flight analysis on the ground.

The growth chamber controls temperature (T; 18–30°C), relative humidity (RH; 50–90%), CO2 concentration (400–5,000 μmol mol–1), wind speed (0.3–1.5 m s–1), spectral quality, and provides the highest light level (up to 1,000 μmol m–2 s–1) of any spaceflight chamber to date (Massa et al., 2016; Zabel et al., 2016). In its baseline configuration, the plants germinate and grow in the APH Science Carrier (SC), a four-quadrant rooting module, using fertilized substrate-based media. Water for filling the reservoirs and wetting the rooting media are initially supplied from ISS potable water, while the majority of the water for sustaining plant growth and operations is provided by condensed humidity that is recycled back to the reservoir. Soil (media) water content is controlled in each rooting quadrant using an active moisture control system.

Currently, the baseline configuration of the SC is a single-use 0.2 m2 module that uses a porous granular substrate (1–2 mm arcillite) as rooting media. The media is watered using a manifold of porous ceramic tubes, and moisture content is actively controlled with negative pressure (i.e., suction) to provide optimum root zone water and O2 in microgravity (Monje et al., 2005; Stutte et al., 2005; Morrow et al., 2016). The amount of consumable media (∼4 kg per experiment) required by the current APH SC configuration makes this growth system unsustainable for future food production missions beyond low Earth orbit (Monje et al., 2019), but it is adequate for conducting space biology and life-cycle crop production experiments. In space biology experiments, used root modules are often discarded after the plants are harvested because sample return space and down mass from the ISS is limited, however, the APH facility is versatile and can accommodate alternative SC designs for testing future sustainable crop production systems.



APH Architecture

The APH facility (Figure 1A) consists of the PHARMER (Plant Habitat Avionics Realtime Manager in EXPRESS Rack see Table 1 for abbreviations) that commands several APH subsystems, including the Growth Chamber (GC) and the Growth Light Assembly (GLA). The GC controls ambient CO2 concentration, removes ethylene, and houses the SC root module (Figures 2A–C). The PHARMER subsystem interfaces with other APH subsystems to monitor and control the internal APH environment and fluid levels along with APH thermal and power paths.


TABLE 1. List of abbreviations.
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FIGURE 2. APH Growth chamber subsystems: Science Carrier [SC; (A–E)] and Growth Light Assembly [GLA; (F–I)]. The SC is packed with 1–2 mm arcillite (A–C). The planting, germination and cultivation procedures were demonstrated in APH during ground studies (D). The Flight SC was shipped wrapped in a Tedlar bag (E). The GLA illuminates plants with LED lighting of different wavelengths: blue 455 nm (F), green 530 nm (G), red 630 nm (H), far-red 735 nm, and white 4100 K. The GLA can also provide mixed light recipes: red, blue, and white (I).


The APH has two Environmental Control Subsystems (ECS) that physically interface to the EXPRESS Rack Gaseous Nitrogen (GN2) system, Avionics Air Assembly (AAA), and Moderate Temperature Loop (MTL) (Figure 1B). The ECS units control GC air circulation, filtration, and provide temperature and humidity conditioning. The Water Recovery and Distribution Subsystem (WRADS) operates in conjunction with the APH ECS to provide water to the plant growth chamber. The APH facility has two water reservoirs (Distribution and Recovery) with a combined volume of 3 L. Plants growing in the GC transpire water supplied to the root zone from the 2 L Distribution reservoir. Transpired water is condensed and stored in the 1 L Recovery reservoir. The ECS replenishes the Recovery reservoir with condensate water and the WRADS dispenses water stored in the Distribution reservoir to each quadrant of the SC. The APH Power Distribution Assembly (PDA) is powered via the EXPRESS Rack power interface and provides the appropriate power levels to APH components: PHARMER, GC, GLA, SC, ECS, WRADS, and the Thermal Control Subsystem (TCS).

The PHARMER also provides the communication path for command uplink to APH and telemetry downlink from APH via the EXPRESS Rack. Commanding of APH from the ground (i.e., teleoperation) was conducted at the Experiment Monitoring Area (EMA) at KSC.



HARDWARE VALIDATION

A timeline of the APH hardware validation events is summarized in Table 2. The APH Flight Unit 1 was shipped in parts to the ISS on two spacecraft and assembled in space by the crew. After APH was powered up, a series of functional tests were conducted over 5 days (November 27 to December 01, 2017) to validate that the hardware was operational. The PHARMER was initiated, then commanding, telemetry, and data retrieval from PHARMER was verified, and each APH subsystem was powered up sequentially. The water reservoirs were filled by the crew with ISS potable water and the environmental control functions (temperature, humidity, CO2 concentration, spectral quality, and light intensity), as well as, camera control functions of APH, were validated via commanding from the ground at KSC. At the end of the functional test, an acoustic test was performed and the APH was then configured for conducting a plant experiment.


TABLE 2. Summary of events during hardware validation of APH on ISS.
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First Power-Up

After the APH facility was powered up, the crew filled the Recovery and Distribution reservoirs manually with potable galley water. Thereafter, the remaining activation steps were executed by an operator via commanding from the ground in the EMA at KSC using software and communications channeled via the Marshall Spaceflight Center. The environmental control systems (ECS-A and ECS-B) that control chamber temperature and humidity were primed and adjusted. Once stable temperature and humidity controls were established, it was verified that the ECS modules could control chamber temperature and humidity at the following setpoints: 23°C/70% RH, 18°C/50% RH, 18°C/90% RH, 30°C/90% RH, and 30°C/50% RH.

The GC subsystem was powered to enable the chamber pressure, O2, and CO2 sensors, as well as, initiate CO2 and ethylene control. The APH GLA can generate a wide variety of spectral quality recipes using five LED banks: blue (0–400 μmol m–2 s–1 at 450 nm), green (0–100 μmol m–2 s–1 at 525 nm), red (0–600 μmol m–2 s–1 at 630 nm), white (0–600 μmol m–2 s–1 at 400–740 nm), and near-infrared (0–50 μmol m–2 s–1 at 735 nm). The setpoints for each separate blue, green, white, red, and near-infrared LEDs of the GLA were adjusted one at a time and photographs of the illuminated growth chamber were taken to confirm their operation (Figures 2F–H).

The APH operates in several modes: Standby, Manual, and Experiment Profile. To test the Experiment Profile mode, the APH was configured to a desired experimental profile that adjusts daily settings of light intensity, spectral quality (Figure 2I), photoperiod, thermoperiod, relative humidity (RH), CO2 concentration, chamber air speed, ethylene removal, and root zone matric potential. Changes in the timing of these parameters were observed, recorded, and verified using the APH Command log.



First Plant Test Overview

The main purpose of the first on-orbit plant growth test was to validate that the APH could grow large plants in the spaceflight environment. However, plant growth during spaceflight could not be compared to 1g controls because an identical ground study was not conducted during the validation test. Furthermore, there was no crew time allotted for thinning plants, and there were no provisions to bring back harvested plant samples for analysis on the ground. Instead, non-destructive and non-invasive gas exchange measurements (i.e., photosynthesis and respiration) of an Arabidopsis/wheat canopy were recorded daily. Thus, healthy plant growth was ascertained by comparing images and gas exchange data collected during the life cycle of the plants with known values reported in the literature. The photosynthetic responses of an Arabidopsis/wheat canopy to light and CO2 concentration were measured in microgravity, and compared to literature values from previous studies with wheat conducted at 1g and during spaceflight (Wheeler, 1996; Monje and Bugbee, 1998; Stutte et al., 2005).

A SC root module, composed of 4 quadrants packed with 1–2 mm arcillite (Figures 2A–C), was pre-planted with two quadrants of Arabidopsis (WT) cv Col-0 and two quadrants of wheat cv Apogee. The SC planting and watering protocols used were previously tested on the ground in an APH engineering development unit (Figure 2D). For the 1st plant test of APH in microgravity, the pre-planted SC was wrapped in a Tedlar bag, packed in soft foam shipping units, and launched to ISS (Figure 2E) on Cygnus OA-7.

During the first plant test, the SC was removed from the Tedlar stowage bag and installed in the APH by the crew. The APH was then teleoperated from the ground to water the plants and collect plant growth data without crew involvement. Experiment profiles, scripts that are executed daily by the PHARMER, were uploaded and implemented to capture a daily record of images, environmental and plant performance data. The experiment profiles were also used for conducting pre-programmed CO2 drawdown experiments to collect non-destructive gas exchange data. The data collected included GC and SC environmental parameters, daily overhead and sideview images, and daily measurements of photosynthesis and respiration. In addition, the experiment profiles controlled the photoperiod in the GC and the media moisture content in each SC quadrant. The drawdown experiment generated plant response curves to altered CO2 concentrations and light intensities. Thus, a major portion of the science capabilities of APH were verified during the first plant test.



APH COMPONENTS


Environmental Control Systems (ECS)

Two ECS modules, mounted on each side of the growth chamber, control chamber temperature, humidity, and air flow (Figure 1A). Each ECS first condenses/humidifies chamber air using moist porous ceramic cups under suction, and then heats the air to the desired setpoint temperature. Each unit is independently monitored and controlled, and has the capability to independently control temperature in the growth chamber from 18 to 30°C (±1°C), and relative humidity from 50 to 90% (±5%). Preparing the two ECS units for operation required priming with water (∼0.8 L) up to the porous ceramic cups in order for RH and temperature control to operate efficiently. Pressure control setpoints for the porous cups were gradually set to start recovery (or addition) of water to adjust the relative humidity of the airflow through each unit.

The ECS modules mix the air in the growth chamber by forced convection using fans that remove air from the top of the growth chamber above the plants and return it into the chamber at plant level from opposing sides of the chamber. Fan speeds are controllable from 0.3 to 1.5 m s–1 at 0.1 m s–1 increments. Replaceable HEPA filters prevent particulates and plant debris from contaminating the internal components of the ECS modules during nominal operating conditions. A goal of the first plant experiment was to demonstrate how the ECS filters would capture plant debris, especially that generated during the growth and harvest of mature Arabidopsis plants.



