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Abstract 

Plant cell proliferation is affected by microgravity during spaceflight, but involved molecular 

mechanisms, key for space agronomy goals, remain unclear. To investigate transcriptomic 

changes in cell cycle phases caused by simulated microgravity, an Arabidopsis immobilized 

synchronous suspension culture was incubated in a Random Positioning Machine. After 

simulation, a transcriptomic analysis was performed with two subpopulations of cells (G2/M 

and G1 phases enriched) and an asynchronous culture sample. Differential expression was 

found at cell proliferation, energy/redox and stress responses, plus unknown biological 

processes gene ontology groups. Overall expression inhibition was a common response to 

simulated microgravity, but differences peak at the G2/M phase and stress response 

components change dramatically from G2/M to the G1 subpopulation suggesting a differential 

adaptation response to simulated microgravity through the cell cycle. Cell cycle adaptation 

using both known stress mechanisms and unknown function genes may cope with reduced 

gravity as an evolutionary novel environment.  
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1 Introduction 

Since the origin of life on Earth, biological systems have evolved under the pressure of 

environmental stresses; interactions were dictated by biotic factors, but also by physical forces 

including gravity. Gravity is the only environmental factor remaining constant during the 

evolution of life on Earth. Since the effects of weightlessness can only be properly studied in 

the outer space or under free-fall conditions, we are only beginning to appreciate the 

fundamental role that gravity plays in terrestrial biology. Numerous studies have shown that 

the exposure to un-directional g vector, under free-fall or simulated microgravity conditions, 

could alter two fundamental plant processes which coordinate the development, namely cell 

division and cell growth [1-4].  

Cell division is a fundamental biological process that shares conserved features and controls 

in all eukaryotes. Therefore, it plays a role both in the developmental processes that create 

plant architecture and in the modulation of plant growth rate in response to the environment 

[5, 6]. Cell cycle is one of the most comprehensively studied biological processes, particularly 

given its importance for growth and development; indeed, the role of the cell cycle machinery 

during development remains a significant scientific challenge [7-10]. In this context, gene 

expression regulation is an essential mechanism for controlling cell cycle progression in 

plants and genes controlling this cycle often show transcriptional regulation dependent on cell 

cycle phases [11-13]. In general, cell proliferation is modulated through the regulation of cell 

cycle progression, which occurs at known checkpoints, and determines the rate at which cell 

population divides [10, 14]. The cellular mechanisms that regulate cell growth and 

proliferation are intimately connected, and consequently, cell cycle progression affects the 

regulation of another essential cellular process that operates at differential rates depending on 

the cell requirements, such as ribosome biogenesis. Furthermore, cell cycling activity and 

regulation have a strong influence on the definition of the plant development patterns [15-19].  

Transcriptomic analysis using Arabidopsis in vitro cell culture in real and simulated 

microgravity, particularly microarray experiments, have demonstrated alterations in gene 

expression affecting various processes, functions and cellular activities, some of them related 

to abiotic stress responses and to cell cycle regulation [20-22]. To obtain a thorough 

understanding of the role of gravity in the cell developmental process, especially the cell cycle 

regulation and progression, we need to investigate the effects of altered gravity on each 

specific cell cycle phase. A synchronized suspension culture is a powerful tool in plant cell-
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cycle studies [23, 24], that we have used in gravitational alterations studies for the first time 

[25]. Synchrony can be achieved in Arabidopsis MM2d cell suspensions by arresting the cell 

cycle progression with aphidicolin [24], producing a population with up to 80% of S-phase 

cells. When the cell cycle arrest is released by removing the blocking drug, cells progress 

synchronously throughout the cell cycle, so that different samples enriched in the different 

phases can be obtained with high reliability [23].  

In this study, we have investigated the overall transcriptomic response of cell cultures 

exposed to simulated microgravity, and, particularly, the differential effects on G1 and G2/M 

subpopulations of cells, in order to understand the early effects of simulated microgravity in 

cell cycle regulation and progression. The simulated microgravity methodology has already 

been validated in this cell culture system [26, 27], and an effect on cell cycle regulation was 

observed in non-synchronous populations [25]. To reveal the transcriptional mechanisms of 

the plant response to the simulated microgravity environment, we performed a microarray-

based transcriptomic approach on immobilized and synchronized cell cultures (enriched in 

G2/M and G1 cells as described in [28]) grown under simulated microgravity conditions 

produced in a Random Positioning Machine (RPM). This allowed us to confirm and extend 

previously described alterations in cell cycle and to provide new insights into the stress 

pathways involved in the response to altered gravity conditions.  

 

2 Material and Methods 

2.1 Immobilization of Arabidopsis cell suspension culture  

Arabidopsis thaliana (L.) (Ecotype Landsberg erecta) cell suspension culture (MM2d) was 

grown in Murashige and Skoog medium supplemented with 3% w/v sucrose, 0.5mg/L NAA, 

0.05mg/L kinetin, with pH adjusted to 5.8 using 1N NaOH (MMS medium). MM2d cells 

were maintained by sub-culturing (1:20 dilution) every 7 days in 250mL Pyrex flasks, with 

continuous shaking at 120 rpm in an incubator shaker at 27º C in darkness [24]. 7 days old 

MM2d cells were used directly as the asynchronous culture or treated with aphidicolin 

(synchronous G1 and G2/M subpopulations cells) as described by Menges and Murray [24] to 

arrest cell cycle progression at the G1/S transition to obtain synchronic subpopulation of cells 

(aphidicolin block/release, named T0). Then, for the cell culture immobilization, we adopted a 

procedure for immobilizing cells in agarose designed to be used in spaceflight [29, 30]. The 
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full technical details of the modified procedure are found in a separate publication [26 ]. 

MM2d asynchronous and synchronous (T0) cultures were embedded in low melting agarose 

(1% w/v), exposed to the altered gravity treatment. To recover the cells at the end of each 

experiment, agarose-embedded cells were gently fixed by adding 1 ml of paraformaldehyde 

(4% w/v PFA, Electron Microscopy Sciences, Hatfield, PA, USA) in phosphate-buffered 

saline (1x PBS buffer) onto the surface of the plate for 15 min to arrest the biological activity. 

Then, agarose-cells mix was successively dissolved in a water bath at 63ºC, concentrated by 

centrifugation and directly frozen by immersion in liquid nitrogen. The time needed to collect 

frozen samples was always less than 1 hour after the end of the experiment.  

2.2 Microgravity simulator and experimental design 

Agarose-embedded Arabidopsis cell suspension cultures (synchronous and asynchronous) 

were exposed to simulated microgravity with an RPM [Random Positioning Machine, Airbus 

Defence & Space, Leiden, the Netherlands [31]]. The RPM in its original configuration is 

widely used as a simulator for microgravity. A real random algorithm was used with the 

maximum angular speed set at 60º per second with arbitrary direction and interval. Sample 

distance from the center of rotation was not more than 10 cm in order to keep the residual 

centrifugal accelerations below 10-3g [31, 32]. The 1g control experiment was performed with 

similar samples attached to the static part of the RPM, for the control cells to be subjected to 

the same environmental temperature and residual vibration forces as the samples grown in the 

RPM rotating part of the instrument. The fluid motion effects related to the rotation should be 

nihil, since the cells are immobilized in agarose, just with this purpose [33].  

Since we had previously established that there was a quick entry into M phase under 

simulated microgravity conditions [28], agarose-embedded cultures (synchronous and 

asynchronous subpopulations) were exposed to simulated microgravity conditions for 

different experimental durations accordingly. To obtain the maximum enrichment in each cell 

cycle subpopulation (higher than 2/3 of the cell population), the exposure time was 7h RPM / 

10h 1g control hours for the G2/M synchronized samples, 14h RPM / 16h 1g control for the 

G1 synchronized cells and 14h RPM / 14h 1g control for  the asynchronous reference cells. 

These reference times have been confirmed by flow cytometry in a parallel experiment with 

aliquots of the same cell culture system and microgravity simulator conditions as described 

here [28]. Cells were recovered from the agorose and frozen until RNA extraction.  