Science Carrier (SC) – Preparation and Planting

The APH WRADS independently controls moisture content of the four quadrants in the SC (Morrow et al., 2016). The WRADS supplies water to each quadrant via a manifold that has four porous ceramic tubes (Refractron, Newark, NY, United States) embedded into the growth media. Each quadrant is first saturated and then drained to a desired moisture content. The WRADS measures the matric potential of the media in each quadrant using a pressure sensor, and root zone moisture setpoint is controlled by removing/adding water to the root module. Two additional capacitance-based moisture sensors (ECH2O EC-5, METER Group, United States) located vertically in each quadrant measure the corresponding volumetric moisture content of the media. One sensor is located above and the other is located below the porous tubes delivering water from the WRADS (Figure 2A). These sensors are not part of the moisture control loop but provide an independent method to gauge adequate watering of the media.


Media Preparation

The SC used a porous granular substrate media (arcillite; Turface Pro League Elite, Profile Products, LLC) to provide root anchoring, as well as storage and delivery of water, oxygen, and nutrients to plant roots. Arcillite was first sieved to a particle size of 1–2 mm and then washed with DI water to remove dust. Washing the arcillite was necessary for both crew safety and for reducing the potential for particulate clogging of the porous tubes in the SC quadrants. Sifted and washed arcillite was autoclaved in a covered tray for 30 min and dried in a forced air oven at 70°C for a minimum of 72 h until thoroughly dry.

Dried and sterile 1–2 mm arcillite was weighed (∼990 g per quadrant; equivalent to 1.6 L) into clean ziplock bags, and mixed gently with 7.5 g/L of Type 180, 18-6-8 Nutricote (Florikan ESA, Sarasota, FL, United States) time-release fertilizer pellets. A 1.6 L volume of media filled one of the four quadrants to the proper density and height in the SC (Figures 2A,B). The arcillite was carefully tamped down around the temperature and moisture sensors, as well as the porous watering tubes residing in each quadrant, to prevent movement of the clay particles during launch (Figure 2C). Once all four quadrants were filled with media, two quadrants were planted with Arabidopsis wild-type (WT) cv Col-0 seeds and two quadrants planted with wheat cv Apogee seeds. The planting and germination protocols for growing for Arabidopsis or wheat were different, so each system is described individually.



Arabidopsis Planting System

Extensive ground testing was conducted to determine the optimum planting and germination protocols for growing Arabidopsis on APH. The chosen protocol for germination of Arabidopsis employed a single layer of medical gauze. An individual medical gauze sheet (Covidien Curity, 4 in × 4 in, 4 ply; Medtronic, Minneapolis, MN, United States) was unfolded and placed on top of the tightly packed arcillite. The gauze was covered with washed and sterilized open-celled Roylan orthopedic foam (Performance Heath, Warrenville, IL, United States). The foam covered the majority of each quadrant except for precut strips covered with gauze where the seeds were planted. The foam, medical gauze, and arcillite were secured in place by a polycarbonate cover that contained three centered rows for planting and holes for aeration of the entire quadrant.

Supplementary ground testing of this planting and germination protocol was performed in collaboration with Washington State University (WSU) scientists to ensure the success of the first scientific study to be conducted on APH (PH-01): ‘An Integrated Omics Guided Approach to Lignification and Gravitational Responses: The Final Frontier’ (Lewis et al., 2020).

Wild Type (WT) Arabidopsis seeds cv Col-0 were surface sanitized with successive 70 and 95% ethanol washes, followed by overnight drying, prior to gluing onto the medical gauze. Individual seeds were first dipped onto a small drop of a sterile 1% guar gum solution, then individually glued onto the medical gauze within each of the two Arabidopsis quadrants. In each row of the quadrant, 12 equally spaced planting locations were planted with two seeds. There was no crew time allotted for thinning operations during the validation mission so only two seeds per location were planted.



Apogee Wheat Planting System

The planting and germination protocols for wheat were adopted and modified from those used in BPS during the PESTO experiment (Monje et al., 2005). Apogee wheat seeds (provided by Bruce Bugbee, Utah State University) were planted in two quadrants using CapMat II wicks (16.5 cm by 4 cm; Phytotronics, Inc., Earth City, MO, United States). The wheat seeds used were not sanitized because it was found that the ethanol wash protocol used for the Arabidopsis seeds decreased wheat seed germination down to 20%. Ten seeds were planted in each row for a total of 30 seeds in each quadrant. The wicks and Roylan foam were autoclaved using a 20 min dry cycle. Two CapMat strips were placed together inside slits cut in the Roylan foam to form two capillary wicks that held the seeds during launch and growth in the ISS. Each side of the seed was dipped in sterile 1% guar gum, and the seeds were planted with the embryo tip downward into the arcillite substrate, positioned so that the glued edges of the seeds were in contact with the CapMat II wicks. The wheat quadrants were located closest to the door of the APH growth chamber during the ISS flight experiment to allow plant height determination using the side-viewing IR camera.



Science Carrier Flight Configuration

Following seeding the SC was dried overnight in a sterile laminar flow bench to allow the glue holding the seeds to dry. Drying in the flow bench minimizes contamination of the planted SC with airborne contaminants. The SC was then sealed within a large, gas impermeable Tedlar bag (SKC, Inc., Eighty Four, PA, United States) (Figure 2E), and packed in foam for launch to the ISS.



FIRST PLANT TEST


Background: Gas Exchange Measurements

In plant ecophysiology, gas exchange systems are used for measuring carbon and water vapor fluxes from photosynthetic organisms (Pearcy et al., 1989; Monje and Bugbee, 1998, 2019). These techniques have been used in the 1980s and 1990s during NASA’s Advanced Life Support Program to measure crop radiation use efficiencies and transpiration rates for estimating the size and feasibility of future BLSS (Averner et al., 1984; Rummel and Volk, 1987; Bugbee and Salisbury, 1988; Wheeler, 2010).

The APH was designed to permit the measurement of photosynthetic and transpiration rates from the plants within the GC. The system for controlling the CO2 concentration of the APH GC provides a means to measure canopy photosynthesis non-destructively using gas exchange techniques pioneered by ecophysiologists in the 1960s (Lange et al., 2001). Plants remove CO2 from the chamber atmosphere via photosynthesis when illuminated and add CO2 via respiration in the dark. The APH utilizes a semi-closed gas exchange system to maintain chamber CO2 setpoint, and acts like a closed system when CO2 control is disabled. In the semi-closed system, the chamber CO2 setpoint during the photoperiod is maintained by injecting small, known volumes of CO2 into the chamber and the photosynthetic rate is determined from the number of CO2 pulses injected over a given time period, but chamber leak rate must be known (Pearcy et al., 1989). At night, CO2 control is disabled and CO2 concentration rises due to dark respiration to a level higher than the daytime setpoint. At the start of the photoperiod when CO2 control and ethylene scrubbing are disabled, the chamber operates in closed mode and photosynthesis draws down the chamber CO2 concentration down to the daytime setpoint. This daily CO2 drawdown was used to measure photosynthetic rates during the development of the plant canopy growing in the APH.



Spaceflight Growth Experiment

The primary goal of the first plant test was to verify that plants can be grown normally within the APH hardware on ISS. A principal investigator who has been awarded a spaceflight experiment utilizing the APH facility chooses the plant species, the environmental conditions for the life cycle, and supplies a pre-planted SC root module. The proposed science objectives are then demonstrated on the ground during science and experiment verification tests. The SC is then launched to ISS, inserted in the APH chamber by the crew, its water lines are connected to the WRADS, and temperature and soil moisture sensors from each quadrant are connected to the PHARMER. The crew closes the APH door and thereafter, the APH is configured by experiment profiles, which control the growth chamber environment and the root zone moisture level for the duration of the life cycle of the chosen plant species.

The first plant test was conducted in two stages using two plant species (Table 3). The Arabidopsis quadrants were watered first in order to verify the procedures for priming, germinating, growing Arabidopsis to maturity, and harvesting in microgravity in preparation for the PH-01 experiment. The Arabidopsis plants were grown for 17 days under low light (150 μmol m–2 s–1), low CO2 concentration (400 μmol mol–1) and a 16:8 photoperiod (Table 3), which are typical environmental setpoints for Arabidopsis. The germination rate of the Arabidopsis plant growth test was only 58%, which was significantly lower than the 80% germination rate observed in early germination tests on the ground. The germination rate reported is really a survival rate because germinating Arabidopsis plants are small and cannot be distinguished from background by the overhead camera. A greater number of plants may have actually germinated, but two reasons contributed to poor survival. Typically five plants are seeded per position, but only two were planted in this validation test to prevent overcrowding because crew time for thinning was not available. Poor survival was also observed due to uneven water distribution during priming of the SC and/or overwatering caused by microgravity-induced moisture redistribution phenomena during the early growth phases. These results were later addressed by the PH-01 research team during the implementation of their spaceflight experiment.


TABLE 3. Environmental setpoints and germination rates during the first plant test on APH.
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The wheat quadrants were imbibed when the Arabidopsis plants were 17 days old and grown at high light intensity (600 μmol m–2 s–1), elevated CO2 concentration (1500 μmol mol–1), and a 20:4 photoperiod (Table 3). Thus, Arabidopsis grew at high light, elevated CO2, and a longer photoperiod for ∼4 additional weeks, which are not normal conditions for this species. Furthermore, watering of the Arabidopsis quadrants was discontinued during the last week of Arabidopsis growth to minimize their contribution to gas exchange measurements made with wheat.

The Arabidopsis plants were harvested 6 weeks after planting, during flowering to demonstrate the ability of the APH ECS filter system to contain plant debris during harvest. Images revealed that plant debris was successfully trapped on the inlets to the ECS modules. These modules recirculate chamber air through an inlet protected by a screen and a HEPA filter. A video camera was placed outside the APH to detect debris flying out of the chamber; only one small flower was observed to leave the APH and it was captured by the crew. The inlets to the ECS modules were cleaned with a vacuum after the validation test was completed.