2.3 RNA extraction and quantitative real-time PCR (RT-qPCR) 
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Total RNA was extracted from frozen cell samples using the “REAL Total RNA Spin Plants 

and Fungi” kit (REAL, Durviz S. L. Lot/21015). RNA concentration and quality were 

assessed using a spectrophotometer (NanoDrop ND-1000, Thermo, USA). 4 μg of RNA for 

each sample were incubated with 1μl DNase enzyme (Turbo DNA-free; Ambion AM1907). 

qPCR was performed using DNA amplification and quantification kit (SYBR Green QRT-

PCR, Agilent, USA) according to the manufacturer, using gene-specific primers 

(Supplementary Table 1) to validate the samples that will be utilized in the microarray 

analysis later. qPCR running was performed using the iQ™5 Multicolor Real-Time PCR 

Detection System (Bio-Rad). The qPCR data for each target gene were presented as average 

expression levels over three biological replicates analyzed twice per reaction, relative to the 

expression levels of the Actin reference gene (Supplementary Table 1). Data analyses were 

performed using iQ™5 optical system software v2.1. 

2.4 Microarray protocol and design 

Microarray analysis was carried out at the Unité de Recherche en Génomique Végétale (Evry, 

France), using the CATMAv6.2 array based on Roche-NimbleGen technology. A single high-

density CATMAv6.2 microarray slide contains twelve chambers, each containing 219684 

primers representing all the Arabidopsis thaliana genes: 30834 probes corresponding to CDS 

TAIRv8 annotation (including 476 probes of mitochondrial and chloroplast genes) + 1289 

probes corresponding to EUGENE software predictions. Moreover, it included 5352 probes 

corresponding to repeat elements, 658 probes for miRNA/MIR, 342 probes for other RNAs 

(rRNA, tRNA, snRNA, and soRNA) and finally 36 controls. Each long primer is triplicate in 

each chamber for robust analysis and in both strands. For each biological repetition and each 

time point, RNA samples were obtained by pooling RNAs from fractions of 0.5g of frozen 

cell pellet (Arabidopsis cell cultures). Three different experimental conditions were collected 

to be analyzed transcriptionally; synchronous G2/M, synchronous G1, and asynchronous 14 

hours’ samples in both 1g control and simulated microgravity by RPM. Total RNA was 

extracted as indicated in the previous section. Four hybridizations per comparison were 

performed to guarantee statistical robustness. The labeling of cRNAs with Cy3-dUTP or Cy5-

dUTP (Perkin-Elmer-NEN Life Science Products) was performed as described in [34]. The 

hybridization and washing were carried out in accordance to NimbleGen Arrays User’s Guide 

v5.1 instruction. Two-micron scanning was performed with InnoScan900 scanner (InnopsysR, 

Carbonne, France) and raw data were extracted using MapixR software (InnopsysR, Carbonne, 

FRANCE). Using probe sets of interest by qPCR, we checked that the statistically meaning 
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expression ratios are consistent to those determined by microarray analysis (Supplementary 

Table 2). 

2.5 Statistical analysis of raw microarray data and database submission 

Raw data of each array have comprised the logarithm of median feature pixel intensity at 

wavelengths 635 nm (red) and 532 nm (green). A global LOESS intensity-dependent 

normalization [35] was performed to correct the dye bias, and is based on the intensity log-

ratios averaging over the duplicate probes within each array and the technical replicates. We 

perform all analyses based on the gene assignments from the TAIR v8 Arabidopsis genome 

used in CATMA V6.2 design to be more comparable with other CATMA Database studies in 

the same platform and to avoid bias when transferring to a different version of Arabidopsis 

genome in additional to the already present effect of using a Landsberg erecta ecotype custure 

in a Columbia-0 ecotype microarray. Hence the corrected average log-ratio is calculated for 

each gene considering the replicates that are used to calculate the moderated t-test [36]. 

Under, the null hypothesis, no evidence that the specific variances vary between probes is 

highlighted by Limma, and consequently, the moderated t-statistic is assumed to follow a 

standard normal distribution. To control the false discovery rate (FDR), adjusted p-values 

found using the optimized FDR approach of [37] were calculated. Probes with an adjusted 

FDR p-value ≤ 0.05 were considered as being differentially expressed. The analysis was done 

with the R software. The function SqueezeVar of the library Limma was used to smooth the 

specific variances by computing empirical Bayes posterior means. The library kerfdr has been 

used to calculate the adjusted p-values. R-software curated microarray data were further 

processed and analyzed using different bioinformatics tools. Microarray data from this article 

were deposited at CATdb [38] (Project Au13-11_Gravity) according to the ‘Minimum 

Information About a Microarray Experiment’ standards. It is also accessible from Gene 

Expression Omnibus database reference GSE60473 and GENELAB NASA database 

reference GLDS-144.  

2.6 Clustering of microarray data (GEDI Clustering) 

Global expression patterns were calculated using the GEDI v2.1 program analysis [39]. GEDI 

profile allows the visualization of the gene expression across the transcriptome generating a 

mosaic image or dot matrix, consisting of 20 x 23 pixels (average of <46 probe sets/tile) using 

the self-organizing maps algorithm and standard setting of the software [39] using the signal 

log2 ratio of the selected probe sets through using the 20961 probes with any significant 

change in expression from the total of 73229 probes included on the CATMA arrays. Each 
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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 firstly decides 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. A secondary GEDI analysis to isolate Gene Ontology list was used with a 2x18 

pixels setting and including only 993 probe sets with differential expression in G1 and G2/M 

subpopulations (at least 2 fold change) and default GEDI settings. 

2.7 Gene ontology analysis 

Gene ontology (GO) was performed using The Arabidopsis Information Resource Tool 

(TAIR, https://www.arabidopsis.org/) providing the GO biological process depends on the 

number of genes associated with each biological function regardless of the significant impact 

of the gene on the function. Thus, to provide significance to each altered molecular function, 

we performed the GO weighting at GeneMANIA web-tool (selecting Arabidopsis thaliana as 

model system and introducing our gene lists in the upper tag at http://www.genemania.org/ 

[40]).  

2.8 Stress responsive transcription factor database (STIFD) 

STIFD, is a comprehensive collection of biotic and abiotic stress-responsive genes in 

Arabidopsis thaliana [41-43] that includes 3150 abiotic stress-related genes identified in 

response to UV-B, heat, osmotic,  iron,  aluminum, wounding, ABA, cold, drought, light, 

NaCl, oxidative and/or dehydration stresses (http://caps.ncbs.res.in/stifdb2/index.html, 

Supplementary Table 3). An exhaustive stress response analysis was determined with this tool 

in the three cell cycle subpopulations under simulated microgravity. 

 

3. Results 

3.1 Simulated microgravity produces a depletion in whole-genome transcriptional status 

through cell cycle phases 

Global transcriptional profiles of three different samples exposed to simulated microgravity 

(RPM) versus the corresponding 1g control were compared in this analysis; synchronous 

cultures enriched in G2/M and G1 phase subpopulation, and asynchronous cultures (Figure 1). 
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As a first validation of the microarray study, the signal log ratio obtained from the microarray 

scan was compared with several qPCR experiments from selected genes of interest, 

confirming that differentially expressed genes (DEG) found by the microarray statistical 

analysis were consistent with the qPCR method (Supplementary Table 2). 

By using the visual GEDI tool, a map of the whole genome, including DEG in any condition, 

was obtained in a panel for each experimental condition (Figure 1). The scale bar indicates 

that the average change in expression in each gene cluster (represented by one pixel) was 

negative, so there was a reduction in the global expression level of the simulated microgravity 

samples versus the 1g control, which is consistent with previous results reporting a depleted 

RNA pol II activity and global transcription on these samples [28]. Comparison of patterns 

corresponding to the three different conditions shows that the synchronous G1 was closely 

related to the asynchronous cells. This result is expected since both samples were exposed to 

simulated microgravity for the same time and contains a similar number of G1 cells , 67% of 

G1 cells [25]. However, it should be noticed a small left-center area in all panels that includes 

the clusters of genes that are up-regulated (in red) in both synchronous samples (G1 and 

G2/M) and down-regulated (in blue) in the asynchronous culture (Figure 1). The fact that, 

despite all panels reflect the simulated microgravity effect (RPM versus 1g comparison) the 

transcriptional response is clearly different in the two cell cycle subpopulations, should be 

emphasized. Indeed, the transcriptome pattern of the synchronous G2/M shows changes in the 

opposite way as shown for the G1 and asynchronous culture, in some areas (Figure 1).  