The germination rate of the wheat seeds was 80%, which was lower than the 92–97% germination rate observed in the BPS (Stutte et al., 2005). The wheat was grown until anthesis at 33 days after planting and grew next to the Arabidopsis plants for ∼25 days. The wheat plants imposed an increased water production load on the environmental control system (i.e., ECS) and an increased water demand load on the root zone watering system of APH (i.e., WRADS). The wheat canopy tested if the APH subsystems used for controlling chamber CO2 concentration and water fluxes were sized appropriately to maintain environmental setpoints when large plants are grown under microgravity conditions.



Lighting System

Determining the light level regime within the growth chamber is important for interpreting photosynthetic measurements made in the APH because plant height changes during development. The GLA setpoints of the APH correspond to a light intensity measured 10 cm below the LED panel. However, the actual light intensity at plant height is determined by the degree of light attenuation versus height within the GC and by the height of the plants.

The Arabidopsis plants were grown at a light level of 150 μmol m–2 s–1 with a spectral quality composed of blue, green, and red LED illumination (Figure 3A, BGR, black line), similar to that of Veggie (Figure 2I). The wheat/Arabidopsis canopy in the APH was grown at 600 μmol m–2 s–1 using a 1:1 ratio of white and red LEDs (Figure 3A, WR, red line). Two additional spectral compositions were used to study the light regime and to illustrate the spectral range provided by the APH GLA: (1) white LED supplemented with red and blue LEDs (Figure 3B, WRB red line), and (2) red and blue LEDs (Figure 3B, RB, black line). A comparison between the WRB and RB spectra shows that white LEDs supply additional blue and red light plus substantial amounts of green light, which penetrates deeper into plant canopies than red and blue light (Kim et al., 2006).
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FIGURE 3. APH GLA spectra using White, Blue, Green, and Red LEDs: (A) Spectral quality during Arabidopsis (BGR, black line) and wheat (WR, red line) plant tests. (B) Spectral quality during the CO2 drawdown experiment (WRB, red line). Comparing the WRB and RB (black line) spectra shows that white LEDs supply additional blue and red light plus substantial amounts of green light.


The APH ground unit was used to measure the degree of light attenuation for several GLA setpoints (900, 600, and 300 μmol m–2 s–1) of WRB (Figure 4, inset, solid lines) and RB (Figure 4, inset, dashed lines) illumination. These light attenuation curves show that light level below the GLA decreases in a linear fashion.
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FIGURE 4. Light attenuation and plant height within APH. Light attenuation under WRB (solid lines) and RB (dashed lines), measured at 900 (blue), 600 (yellow), and 300 (green) μmol m– 2 s– 1 GLA setpoints, decreases linearly in APH. Wheat canopy height was measured using the grid of the APH door cover. Wheat was 15, 23, and 37 cm tall at 11, 20, and 31 DAP, respectively. The wheat plants were harvested after 33 DAP by Astronaut Norishige “Nemo” Kanai (Image Courtesy NASA used for informational purposes without explicit permission).


The plant height during development of the wheat canopy on ISS was estimated from images acquired using the side-facing IR camera. The height of the wheat canopy was measured using the grid placed on the inside of the APH door cover (Figure 4, bottom panel). The grid measures the height from the bottom of the GC to the GLA (45 cm), and the SC occupies 5 cm inside the GC, which leaves 40 cm between the top of the SC to the GLA. The plants were 15 cm tall (25 cm below the GLA) at 11 DAP; 23 cm tall (17 cm below GLA) at 20 DAP; wheat heads were observed at 37 cm (3 cm below GLA) on 31 DAP (Figure 4). For example, the plant heights at 11, 20, and 31 DAP correspond to upper canopy light levels of 337, 459, and 533 μmol m–2 s–1 at a GLA setting of 600 μmol m–2 s–1 under WRB illumination.



CO2 Drawdown Experiments


Chamber Leak Rate

A CO2 drawdown experiment was performed following installation of the dry SC root module on the ISS to determine chamber leak rate of the APH GC. Chamber CO2 was raised to 2,000 μmol mol–1, CO2 control and ethylene scrubbing were disabled for 3 hr and chamber leak rate was measured according to Acock and Acock (1989). The leak rate of APH on ISS was 5% h–1, which is consistent with leak rates measured during ground studies. The leak rate must be known to correct changes in chamber CO2 during the CO2 drawdowns used to measure canopy photosynthesis.



CO2 Drawdown Technique

The CO2 drawdown technique is a non-destructive and non-invasive gas exchange technique for measuring photosynthetic rates from changes in chamber CO2 concentration. The CO2 control system operates the GC as a closed gas exchange system to determine: (1) daily canopy photosynthetic rates, and (2) response curves of photosynthesis to chamber CO2 concentration and to light intensity. During a CO2 drawdown curve, chamber CO2 is raised to 2,000 μmol mol–1, the plants are allowed to acclimate at the desired light level for ∼1 h, then chamber CO2 and ethylene control are disabled and a photosynthetic CO2 drawdown occurs. Ethylene control must be disabled because the permanganate-filled Purafil SP beads used to control ethylene absorb significant amounts of CO2 (Purafil, Inc., Doraville, GA, United States). Net photosynthetic carbon uptake consumes CO2 and chamber CO2 is reduced at a rate that is proportional to the incident light level. The change in CO2 concentration between 2,000 to 1500 μmol mol–1 is used to calculate canopy photosynthesis at a saturating CO2 concentration. For a CO2 drawdown experiment, repeating drawdown curves are conducted at descending light levels ending in a measurement of dark respiration.



Daily Canopy Carbon Fluxes in APH

After the 1st week of wheat growth, a single CO2 drawdown curve was programmed into the daily experiment profiles to measure daily rates of canopy photosynthesis at a saturating CO2 concentration of 1500 μmol mol–1. During the 4 h dark period, CO2 control was disabled for 2 h, allowing CO2 concentration to rise rapidly above 2,000 μmol mol–1. The initial rise in CO2 concentration vs. time during this period provided a measure of canopy dark respiration rate (Figure 5, APH Rdark, blue circles). During the remaining 2 h of darkness, CO2 control was enabled at a setpoint of 1700 μmol mol–1. When the lights came on, CO2 control and ethylene scrubbing were disabled to initiate the drawdown curve. After 1 h, CO2 and ethylene control were enabled to re-establish a setpoint of 1500 μmol mol–1. The decrease in CO2 concentration vs. time during the drawdown period is a measure of maximal canopy net photosynthetic rate (Figure 5, APH Pnet, open circles). A 1 h limit for the daily CO2 drawdown was used because at high light the canopy can deplete CO2 rapidly, and it is imperative to prevent chamber CO2 concentration from dropping below the CO2 compensation point (∼100 μmol mol–1), which may cause photooxidative damage to the plants.
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FIGURE 5. Daily photosynthesis and respiration measurements. Daily APH Pnet measured from daily CO2 drawdown curves and dark respiration (Rdark) rates increased with time as the wheat plants grew and fixed more CO2. The wheat/Arabidopsis canopy had similar gas exchange rates as wheat plants grown in spaceflight during BPS 2002 and on the ground by Wheeler, 1996.


The daily canopy photosynthetic rates (Figure 5, APH Pnet, open circles) include CO2 fixation from 48 wheat and 14 Arabidopsis plants contained within the APH GC, each planted in 0.1 m2 (i.e., 50%) of the root module (Figure 5, inset 19 DAP APH). Donahue et al. (1997) reported a photosynthetic rate of 10–12 μmol m–2 s–1 for Arabidopsis grown at the same light intensity. Using these values, the Arabidopsis is estimated to have contributed between 40–58% of APH Pnet observed during the first 15 DAP of wheat growth. The actual contribution from the Arabidopsis plants may have been less because they were senescing. After 20 DAP, the canopy photosynthesis was assumed to be primarily (∼80–90%) from the wheat plants, as watering of the two Arabidopsis SC quadrants had been discontinued and the Arabidopsis plants were beginning to desiccate. APH Pnet after 26 DAP was entirely from wheat because the Arabidopsis plants were removed from the GC, however, dark respiration was probably influenced by root respiration from the desiccating Arabidopsis roots.

The daily canopy net photosynthetic rates measured in APH were compared to two wheat canopy photosynthetic experiments. The first is a wheat ground study conducted at a light intensity of 500 μmol m–2 s–1 using High Pressure Sodium (HPS) lamps (Figure 5; Wheeler 1996, red triangles). Wheeler (1996) reported photosynthetic rates of 7, 12, 20, and 25 μmol m–2 s–1 at 15, 20, 25, and 30 DAP, respectively. The second study is the 2002 PESTO spaceflight experiment conducted in the BPS using Cool White Fluorescent (CWF) lamps at a light intensity of 280 μmol m–2 s–1 (Figure 5, BPS 2002, black line) (Monje et al., 2005; Stutte et al., 2005).

The daily APH Pnet rates from 7 to 15 DAP (Figure 5, white circles) were slightly lower than the rates measured in BPS (Figure 5, BPS 2002, black line), probably due to higher root respiration from the deeper and larger APH root modules. From 15 to 29 DAP, the daily Pnet matches the photosynthetic rates of wheat grown at 500 μmol m–2 s–1 (Figure 5; Wheeler 1996, red triangles). After 15 DAP, daily Pnet remains higher than was observed in the BPS. Photosynthesis in BPS was constant from 15 to 21 DAP because the wheat flag leaves were larger than the height of the BPS chamber, which caused the upper leaves to fold over each other resulting in self-shading (Figure 5, inset 21 DAP BPS), thus preventing higher penetration of light into the canopy. In contrast wheat grown in APH allowed more light to penetrate into the canopy (Figure 5, inset 26 DAP APH), thus Pnet increases with age at a rate similar to that reported by Wheeler (1996). After 26 DAP, daily Pnet was lower because the photosynthetic contribution from Arabidopsis was removed. These observations suggest that the wheat/Arabidopsis canopy grown during the first plant test of the APH had similar gas exchange rates as wheat plants grown on the ground.



APH CO2 Drawdown Experiment

A CO2 drawdown experiment was conducted to verify that the APH can measure responses of canopy photosynthesis to CO2 concentration and light intensity. The CO2 drawdown experiment was conducted when the wheat plants were 24 days old and the Arabidopsis plants were 41 days old at the daily settings of air temperature (23°C) and chamber humidity (75%). Two CO2 drawdown experiments were conducted on consecutive days to determine the repeatability of these measurements.

Each experiment consisted of a series of seven CO2 drawdown curves at decreasing light levels. The experiment profile changed the GLA setpoints for each LED (Table 4), as well as, enabled/disabled CO2 control and disabled ethylene scrubbing functions automatically. The plants were illuminated with WRB LEDs that provided a constant red:blue ratio of 5 (Figure 3B, WRB, red line). The incident radiation at canopy height (PPFD, Table 4) was held constant during each drawdown. The PPFD was estimated using the image analysis described in section “Lighting System” (Figure 4).


TABLE 4. Setpoints for the APH CO2 Drawdown Experiment1.
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The stepwise changes in PPFD during the CO2 drawdown experiments are shown in Figure 6A (blue line). The first drawdown curve at the highest GLA setpoint (900 μmol m–2 s–1) was conducted after the dark period from the previous day (4 and 28 hrs; Figure 6B). During subsequent drawdowns, the CO2 control system was enabled for 1 hr to raise chamber CO2 back to 2,000 μmol mol–1 (Figure 6A, gray box), and CO2 was indeed injected during those times (Figure 6A, orange line). However, the CO2 injection rate during the second and third drawdowns (at the 800 and 600 μmol m–2 s–1 light intensities) was not sufficient to overcome the rapid photosynthetic rates at the high light levels (7 and 10 hrs, Figure 6B, black line), and chamber CO2 concentration did not reach the CO2 setpoint (Figure 6B, green line) in 1 h. As PPFD decreased, chamber CO2 reached the setpoint and even increased above it due to respiration. The same trends were observed on the second day.
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FIGURE 6. APH CO2 Drawdown Experiment. (A) Stepwise changes in GC light intensity (blue line) and (B) CO2 concentration (black line) during the two consecutive CO2 Drawdown experiments. The CO2 control switch [(A,B), gray line] enabled CO2 injections [(A), orange line] to raise chamber CO2 to 2,000 μmol mol– 1 before each drawdown. CO2 concentration decreased when CO2 control was disabled due to photosynthetic CO2 uptake. The CO2 injection rate during the second and third drawdowns was not sufficient to overcome canopy Pnet at higher light levels and chamber CO2 concentration [(B), black line] did not reach the CO2 setpoint [(B), green line] in 1 h. As PPFD decreased, chamber CO2 reached the setpoint and even increased above it due to respiration.


The drawdown curves obtained at each light level were used to calculate Pnet from the change in chamber CO2 concentration during each 5 s interval (Figure 7, inset, dCO2 5s–1). The dCO2 data was plotted vs. CO2 concentration, fitted with a logarithmic curve, and converted to a photosynthetic CO2 response curve assuming a 0.1 m2 planted area and a 100 L volume for the APH chamber. For simplicity, the approach used did not correct the dCO2 data for chamber leak rate, and it was assumed that the Arabidopsis plants did not contribute to the photosynthetic CO2 uptake. The resulting response curves of canopy photosynthesis to CO2 concentration for the four highest light levels are shown in Figure 7. The response curves measured during the first and second days are shown as solid and dashed lines, respectively. These CO2 response curves show that photosynthetic CO2 uptake is limited at lower CO2 concentrations, and that maximal rates of photosynthesis are affected by the incident radiation absorbed by the canopy (Figure 7). For comparison, the CO2 response curve measured during PESTO at 280 μmol m–2 s–1 PPFD (Figure 7, BPS 2002, black circles) is shown (Stutte et al., 2005). A single data point for the net photosynthetic rate of wheat measured at the same stage of development using HPS lamps at 1400 μmol m–2 s–1 PPFD and 1200 μmol mol–1 CO2 (Figure 7, blue triangle) shows that canopy photosynthesis can increase further at higher light levels (Monje and Bugbee, 1998).
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FIGURE 7. CO2 response curves of canopy photosynthesis during the CO2 drawdown experiment: Changes in chamber CO2 concentration (inset, dCO2 5s– 1) from drawdown curves measured at constant PPFD were plotted vs. CO2 concentration, fitted with a logarithmic curve, and converted into photosynthetic CO2 response curves. Response curves measured during consecutive days are shown as solid and dashed lines. For comparison, the CO2 response curve measured during PESTO is plotted (BPS 2002, black circles) and Pnet of wheat increases at higher light levels (Monje and Bugbee, 1998, blue triangle).


Canopy light response curves describe how canopy photosynthetic rates, and therefore, crop growth rates vary as a function of incident radiation (Bugbee and Salisbury, 1988). They also provide information on the maximum photosynthetic capacity and CQY. A light response curve for the wheat/Arabidopsis canopy was constructed by plotting the gross photosynthetic CO2 uptake rate vs. absorbed radiation (Figure 8). Gross photosynthesis was calculated from the sum of Pnet at 1500 μmol mol–1 CO2 (Figure 7) and the measured canopy dark respiration (Rdark). The absorbed radiation was calculated assuming the wheat plants absorbed 95% of the incident radiation (Monje and Bugbee, 1998). The CQY, the slope of the plot of gross photosynthesis vs. absorbed PPFD, represents the photosynthetic conversion of absorbed radiation into fixed CO2. The CQY of the wheat/Arabidopsis canopy measured in APH (0.055; Figure 8, WRB LEDs, purple open circles) was compared to values of wheat CQY reported in the literature: Wheeler, 1996 (0.051; Figure 8, HPS lamps, red diamonds), BPS 2002 (0.035; Figure 8, CWF lamps, black squares), and Monje and Bugbee, 1998 (0.053; Figure 8, HPS lamps, blue triangle). The CQY values used in this comparison were determined from reported values of Pnet, Rdark, and incident PPFD (Wheeler, 1996; Monje and Bugbee, 1998; Stutte et al., 2005).
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FIGURE 8. Light response curves of APH canopy photosynthesis: The APH CQY, the slope of gross photosynthesis vs. absorbed PPFD, represents the photosynthetic conversion of absorbed radiation into fixed CO2. The CQY of the wheat/Arabidopsis canopy measured in APH (WRB LEDs, purple open circles) is higher than reported in BPS 2002 (CWF lamps, black squares), but comparable to literature values of wheat CQY: Wheeler, 1996 (HPS lamps, red diamonds), and Monje and Bugbee, 1998 (HPS lamps, blue triangle).


The calculated APH CQY is higher than that measured in the BPS, probably because the wheat plants in the BPS were self-shaded. It is also slightly (4–8%) higher than the CQY of wheat grown under HPS lamps at 1g. The reason for these differences is that the gas exchange data collected includes error in the estimated incident radiation at the top of the canopy, error in the photosynthetic and respiration rates introduced by neglecting the leak rate correction, and errors from assuming that Arabidopsis did not contribute to the photosynthetic CO2 uptake measured in the APH. Another source of error in CQY is introduced from inclusion of the two partial drawdown curves because the photosynthetic rates obtained from those drawdown curves were not measured at the desired 1700 μmol mol–1 CO2 setpoints (Figure 6B). In spite of these shortcomings, the APH CQY measured in microgravity is in general agreement to CQY values obtained in wheat canopies grown on Earth at similar light intensities.



SIGNIFICANCE OF THE FIRST PLANT TEST

The first plant test demonstrated the capabilities of the APH facility to conduct fundamental plant research in microgravity onboard the ISS. The hardware validation test verified that all subsystems of the APH were fully operational after it was assembled in the Kibo module. The first plant test demonstrated how two plant species requiring different optimum environmental conditions and with vastly different growth rates can be accommodated in the APH. Although there was minimal crew time for tending the plants, and no provisions for bringing plant samples for further analysis on the ground, the APH was able to measure plant responses to CO2 concentration and to light levels using non-destructive gas exchange techniques. The growth of the plants was accomplished via teleoperated commanding from the EMA at KSC, and the pre-programmed CO2 drawdown experiments were conducted using experiment profiles that controlled the setpoints required for measuring these responses. Admittedly, the gas exchange data collected during the first plant test was not repeated on the ground, thus it cannot be used to make any conclusions regarding plant growth in space. However, this effort demonstrated that the APH has expanded the capabilities of spaceflight plant growth chambers both in the size of the growth area, the higher light intensities and increased spectral combinations possible, as well as in their ability to collect non-destructive data sets (i.e., images and gas exchange rates) that can be used to measure plant growth during spaceflight. These capabilities will undoubtedly expand our knowledge of plant growth during spaceflight, which is needed for supporting the sustainable and long-term human colonization of space.



CONCLUSION

The APH Facility was installed, assembled and its ability for conducting fundamental plant research on ISS was evaluated and demonstrated. Wheat and Arabidopsis plant canopies were successfully grown from seed and harvested after 6 weeks and after 33 days of growth on ISS, respectively. No pre-flight testing was performed on the ground, thus design team recommended settings were used throughout the operation of the APH during the validation test. The planting, germination, and watering protocols for the two species were demonstrated on ISS. The ability to grow Arabidopsis stems, flowers and siliques was accomplished in 6 weeks and the APH’s ability to contain debris during harvest was demonstrated during harvest of the mature Arabidopsis plants. Environmental and non-destructive plant growth data was collected and used to validate the ability of APH to measure photosynthesis, respiration and CQY of a plant canopy during spaceflight.
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Average
cultivation
Cycles for cycle
Crop name evaluation length (d)
Tomato F1 3689B 2 286.0
Tomato F1 1202 2 286.0
Cucumber Picowell 4 161.0

Average

fruit per

cycle per
tray

994
1372
208

Edible fresh
weight per
cultivation

area (kg/m?)