 

3.2 Simulated microgravity affects different biological/molecular processes and cellular 

components when cells are on different cell cycle phases 

Using TAIR Gene Ontology (GO) analyses with a 2-fold DEG, we found that the main up-

regulated biological functions are related with “cellular response to stress” and “abiotic or 

biotic stimulus-related genes”, being more than 30% of the up-regulated DEG in G2/M and 

20% in G1 and in the asynchronous culture (Figure 2A). A similar 30% of up-regulated DEG 

belongs to the “unknown biological process” GO group in all the samples. Interestingly, a 

remarkable number of genes belonging to the “developmental processes”, “cell organization 

and biogenesis”, and “DNA metabolism” groups are up-regulated DEG in G1 (Figure 2A). 

Regarding down-regulated biological processes (Figure 2B), 40% of the down-regulated DEG 

belong to the “unknown biological processes” group. A substantial number of “cell 

organization” and the “developmental processes” DEG appeared down-regulated in G2/M 
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compared with G1 and asynchronous cultures. Furthermore, it is noticed that a 20% of the 

down-regulated DEG were “protein metabolism” genes in all the samples as well as 

“transcription and DNA-dependent functions” GO group (15% of the down-regulated DEG). 

Remarkably, “response to stress” and “abiotic or biotic stimulus” DEG were unevenly 

distributed in both subpopulations, affecting a similar 20% of the up-regulated and down-

regulated DEG in G1 and the asynchronous cultures, compared with less than 15% of down-

regulated DEG in G2/M versus a remarkable 40% enrichment in the up-regulated DEG. 

 

3.3 Common effects of the simulated microgravity environment in all the cell cycle 

subpopulation samples  

To locate the key genes responding to the simulated microgravity environment, we compared 

the list of DEG appearing simultaneously in the three subpopulations of cell suspension 

cultures. Figure 3 reflects the number of common up- and down-regulated DEG in the three 

experimental samples. Similar numbers of up-regulated (73) and down-regulated (83) DEG 

are found (full genelists available as Supplementary Table 4). When analyzing the GO 

biological processes affected in both groups, minor variations have been observed 

(Supplementary Figure 1), but differences appeared after using the GO cellular component 

analysis (Figure 3C). A high number of up-regulated DEG related to the mitochondria 

compartment (24% versus 5% in the down-regulated list) at the expenses mainly of the 

nuclear activity-associated DEG (22% in the down-regulated list versus 14% in the up-

regulated list). Moreover, 15% of the commonly up-regulated and 12% of the down-regulated 

DEG are associated with any of the cellular membranes, while 5-3% are related to the cell 

wall.  

Simulated microgravity alters some specific molecular function GO domains in all the three-

different experimental subpopulations of synchronous and asynchronous cultures (Table 1). 

Significant up-regulation of the NADH/oxidative activity-related genes was observed together 

with other mitochondria-related functions. Regarding ontology of down-regulated genes, it is 

noticed that ribosome activity and the photosynthesis-related functions were down-regulated 

significantly by the simulated microgravity environment.  

3.4 Differential effects of simulated microgravity on gene expression through the cell 

cycle progression (synchronous G2/M and G1 subpopulations)  
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To distinguish the effects of simulated microgravity in each cell cycle phase, additional GEDI 

clustering analysis was performed, including the lists of DEG that show at least a 2-fold up-

regulation/down-regulation in G2/M synchronous subpopulation and any DEG in the G1 

phase subpopulation. As shown in Figure 4, genes were not evenly distributed by the clusters 

provided by the GEDI algorithm. In fact, not all possible combinations produced by the 

clustering algorithm did found genes to be included within (for example, there were no genes 

greatly up-regulated in G2/M with no variation in G1, as shown in the empty spaces between 

List 7 and 8), strengthening the usefulness of the clustering tool. Since GEDI tool has been 

particularly designed with that purpose, we were able to isolate similar DEG clusters 

behaving differentially through the progression of the cell cycle phases and to classify them in 

eight different lists of genes (Figure 4, and full genelist shown in Supplementary Table 5). 

When analyzing gene ontology enrichment (molecular function) with GeneMANIA tools, 

four of these lists produced molecular functions significantly overrepresented (Table 2). GO 

(molecular function)-enriched groups in gene List 1 (significant down-regulation in G2/M and 

significant up-regulation in G1) reveal that the cell cycle regulation function was down-

regulated in G2/M and up-regulated in G1 under the simulated microgravity conditions. Also 

functions related with cell division, such as the microtubule motor activity and plasma 

membrane, are overrepresented in List 1. Plastid ribosome, organellar ribosome, and 

photosystem are the biological functions repressed in G2/M phase and weakly repressed in G1 

due to simulated microgravity (included in List 3). List 7, reporting the gene ontology 

analysis for strongly up-regulated genes in G2/M and less, but also up-regulated in G1 under 

simulated microgravity, refers to functions related with energy production correlated to 

mitochondrial NADH dehydrogenase, and respiratory chain activity. Finally, List 8 is 

enriched in abiotic stress (heat shock) response and the hydrolase activity (oxidative stress 

response) components, which are significantly up-regulated in synchronous G2/M and down-

regulated significantly in G1.    

3.5 Abiotic stress-related genes are differentially activated in Arabidopsis in vitro culture 

(synchronous/asynchronous) under simulated microgravity  

Due to the large number of stress-associated DEG after the simulated microgravity treatment 

(GO results, Figure 2 and Supplementary Figure 1), a specific in-depth analysis of these genes 

was performed using STIFD. This database has classified thousands of plant cell stress 

response genes evolved to cope with other abiotic stresses (Supplementary Table 3) and we 
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have tested in this analysis their differential contribution to the transcriptional change induced 

by simulated microgravity in synchronous and asynchronous cell cultures.  

It is noticed that, from the total number of DEG, approximately 20-23% of them belong to 

abiotic stress described genes. As already observed in gene ontology results, there was a 

differential expression of these genes in the cell cycle synchronic subpopulations 

(Supplementary Figure 2). Synchronous G1 or G2/M samples showed a similar number of 

stress-related DEG (around 20% of the total DEG), but the number of up-regulated stress 

DEG was 2/3 of them in G2/M, while the opposite effect, 2/3 of down-regulated stress DEG, 

was observed in G1 samples. Furthermore, asynchronous (14h) sample showed similar, but 

slightly higher effects than synchronous G1 cultures. To determine the contribution of each 

specific abiotic stress to this picture, a heat map was created using R program, including only 

stress-related DEG in each experimental condition (Figure 5A). In synchronous G2/M, it was 

found that 25% of the plant genes that respond to UV-B, heat, osmotic and wounding are up-

regulated under simulated microgravity conditions, while this percentage dropped to 10-15% 

in DEG related to other abiotic stresses (Figure 5B). Despite that, the number of DEG in those 

stress categories was small in comparison with the numbers obtained belonging to drought, 

NaCl, light and cold stress categories, showing lower percentile representation but keeping 

the same trend between subpopulations. After 14 hours in synchronous and asynchronous 

cultures, the UV-B, heat, osmotic and wounding DEG (the same four abiotic stresses which 

were up-regulated in G2/M) were repressed; they represented around 20% of the stress DEG 

to each abiotic stress group (note that some genes appeared in more than one stress category).   

 

4 Discussion 

Microgravity exposure is a known stressor that affects plant developmental processes, 

including cell division, through the regulation of the cell cycle progression. Exposure of 

Arabidopsis in vitro suspension cultures (synchronous/asynchronous) to simulated 

microgravity produces significant alterations in the gene expression profiles. Overall, the 

transcriptional expression shows a general depression in all the samples analyzed. This 

reduction of the global transcription is compatible with a decrease of the cell activity and the 

low level of the ribosome biogenesis rate caused by simulated microgravity [25, 44, 45]. We 

demonstrate here that actively proliferating cells respond differently to simulated 
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microgravity, depending on the cell cycle phase. The overall down-regulation is not evenly 

distributed in the three different cell cycle subpopulations studied (two synchronous and one 

asynchronous). After 7 hours of exposure to simulated microgravity, we noticed a particularly 

repressed gene expression profile on the synchronous G2/M samples, while the balance of 

induced/repressed genes was restored after 14 hours in both synchronous G1 and 

asynchronous cultures. Furthermore, these differential effects of simulated microgravity in 

each cell cycle phase are not only quantitative, but also qualitative, since the identity of genes 

affected varies from G2/M to G1 phase (Figure 4, Table 2). Thus, we can assume that G2/M 

subpopulation is more sensitive to gravity alteration. This finding confirms previous results 

using different cell biology analyses, suggesting that the G2/M checkpoint is relaxed under 

simulated microgravity conditions, producing a premature entry into mitosis [44]. In fact, the 

cell cycle regulation genes are upregulated in the G2/M samples while down-regulated in the 

G1 subpopulations, in agreement with the observed cell cycle duration [25, 28]. 