13.06 £ 0.00 (13.06-13.07)
14.90 + 1.84 (13.06-16.78)
50.88 + 4.38 (41.70-59.98)

Time normalized
edible fresh weight
per cultivation
area (kg/m?/d)

0.046 + 0.000 (0.046-0.046)
0.052 + 0.006 (0.046-0.059)
0.321 + 0.041 (0.241-0.403)

Edible fresh

weight per

cultivation
volume (kg/md)

11.82-11.83
11.82-156.19
18.45-26.54

Mean + standard error is given.
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Edible fresh

Average Edible fresh Time normalized
cultivation weight per edible fresh weight weight per
Cycles for cycle cultivation per cultivation cultivation
Crop name evaluation length (d) area (kg/m2) area (kg/m?2/d) volume (kg/md)
Basil 2 121.0 7.30 +£ 0.93 (6.37-8.22) 0.060 =+ 0.008 (0.052-0.069) 11.48-14.81
Chives 1 266.0 13.97 0.053 2517
Parsley 1 266.0 16.46 0.062 29.66

Mean =+ standard error is given.
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Crop name

Arugula (initial light intensity,
330 wmol/(m?*s) at 16 cm
height)

Arugula (higher light
intensity, 600 wmol/(m2*s)
at 16 cm height)

Swiss Chard

Red Giant

Frizzy Lizzy

Mizuna

Cycles for
evaluation

9

- W W w

Average
cultivation
cycle length (d)

24.2

29.0

90.0
82.7
82.7
119.0

Edible fresh
weight per
cultivation area
(kg/m?)

3.05 4 0.27 (1.87-4.34)

5.49 + 0.40 (4.13-6.90)

9.26 + 1.13 (7.35-11.28)

10.78 + 0.52 (8.73-11.96)

8.93 + 0.48 (7.11-10.37)
23.11

Time normalized
edible fresh weight
per cultivation area

(kg/m?2/d)

0.111 £ 0.007 (0.078-0.140)

0.188 + 0.011 (0.153-0.222)

0.102 £ 0.010 (0.088-0.121)

0.130 + 0.004 (0.106-0.145)

0.107 £ 0.005 (0.086-0.125)
0.194

Edible fresh
weight per cultivation
volume
(kg/m3)

3.37-7.82

7.44-12.43

13.24-20.32

15.72-21.54

12.80-18.70
41.64

Mean + standard error is given.
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Crop Roots Stems and
name DW leaves DW
Batavia 8.9-34.2 g/m? (N = 3) n.a.
Expertise 20.5-37.9 g/m? (N = 3) n.a.
Outredgeous 21.1-38.5 g/m? (N = 3) n.a.
Waldmann’s Green 11.3-22.9 g/m2 N=3) n.a.

Red Giant 42.0g/m? (N =1) 75.6g/m? (N=1)
Frizzy Lizzy 42.0g/m2 (N =1) 20.8g/m2 (N=1)
Swiss Chard 21.8-47.0g/m? (N = 2) 81.4-94.4 g/m? (N = 2)

Arugula (initial light
intensity)

Arugula (higher light
intensity)

Mizuna

Basil Dolly

Parsley

Chives

Tomato F1 3496B
Tomato F1 1202
Cucumber Picowell
Radish Raxe
Radish Lennox
Kohlrabi

Not measured
21.3-58.8 g/m? (N = 6)

Not measured
76.5-127.1 g/m? (N = 2)
146.3 g/m? (N = 1)
146.3 g/m? (N = 1)
14111713 g/m? (N = 2)
1153-1567 g/m2 (N = 2)
93.8-133.5 g/m? (N = 4)
96.4-99.4 g/m? (N = 3)
Not measured
27.8-51.0g/m2 (N = 3)

n.a.
n.a.

Not measured
179.3-252.1 g/m? (N = 2)
113.4 g/m2 (N =1)
1033.5 g/m? (N = 1)
Erroneous measurement
Erroneous measurement
Erroneous measurement
89.0-128.5 g/m? (N = 2)
Not measured
198.4-253.3 g/m? (N = 2)
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Crop
name

Batavia

Expertise

Outredgeous

Waldmann’s Green

Red Giant

Frizzy Lizzy

Swiss Chard

Arugula

Mizuna

Basil Dolly

Parsley

Chives

Tomato F1 3496B

Tomato F1 1202

Cucumber Picowell

Radish Raxe

Radish Lennox
Kohlrabi

Edible
biomass
DW ratio

(%)

5.79 +0.30
N=12
6.09 + 0.34
N=12
6.61+0.35
N=12
6.35 + 0.44
N=12
6.09+0.13
N=17
6.04 +£0.13
N=17
7164+ 0.12
N=10
6.52 + 0.40
N=16
6.37 +£ 0.49
N=8
8.64 + 0.31
N=19
10.93 £ 0.09
N=10
8.84 +£0.10
N=10
12.66 £ 0.29
N=13
13.36 £ 0.75
N=13
4434+0.18
N=18
5794017
N=15
Not measured
717 £0.35
N=5

Inedible
biomass DW
ratio (roots)

(%)

3.90 + 1.26
N=3
457 +1.18
N=3
4.82 +0.92
N=3
2.69 + 0.29
N=3
4.07
N=A1
4.07
N=A1
10.08 + 3.09
N=3
4.24 +0.21
N=6
Not measured

3.18 +1.03
N=2
715
N=A1
715
N=A1

10.21 £1.16
N=4

9.63 + 1.04
N=4

3.20+£0.39
N=4

0.59 + 0.06
N=3

Not measured

3.78 &+ 0.51
N=4

Inedible
biomass DW
ratio (stems/leaves)
(%)

n.a.

n.a.

n.a.

n.a.

6.43
N=1
5.53
N=1
6.26 + 1.74
N=4
n.a.

Not measured

6.02 +£2.48
N=2
Not measured

Not measured

2543 +1.18
N=10
28.35 £3.94
N=10
16.51 +£0.88
N=11
8.09 +0.35
N=18
Not measured
Leaves:
9.49 +0.26
N=8
Skin:
7.97 £0.28
N=6

Mean + standard error is given.
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Cycles for
Crop name evaluation
Batavia 15
Expertise 15
Outredgeous 14

Waldmann’s Green

Mean + standard error is given.

11

Average
cultivation
cycle length (d)

38.0
38.0
37.9
37.9

Edible fresh
weight per
cultivation area
(kg/m2)

1.56 £ 0.12 (0.98-2.46

2.38 +0.16 (1.50-3.50

2.10 4+ 0.15 (1.39-2.65
(

)
)
)
2.77 4+ 0.30 (1.42-4.36)

Time normalized
edible fresh weight
per cultivation area

(kg/m?2/d)

0.043 £ 0.002 (0.028-0.059)
0.065 + 0.003 (0.043-0.084)
0.058 + 0.003 (0.038-0.072)
0.080 + 0.007 (0.037-0.115)

Edible fresh
weight per
cultivation volume
(kg/m®)

1.77-4.43
2.70-6.31
2.50-4.77
2.56-7.86
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Nutrient Leafy crop solution Fruit crop solution

compound concentrations concentrations
NH4 0.122 mol 0.226 mol

K 1.028 mol 1.503 mol/1.378 mol
Ca 0.419 mol 0.597 mol/0.711 mol
Mg 0.135 mol 0.226 mol

NO3 1.785 mol 2.347 mol/2.450 mol
Cl 0.068 mol 0.104 mol

S04 0.109 mol 0.332 mol

P 0.189 mol 0.267 mol

Fe 3.795 mmol 5.161 mmol

Mn 0.189 mmol 2.059 mmol

Zn 0.244 mmol 0.825 mmol

B 2.840 mmol 4.321 mmol

Cu 0.068 mmol 0.164 mmol

Mo 0.041 mmol 0.103 mmol

Note that the composition of the fruit crop solution was adapted during the mission.
Adjusted values are shown in italic (The adjustment was necessary because a
calcium deficit could be observed on the tomato plants, which most likely was
the result of a bad K:Ca ratio).
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Crop Crop density Crop density Harvest
name (plants/tray) (plants/m?) Pruning type
Batavia 6 18.3 n.a. Batch
Expertise 6 18.3 n.a. Batch
Outredgeous 6 18.3 n.a. Batch
Waldmann’s Green 6 18.3 n.a. Batch
Red Giant 20 61.0 n.a. Spread
Frizzy Lizzy 20 61.0 n.a. Spread
Swiss Chard 12 36.6 n.a. Spread
Arugula 196 594.5 n.a. Batch
Mizuna 12 36.6 n.a. Spread
Basil Dolly 20 61.0 Shortening of shoots when getting to close to LED lamps. Spread
Parsley ~100 304.9 n.a. Spread
Chives ~200 609.8 n.a. Spread
Tomato F1 3496B 4 12.2 Periodic removal of withered leaves. Removal of withered Spread
side shoots after harvest period to encourage plant to
regrow new side shoots.
Tomato F1 1202 4 12.2 Periodic removal of withered leaves. Removal of withered Spread
side shoots after harvest period to encourage plant to
regrow new side shoots.
Cucumber Picowell 2 6.1 2 shoots/stems per plant. Periodic removal of excess side Spread
shoots and old leaves.
Radish Raxe 36 109.8 n.a. Batch
Radish Lennox 36 102.8 n.a. Batch
Kohlrabi 5-6 156.218.3 Removal of single leaves when those would block light Batch

neighboring trays.
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Crop name

Batavia
Expertise
Outredgeous

Waldmann’s Green

Other lettuce types

Red Giant

Frizzy Lizzy

Swiss Chard

Arugula (initial light intensity)
Arugula (higher light intensity)
Mizuna

Other leafy greens

Basil Dolly
Parsley

Chives

Tomato F1 3496B

Tomato F1 1202
Cucumber Picowell

Radish Raxe

Radish Lennox
Kohlrabi

EDEN ISS [kg/(m?2*d)]

0.043
0.065
0.058

0.080

n.a.

0.130
0.107
0.102
0.111
0.188
0.194
n.a.

0.060
0.062
0.053
0.046

0.052
0.321

0.078

0.059
0.141

Experiments by other scientists [kg/(m?2*d)]

Meinen et al. (2018): 0.033; same environmental conditions.
Meinen et al. (2018): 0.051; same environmental conditions.

Meinen et al. (2018): 0.040; same environmental conditions. Richards et al. (2004b): 0.0362; 25°C,
65% rh, 1200 ppm CO», 300 wmol/(m?2*s), 16 h photoperiod.

Wheeler et al. (2008): 0.1612; 23°C, 65-75% rh, 1000-1200 ppm CO», 280-336 meOI/(mZ*S),
16 h photoperiod.

Edney et al. (2006), Flandria type: 0.029?%; 22°C, 50% rh 1200 ppm COz, 300 wmol/(m?*s), 16 h
photoperiod. Richards et al. (2004a), Flandria type: 0.063; 25°C, 50% rh, 1200 ppm CO,, 300
wmol/(m?2*s), 16 h photoperiod.

No reference literature found

Meinen et al. (2018): 0.322; same environmental conditions, but 10 times higher plant density.
Meinen et al. (2018): 0.377; same environmental conditions, but 10 times higher plant density.

Meinen et al. (2018): 0.162; same environmental conditions.

No reference literature found

Fuetal. (2016)": 0.100; 500 pmol/(m?2*s), no values for temperature, rh, CO, and photoperiod
given.

No reference literature found

Meinen et al. (2018): 0.143; same environmental conditions, but 3 times higher plant density.
Meinen et al. (2018): 0.052; same environmental conditions.

Wang et al. (2019): 0.048; 25°C, 70% rh, 400 ppm CO», 250 pmol/(m2*s), 14 h photoperiod.
Spencer et al. (2019): 0.049; 22°C, 60% rh, 1507 ppm COy, 324 pmol/(m?2*s), 16 h photoperiod.
Masuda et al. (2005): 0.028; 330 wmol/(m?2*s), no values for temperature, rh, CO, and photoperiod
given. Wheeler et al. (2008): 0.0752%; 26°C, 65-75% rh, 1000-1200 ppm CO,, 549-893
pwmol/(m2*s), 12 h photoperiod.

Fu et al. (2016): 0.228%; 500 wmol/(m?2*s), no values for temperature, rh, CO, and photoperiod
given.

Meinen et al. (2018): 0.058; same environmental conditions. Edney et al. (2006): 0.203%: 22°C,
50% rh 1200 ppm CO,, 300 wmol/(m2*s), 16 h photoperiod.

Masuda et al. (2005): 0.121; 330 wmol/(m?*s), no values for temperature, rh, CO, and photoperiod
given.

'Reference lists dry mass production rate, which was converted assuming 6.0% dry matter content of fresh biomass. The dry mass content is based on EDEN

ISS measurements.

2 Reference lists dry mass proauction rate, which was converted assuming 13% dry matter content of fresh biomass. The dry mass content is based on EDEN ISS measure-

ments.

3Reference lists dry mass production rate, which was converted assuming 4.4% dry matter content of fresh biomass. The dry mass content is based on EDEN

ISS measurements.

4Reference lists dry mass production rate, which was converted assuming 5.8% dry matter content of fresh biomass. The dry mass content is based on EDEN

ISS measurements.
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Cycles for
Crop name evaluation
Radish Raxe 10
Radish Lennox 9
Kohlrabi 6

Average
cultivation
cycle
length (d)

22.6
23.0
58.71

Edible fresh
weight per
cultivation
area (kg/m2)

1.82 £0.24 (1.10-3.21)
1.33 £ 0.06 (1.07-1.68)
8.11 + 0.81 (6.74-10.58)

Time normalized
edible fresh weight
per cultivation
area (kg/m?/d)

0.078 £ 0.009 (0.044-0.119)
0.059 + 0.002 (0.045-0.068)
0.141 £ 0.008 (0.113-0.165)

Edible fresh
weight per
cultivation
volume (kg/m?3)

1.98-56.78
1.93-3.03
10.34-19.06

Mean =+ standard error is given.
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Na 0.52 £+ 0.06 0.71 £0.10 3.47 £ 0.10**** 4.18 + 0.06**** 1.68 + 0.07 1.92 +0.07

P 3.42 £0.29 3.04 £ 0.37 4.67 + 0.32* 5.21 + 0.64* 2.07 £0.18 2.79+0.34

S 2.41 £0.41 3.02 £0.04 4.55 + 0.30* 4.64 + 0.34* 1.28 +0.16 1.23 £ 0.07

Zn 0.04 £0.00 0.08 £ 0.00 0.23 + 0.02**** 0.30 + 0.04**** 0.11 £0.01 0.12 £ 0.01

Numbers represent mg/g of dry weight + Standard Error (n = 3). Data highlighted in bold represents elements that are significantly different among all three experiments.
Asterisks represent statistical significance calculated from one-way ANOVA followed by Tukey—Kramer test (*P < 0.05, **P < 0.001, ***P < 0.0001).
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Sample ID Average shannon species diversity
VEG-01A VEG-01B VEG-03A
Flight - Root 2.46 £ 0.002 2.66 £0.3 1:86 + 0.21
Flight - Leaf 0.517 £0.02 0.84+02 0.351 £ 0.1
Ground - Root 2.291 216 £0.17 2.17 £ 0.002
Ground - Leaf 0.462 £+ 0.02 0.5+0.0 0.36 £+ 0.09

Alpha diversity index was generated from next generation sequencing results run
on the lllumina MiSeq. Plus/minus values are standard deviation determined from
three separate sample replicates within each experiment.
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Identification was completed with Biolog and/or MicroSEQ protocols. A + indicates
the presence or absence of each genus in flight or ground samples.
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Identification was completed with Biolog and/or MicroSEQ protocols. A + indicates
the presence or absence of each genus in flight or ground samples.
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Identification was completed with Biolog and/or MicroSEQ protocols. A + indicates
the presence or absence of each genus in flight or ground samples.
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Identification was completed with Biolog and/or MicroSEQ protocols. A + indicates
the presence or absence of each genus in flight or ground samples.
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Experiment Initiation date Harvest date

VEG-01A 5/8/2014 6/10/2014 (Day 33)
VEG-OIB 7/8/2015 8/10/2015 (Day 33)
VEG-03A 10/25/2016 2nd 12/09/2016

4th 12/28/2016

Ground controls were harvested 1 day later for VEG-01 and 3 days later for
VEG-03.
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Test N(g100 P(g100 K(g100 Ca(g100 Mg (g 100
g'dw) g 'dw) g 'dw) g 'dw) g 'dw)

Test 1 5.2 0.9 7.3 0.9 0.2
Test 2 5.8 0.8 6.9 0.6 0.2
Wheeler et al. 4.8 0.4 17.0 0.9 0.3
(1994)
McKeehen et al. 4.5 0.6 8.2 0.6 0.2
(1996)
Masot Mata (2007) 55 1.0 7.9 1.2 0.3
Rouphael et al. - 0.5 6:5 0.8 0.3
(2019)

Test 1 and Test 2 data are expressed as mean, n = 20. Dw, dry weight basis.
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Test Plant dry Roots dry Shoot dry Shoot fresh Harvest index RGR Shoot dry Shoot dry

weight weight weight weight (mgmg~'day-') weight (SD) weight (SD%)
(g plant™) (g plant™1) (g plant™1) (g plant™1)
Test 1 513 £0.26 0.73 £ 0.04 4.40 £0.23 87.42 + 4.61 0.86 £+ 0.001 0.089 + 0.003 1.01 23.01
Test 2 12.68 £0.35 1.06 £ 0.05 11.63 £ 0.33 278.61 £6.19 0.92 + 0.003 0.083 £ 0.001 1.46 12.59
Student's o s ns B _