GO analysis reveals that exposure to simulated microgravity induces changes in the 

expression of genes mostly associated with cellular response, stress and unknown biological 

processes. Although the cell culture and the microarray design belong to different ecotypes 

that show variable transcriptional responses to tropisms or environmental stresses including 

gravitational stress [46], we expect that the overall GO results will be very similar. 

Remarkably, the general depression of the global transcription is associated with the down-

regulation of genes mostly related to metabolism, cell organization, and developmental 

processes. From the GO results on cellular components (Figure 3), we have found that about 

15% of DEG (up- and downregulated) were associated with membranes. This finding 

suggests a role of the graviresistance mechanism in the early cellular response to 

microgravity, as a complement to the gravitropism phenomena that relies on the gravity 

perception using specific organs present in plants root (statoliths), but not present in the cell 

culture used in this study [1]. It has also been reported that the function of some membrane-

linked proteins of Arabidopsis is modulated by real microgravity, in a study performed on 

board the International Space Station using Arabidopsis seedlings [47, 48]. Interestingly, a 

possible basis for many of these responses may be traced back to a translation of changes in 

forces associated with the cytoskeleton and cell wall. In the tensegrity-based model of the 

gravisensing [49], an actin-based cytoskeletal network throughout the cytoplasm is coupled to 

the stretch-sensitive receptor in the plasma membrane. Cytoskeletal actin filaments attached 
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to the plasma membrane have been postulated to participate in gravity-related signaling [50, 

51]. 

We also explored whether the mitochondrial function is adversely affected by changes 

associated with the simulated microgravity conditions in our biological model system. 

Transcriptome results (Common molecular functions GO domains, Table 1) reveal that 24% 

of the upregulated DEG altered by RPM conditions in all the experimental samples is 

associated with mitochondrial cellular components. These primary results suggest that plant 

mitochondria and cell energy production may play a role in the cellular response to altered 

gravity conditions. The same relationship was observed in other microgravity studies in plants 

[52], but also in Drosophila [53], rodents [54], cultured human lymphocyte [55] or human 

ocular tissue [56]. Furthermore, recent studies support this role during abiotic/biotic stress 

response [57-61].  

An intriguing result arisen from our array analyses was the detection of many genes of 

unknown function (30% of the up-regulated and 40% of the down-regulated DEG, Figure 2) 

appearing affected by simulated microgravity. It was reported that over 13% of Arabidopsis 

thaliana genes code for proteins classified as having an entirely unknown function, while the 

function of more than 30% of Arabidopsis proteome is poorly characterized [62]. We can 

hypothesize that the expression of these unknown, or poorly characterized genes, might be 

required for novel defense mechanisms, or that they could be involved in critical signaling 

pathways [63, 64]. This suggests that genes of unknown function could play an important role 

in abiotic stress signaling or response, or in general acclimation mechanisms [64, 65]. 

Altogether, these genes could provide a transcriptional background that can help the cell to 

survive under unusual stress conditions, such as altered gravity, in a sessile organism that 

cannot escape from environmentally adverse conditions. 

Our stress-related findings may also have implications to the plant cell responses to other 

suboptimal environments on Earth, for example when adapting to new ecological niches. 

Transcriptional profile of the abiotic stress related genes was utilized in our study to define 

the alterations caused by simulated microgravity on Arabidopsis cell cultures (synchronous 

and asynchronous) for different exposure times. For this purpose, more than 3000 abiotic 

stress related genes were examined (Figure 5 and Supplementary Figure 2). From this study, 

we can conclude that microgravity conditions could alter the way by which organisms detect 

and respond to other environmental factors. In fact, microgravity is a unique environment for 
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plants, so that any response to this alteration can provide insights into the way by which 

eukaryotes cope with abiotic signals that lie entirely outside their evolutionary experience. 

Gene ontology data analyses reveal that 30% of the up-regulated DEG are classified as 

associated with biotic and abiotic stress. From these results, up-regulation of abiotic stress 

DEG is particularly complex, including more than 13 different types of genes related to 

different abiotic stresses, especially UV-B, heat, osmotic, wounding, cold, drought and saline 

stresses. This result suggests a synergistic effect that promotes a complex response to 

different environmental stresses, combining different abiotic stresses pathways [53, 66].  