t-test

All data are expressed as mean =+ standard error, n = 20. ns, ** Non-significant or significant at P < 0.001, respectively. SD: standard deviation.
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Species Variable Effectsize ~Zr  Range of radiation (mGy) ~ Reference
Achillea millefolium Abnormal divisions —0.41 001-1.12 Kordium and Sidorenko, 1997,
p. 42,44
Arabidopsis thaliana Mutant plants 1.61 2.40-57.6 Abramov et al., 1992, p. 22
Avena sativa Aberrant cells 0.55 5.32-47.8 Geraskin et al., 2003, p. 163
Calamagrostis epigejos Abnormal spores 1.50 001-1.12 Kordium and Sidorenko, 1997, p. 44
Calamagrostis epigejos Abnormal pollen 0.72 001-1.12 Kordium and Sidorenko, 1997, p. 42
Chamaenerium angustifolium Abnormal divisions 1.20 001-1.12 Kordium and Sidorenko, 1997, p. 44
Chamaenerium angustifolium Abnormal spores 1.09 001-1.42 Kordium and Sidorenko, 1997, p. 44
Chamaenerium angustifolium Abnormal pollen 1.48 001-1.12 Kordium and Sidorenko, 1997, p. 44
Crepis tectorum Chromosome aberrations 0.03 001-19.2 Shevcherto et al., 1995, p. 698
Crepis tectorum Karyotype changes -0.25 001-19.2 Shevchenko et al., 1995, p. 698
Elytrigea repens Abnormal divisions —0.22 001-1.12 Kordium and Sidorenko, 1997, p. 44
Elytrigea repens Abnormal spores 0.07 001-1.12 Kordium and Sidorenko, 1997, p. 42
Elytrigea repens Abnormal pollen -0.45 001-1.12 Kordium and Sidorenko, 1997, p. 42
Hordeum vulgare Aberrant cells 1.15 5.32-47.8 Geraskin et al., 2003, p. 163
Hypericum perforatum Abnormal pollen 2.41 001-1.12 Kordium and Sidorenko, 1997, p. 44
Jasione montana Abnormal divisions 1.42 001-1.12 Kordium and Sidorenko, 1997, p. 44
Jasione montana Abnormal spores 1.35 001-1.12 Kordium and Sidorenko, 1997, p. 44
Jasione montana Abnormal pollen 0.98 001-1.12 Kordium and Sidorenko, 1997, p. 44
Oenothera biennis Abnormal pollen 3.80 001-1.12 Kordium and Sidorenko, 1997, p. 44
Phragmites australis Chromosome fragments 0.99 0.01-9.30 Gudkov et al., 2006, p. 7
Phragmites australis Chromosome bridges 1.05 0.01-9.30 Gudkov et al., 2006, p. 7
Pinus sylvestris Segregation distortion 0.66 Shevchentko et al., 1996, p. 124
Pinus sylvestris Point mutations 078 Shevchenko et al., 1996, p. 124
Pinus sylvestris Null mutations 1.01 Shevchenko et al., 1996, p. 124
Pinus sylvestris Duplications 1.05 Shevchenko et al, 1996, p. 124
Pinus sylvestris Cells with chromosomal 1.63 Shevchenko et al., 1996, p. 124
aberrations
Pinus sylvestris Chromosome aberrations 085-1.35 0.11-385 Kal'chenko and Fedotov, 2001
Pinus sylvestris Changes per locus 1.02 0.11-8.10 Kal'chenko and Fedotov, 2001, p. 346
Pinus sylvestris Segregation distortion 1.41 0.11-8.10 Kal'chenko and Fedotov, 2001, p. 347
Pinus sylvestris Excess S over F 114 0.11-8.10 Kal'chenko and Fedotov, 2001, p. 348
Pinus sylvestris Mutation frequency in 1.42 0.11-8.10 Kal'chenko and Fedotov, 2001, p. 346
endosperm
Pinus sylvestris Seed yield —0.74 3.9-385 Kalchenko and Rubanovich, 1993,
p. 1206
Pinus sylvestris Allozyme mutations 1.14 3.9-385 Kalchenko and Rubanovich, 1993,
p. 1208
Pinus sylvestris Endosperm mutations 1.57 3.9-385 Kalchenko and Rubanovich, 1993,
p. 1209
Pinus sylvestris Seeding mutations 1.53 3.9-385 Kalchenko and Rubanovich, 1993,
p. 1200
Pinus sylvestris AFLP mutations 0.42 15.6-29.0 Kuchma et al., 2011, p. 25
Plantago major Abnormal divisions 0.82 0.01-1.12 Kordium and Sidorenko, 1997, p. 44
Plantago major Abnormal spores —062 001-1.12 Kordium and Sidorenko, 1997, p. 42
Plantago major Abnormal pollen 0.38 001-1.12 Kordium and Sidorenko, 1997, p. 42
Secale cereale Aberrant cells 071 5.32-47.8 Geraskin et al., 2003, p. 164
Secale cereale Severity of damage 0.38 5.32-47.8 Geraskin et al., 2003, p. 160
Secale cereale Multiple damage 0.38 5.32-478 Geraskin et al., 2003, p. 160
Secale cereale Cytogenetical damage of root 1.64 7.10-656 Ziablitskaia et al., 1996, p. 502
meristem
Secale cereale Cell aberrations 0.83 7.10-65.6 Ziablitskaia et al., 1996, p. 502
Tifolum arvense Abnormal divisions 1.65 001-1.12 Kordium and Sidorenko, 1997, p. 44
Tifolum arvense Abnormal spores 1.38 001-1.12 Kordium and Sidorenko, 1997, p. 42
Trifolium arvense Abnormal pollen 2.99 0.01-1.12 Kordium and Sidorenko, 1997, p. 42
Triticum sativum Aberrant cells 078 5.32-478 Geraskin et al., 2008, p. 164
Triticum sativum Microsatelite mutations 019 0.001-15 Kovalchuk et al., 2000, p. 583
Typha angustifolia Alele number 0.93 0.13-7.52 Tsyusko et al., 2006, p. 2620
Typha angustifolia Allele number 0.30 0.13-7.52 Tsyusko et al., 2006, p. 2620
Typha latifolia Alele number 051 0.13-7.52 Tsyusko et al., 2006, p. 2620

Effect size refers to the size of the radiation effect with positive numbers denoting higher effects with increasing ambient radiation levels. Table modiffied from Moller and
Mousseau (2015). All effects reported above were significantly diflerent from zero based on calculations of 95% confidence intervals reported in figure 2 and supplemental
information of Moller and Mousseau (2015).
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*Quality control (FastQC) and filtering (Trimmomatic).
* Alignment against C. reinhardtii v5.6 genome (BWA-mem).

*Remove duplicate reads (Picard MarkDuplicates).
*Local realignment of reads around indels (GATK IndelRealigner).

«Variant calling using pooled discrete with pool size = 5 (CRISP).
*Remove variant with missing data 2 0.3 and MAF = 0.

*Retain high-quality variants and remove variants with low depth and low-quality mapped
reads (assigned as “LowDepth, LowMQ10 and LowMQ20” by CRISP).

*Remove natural variants detected in a benchmark study using 39 laboratory strains of C.
reinhardtii (Gallaher et al., 2015), hereafter referred as novel variants.

LK

* Annotate variants based on their targeted regions and predicted coding effects (SnpEff).
*Population genomics analyses (SNPGenie) to estimate nucleotide diversity.
*Gene Ontology enrichment (AgriGO) for genes with positive or purifying selection.
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RootVolume  Root Diameter Root Length Root Tortuosity

S8 0482007 0322008 721171 1222008
GRE 057008 0362002 5492035 1162003

Each value represents the mean + SE. n = 6 (1SS) and 10 (GRE).





OPS/images/fpls-11-00417/fpls-11-00417-t004.jpg
Oasis Horticubes +
Cotton wool
Capillary Mat +
Cotton wool
Cellulosic sponge
+ Cotton wool

“Avanti”

“Colomba”

Sprouting ATS (days)
rate (%)

100 29.56+23
100 32.0+29
83 412483

Sprouting
rate (%)

100

100

100

ATS (days)

162 22

127 £0.5

16.7+£1.6





OPS/images/fpls-11-00417/fpls-11-00417-t003.jpg
Sensor Relative water content (g H,O/g of substrate) Total water content (g HoO/cellulosic sponge panel)

Reading Sensor1 Sensor2 Sensor3 Sensor4 Sensor5 Sensor6 Sensor7 Sensor8 Sensor1 Sensor2 Sensor3 Sensor4 Sensor5 Sensor6 Sensor7 Sensor8

0.74 -0.19 2.04 0.19 1.37 0.24 —0.10 -0.33 0.56 —28.8 306.4 28.7 205.3 35.5 -156.2 -49.4 84.2
0.756 -0.15 2.32 0.45 1.53 0.30 —0.31 0.15 0.38 —22.4 348.2 67.2 229.8 45.6 —45.8 22.0 57.3
0.76 -0.07 2.61 0.76 1.69 0.39 —0.45 0.59 0.24 -10.3 89112 114.2 254.2 57.9 —67.0 88.5 36.5
0.77 0.05 290 1.13 1.86 0.48 —0.53 1.00 0.14 75 435.5 169.0 278.6 72.6 —79.1 150.4 21.4
0.78 0.20 3.21 1.54 2.02 0.60 —0.55 1.39 0.08 30.6 481.0 231.4 303.1 89.4 —-82.5 207.9 12.0
0.79 0.39 3.52 2.00 2.18 0.72 —0.52 1.74 0.05 58.9 527.6 300.7 327.7 108.5 —77.4 261.2 8.1
0.80 0.61 3.84 2.51 2.35 0.87 —0.43 2.07 0.06 921 575.4 376.5 352.6 129.8 —64.4 310.5 9.4
0.81 0.87 4.16 3.06 2.52 1.02 —0.29 2.37 0.11 130.1 624.2 458.3 378.0 163.3 —43.6 356.1 15.9
0.82 1.156 4.49 3.64 2.69 1.19 —0.10 2.65 0.18 1725 674.1 545.7 403.8 178.9 —156.4 398.1 27 2
0.83 1.46 4.83 4.25 287 1.38 0.13 291 0.29 219.3 725.0 638.1 430.3 206.7 19.7 436.9 43.3
0.84 1.80 5.18 4.90 3.05 1.58 0.41 3.15 0.43 270.2 776.9 735.1 457.6 236.6 61.6 472.5 63.9
0.85 27 5.53 5.57 3.24 1.79 0.73 3.37 0.59 324.9 829.7 836.2 485.7 268.6 109.7 5056.2 89.0
0.86 2.56 5.89 6.27 3.43 2.02 1.09 3.57 0.79 383.3 883.3 940.8 514.7 302.6 163.9 535.3 118.2
0.87 2970 6.25 6.99 3.63 2.26 1.49 3.75 1.01 4451 98719 1048.6 544.8 338.7 223.8 562.9 161.4
0.88 3.40 6.62 7.73 3.84 2.51 1.93 3.92 1.26 510.1 993.3 1159.1 576.1 376.8 288.9 588.3 188.5
0.89 3.85 7.00 8.48 4.06 278 2169 4.08 1.583 578.2 1049.5 1271.7 608.7 417.0 359.0 Rl 229.2
0.90 4.33 7.38 9.24 4.28 3.06 2.89 4.22 1.82 649.0 1106.4 1386.0 642.6 459.1 433.8 633.3 273.4
0.91 4.82 7.76 10.01 4.52 3.35 3.42 4.36 214 G225 1164.1 1501.5 678.1 503.2 512.8 653.3 320.9

0.92 5.32 8.15 10.78 4.77 3.66 3.97 4.48 2.48 798.2 1222.4 1617.7 716.2 549.3 595.8 672.0 371.6

0.93 5.84 8.54 11.56 5.03 3.98 4.55 4.60 2.83 876.2 1281.4 1734.2 754.0 8972 682.3 689.5 425.1

0.94 6.37 8.94 12.34 5.30 4.31 5.15 4.71 3.21 956.1 1341.0 1850.4 794.7 647.1 22 706.0 481.4

0.95 692 9.34 187 5.58 4.66 5.77 4.81 3.60 1037.7 14011 1965.8 837.3 698.8 864.9 219 540.3

0.96 7.47 9.756 13.87 5.88 5.02 6.40 4.91 4.01 1120.8 1461.8 2080.1 S8iEY 752.4 960.3 702 601.6

0.97 8.03 10.156 14.62 6.19 5.39 7.05 5.02 4.43 1205.2 1623.0 2192.7 928.7 807.9 1057.8 752.3 665.1

0.98 8.60 10.56 15.35 6.52 5.77 (a2 5.12 4.87 1290.7 1684.7 23083.1 9708 865.2 11567.3 767.3 730.6

0.99 9.18 10.98 16.07 6.86 6.16 8.39 5.22 5.32 1377.0 1646.8 2410.9 1029.3 924.2 1258.3 782.5 798.0

1.00 9.76 11.40 16.77 7:22 6.57 9.07 5.32 5.78 1464.0 1709.3 2515.5 1083.3 985.1 1360.5 798.0 867.0

1.01 10.34 11.81 17.44 7.60 6.98 9.76 5.43 6.25 1651.4 17721 2616.5 1139.9 1047.6 1463.6 814.1 937.5

1.02 10.93 12.23 18.09 7.99 7.41 10.45 5.54 6.73 1639.1 1835.2 2713.4 1199.2 1112.0 1667.2 831.1 1009.4
1.08 11.51 12.66 18.71 8.41 7.85 11.14 5.66 7.22 17267 1898.7 2805.8 1261.3 1178.0 1671.0 849.0 1082.4
1.04 12.09 13.08 19.29 8.84 8.30 11.83 5.79 7.71 18141 1962.3 2893.0 1326.3 1245.7 1774.6 868.2 1156.3
1.06 12.67 13.51 19.83 9.30 8.77 12.52 5.93 8.21 1901.1 2026.2 2974.8 1394.4 131561 1877.7 888.9 1231.0
1.06 13.25 13.93 20.34 ST 9.24 13.20 6.07 8.71 1987.5 2090.2 3050.5 1465.7 1386.1 1980.0 il 2 1306.3
1.07 13.82 14.36 20.80 10.27 9.73 13.87 6.24 9.21 2073.0 2154.4 3119.7 1540.2 1458.8 2081.1 935.4 1382.0
1.08 14.38 14.79 21.21 10.79 10.22 14.54 6.41 9.72 2157.4 2218.7 3181.9 1618.1 1533.0 2180.7 lsnl 7 1458.0
1.09 14.94 16.22 21.58 11.33 10.73 15.19 6.60 10.23 2240.6 2283.1 3236.7 1699.5 1608.9 2278.4 990.4 15634.0
1.10 156.48 156.65 21.89 11.90 11.24 15.83 6.81 10.73 2322.2 2347.4 3283.5 1784.4 1686.3 2373.9 1021.5 1609.8
14 16.01 16.08 2215 12.49 1177 16.45 7.04 11.24 24021 2411.8 3321.9 18731 1765.2 2466.8 1055.5 1685.4

Pale and darker gray represent the reference intervals of optimal values for potato crop in Relative water content and Total water content, respectively, to be used to identify the time and volume of the irrigation/fertigation
pulse. Specifically, values below the lower limit indicate the need for water/nutrient solution injection, while values over the upper limit indicate water over-load in the substrate.
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Equation

y =-238.71x3 + 730.54x2-686.79x 4 204.72
y =-40.51x% + 133.30x°~103.31x 4 21.91
y = -535.00x% + 1484.50x2-1295.40x + 362.67
y = 121.99x3-279.15x2 + 229.17x-64.79
y =-23.70x% + 129.52x°~146.81x + 47.55
y =-380.01x% 4 1168.90x°~1129.30x + 349.48
y = 241.10x3-703.68x2 + 694.59x-226.69
y =-200.30x° + 650.66x°-653.87x + 209.29

Coefficient of determination

R?2 =0.9914
R? = 0.9830
R% =0.9579
R? = 0.9828
R? = 0.9899
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R? = 0.9744
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Source of variance

Nitrate. P K ca Mg Na
(mg kg fw) (gkg" dv) (gkg" dw) (okg dw) (gkg™ dv) (gkg" dw)
Cultvar (©)
Baby 20942545 62820620 64264130 673108800 25610 0331008
Greon Salanova 269:13a  586:0220 6800+ 136 97120776 23120190 0371003
Lolo rossa 208121600  556:026bc 6503322 61420490 2624009bc 036006
Loloverde. 206:177a  516:019cd  6204:1.18 109421162 29120082 0552014
Red oak leal 20842340 50820170 60442 1.10 744 1080c 27020060 0312001
Red Salnova 2108:114c  561:017bc 66432265 60120434 245201100 0301002
Light ntensity umol m#5-) 1)
420 (Optimal) 22752 560 51620100 65152108 62720370 26820050 0412005
210 Low) 22xi26a  602:021a 63584135 93820580 25620080 0332001
Baby Fomane x Opfimal 2419 +90cde 003, 66565 1.76 478:014h 238:007ca 0322008
GroenSalnovaxOptimal  2423:3Bode 54210133 6508060 805:0320d  265:008abcd 033002
Lolo rossa x 10741600 568:017bc 66191165 514:016gh  2672004abc 0421013
Lol verdo x Optimal 261261ca 482201600 6055:205 842:058¢ L0092 0761023
Red oak leat x Optimal 2182240cde 47120050 2712082 59620401 2702011 abe 0301002
Rog Salanova x Optimal 223:21co0 542103204 69812477 530:0500h  26120.11abcd 0312003
Baby Romaine x Low 257022960 7650180 61952017 8682020¢ 2742007 abe 033006
‘Salanova x Low 2075s 1218 631:017b 70924065 113820340 1980020 0401008
Lol rossa x Low 2189:305cde 544105500 63874691 713104200 25702000 030002
Lol verde x Low 31512185 550102000 63522077 13470172 2860133 035002
Red oak leat x Low 2015:31d0  545:008cd 5818051 B93:011c 271005 abe 032002
Red Salnova x Low 10931600 580:010bc 63042090 67220316l 230201500 0302001
ns ns
ns ns
ns ns
001, and 000 Arcata e
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Source of variance Caffeoyltartaric ~~ Chlorogenic ~ Chicoricacid  Caffeoyl-meso- X hydroxycinnamic  Anthocyanins
acid (mg100gTdw) tartaric acid acids (49 cyanidin oq.
(mg100gTdw)  (mg 100" dw) (mg100gdw)  (mg 100" dw) aw)
Cativar (€)

Roma 60410520 409:079c  267:395b 12210404 301551c na.
Groen Saanova 397:067c  291:006c  161:294b  043:007d 2541358 nd.
Lolorossa 943:175a  1458:186c  860:59a  612:181c 116246230 62211450
Loloverde. 74011288  300:088c  31.4:314b  058:0090 423:501c na.
Red oakoal 87012602  6619:2094a  1069:036a  1145:345b  1933:57.19a 163522230
e Saanova. 470:046c  4803:603b  98:2158a 217316408  1713:3386a 62511670
Lint itensity (umol 2 ) 1)

420 (Optima) 4582041 184245120 611160 86123092 87721054 nd
2100on) 886:101a 278429552 621128  523:162b 107.122017 nd
oxL

Baby Romai 53010690  292:0490  201:192cd 06720250 200227519 na.
Groen Soanova x Optimal 2580280 30120080 0620560 03020 15620829 na.
Lolo rossa x Opiimal 6202106000  1813+196c0e  807:777b  1010:071c  1242:980c 3882078

0 verde x Optmal 524:084de  162:0370  266:166cd 04420140 39:215g na.
Rod oak lat x Optimal 30520410 245025770  459:801c  50x159cd  788=1558col  1146:058b
Rod Saanova x Optimal 4992100d0 4 144527082 3483:575a 2446218260 9870960
Baby Fomaine x Low 6782057cs  526x12id0  W2:56icd 17620870 47027970l na.
Green Saanova x Low. 535:049de 28120016  24:17dcd 05620060 311219119 na.
Lolo rossa x Low 1257220736 1103:006de  82421023b  213:01606  1081:1331cd 8871706
Lolo verde x Low 956:178bc  439:0: %1:492cd  072:0050  507+7.08d6lg nd.
Red oakoat x Low 143522060 1078552056 1680228503  1756:443b  078:5483a  21.24:080a
Red Saanova x Low 455:019de  3572:263c  401:238c  B62:007cd  980:510cde 2642021
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Saturated hydraulic Bulk density Container Saturated Water Structural Final evaluation
conductivity (p, g/cm3) capacity (CC, hydraulic retention evaluation
(Ks, cm/s) cm3/cm?®) conductiv-
ity
Oasis Horticubes 2.82 £0.09 0.021 £0.001 0.56 + 0.01 High Intermediate Fragile and Good hydraulic
inconsistent with characteristics, bad
dispersion of dust handling
Rockwool 0.70 £ 0.08 0.059 + 0.001 0.94 £0.02 High Low Incoherent with Poor water
dispersion of dust retention, bad
handling
Capillary mat 0.27 £0.02 0.145 £0.010 0.90 £ 0.08 High Low Compact with low Poor water
thickness retention, good
handling
Cellulosic sponge 0.30 £ 0.01 0.124 £0.003 0.94 £0.02 High Good Elastic and resistant ~ Very good hydraulic
characteristics,
good handling
Cotton wool 0.31 £0.01 0.021 + 0.001 0.33 + 0.02 High Intermediate Easily adaptable and  Good hydraulic
compressible characteristics,
medium handling,
suitable for mulching
Canapa/Kenaf 0.88 £ 0.02 0.049 £ 0.001 0.72+0.03 High Low Extremely rigid and Poor water
compact retention, bad
handling

Handling includes the shape malleability and the safety for the crew (e.g., absence of release of dust or small particles). For Saturated hydraulic conductivity and Bulk
density n = 3; for Container capacity n = 6.
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