Moreover, the differential patterns of stress pathways gene expression observed in our 

samples can be explained by the differential sensitivity to the microgravity stimulus 

throughout the cell cycle [25, 28], but it could also reflect an adaptive strategy through the 

progression of the experimental exposure. It is noticed that the percentage of the up-regulated 

stress-response genes is reduced in the 14-hour experiments (synchronous G1/ asynchronous 

14h) compared with the 7 hours in the synchronous G2/M. It is proposed that a rapid initial 

response to a new environment within the first 7 hours occurs mainly through over expression 

of stress related genes, and patterns of gene expression change as a longer-term adaptive 

strategy inhibiting those pathways. It is remarkable that the asynchronous 14h culture shows a 

more evident trend than the G1 synchronous sample due to the presence of more G2/M cells, 

apparently more sensible to the gravitational stimulus [28] (in the synchronized G1 14h 

sample most of the cells completed mitosis and still did not have time to reach the next G2/M 

phase since aphidicolin removal). Future experiments should include additional exposure 

times to detect the initial response after minutes of exposure, accompanied with long-term 

experiments even extending towards mature plants.  

In our data, the most dramatic response was in UV and heat shock-related genes, effects that 

were also observed in the cell cultures responding to the spaceflight [21, 67]. Over 25% of the 

genes encoding heat stress and UV were up-regulated in response to the simulated 

microgravity. Although our samples were not exposed to light variations (experiments were 

performed in darkness conditions requested by the MM2d culture) not to temperature changes 

capable of promoting a classical heat shock response, both UV and heat shock proteins were 

affected. This fact confirms that signal transduction pathways are overlapping and that heat 

shock protein genes are up-regulated in order to trigger tolerance for multiple environmental 

stresses [68].   
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Differentially regulated genes also reflect categories of genes broadly associated with osmotic 

stresses including osmotic, ABA, drought and NaCl stress and on the other hand associated 

with the oxidative stresses, despite the well-controlled culture medium used in our study. 

Therefore, a direct and obvious relationship between the affected osmotic/oxidative genes and 

simulated microgravity is missing. Moreover, the presence of these other stress-response 

genes is not related to the stimulus they used to detect but instead included into a cross-linked 

unspecific/novel stress response pathway to counteract gravity-related changes.  

 

5 Conclusions 

Collectively, these results support that simulated microgravity produces an intense 

reorganization of cell cycle regulation through classical mechanisms shared with other stress 

conditions, together with unknown function genes. Energy/redox, proliferation/growth and 

stress pathways are affected unevenly along cell cycle, and differential GO groups regulation 

leads to longer G1 and shorter G2 phases. Pathway analysis is consistent with plant 

development alterations observed during spaceflight, probably used to respond to reduced 

gravity as an evolutionary novel environment. Considering all these results, simulated 

microgravity conditions could also provide us a way to improve our sustainable agriculture 

strategies to fight against both biotic and abiotic stresses, both on Earth and under space 

colonization agronomy/life support systems. Using the RPM for simulating microgravity 

provides a useful model to study the behavior of the plant response to biotic/abiotic stress 

under real space conditions. However, the final goal would be to perform such a study under 

real microgravity conditions. In such studies, we can focus on the synergies among multiple 

environmental stresses, and investigate on these mechanisms in crop plants, with the double 

objective of  facing the challenges due to climatic change in our planet and opening the way 

to agriculture outside of Earth.    
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Figure captions  

 

Fig. 1: GEDI whole-genome transcriptional status of synchronous cell culture (cell cycle 

phases; G1 and G2/M) and asynchronous cell culture (14 hours) under simulated 

microgravity. A 20 x 23 clustering analysis of the transcriptome have been done with the 

average of each gene expression level within a similarly expressed cluster for the three cell 

cycle subpopulations (simulated microgravity compared with 1g control). Values are shown 

according to the signal log2 ratio scale in the center of the figure (from highly overrepresented 

in red to highly down-represented in blue). The mean value of -0.1 indicates an overall 

repression in gene expression under simulated microgravity. The gene density map is shown 

on the right. The average number of probes per cluster is = 46, homogenously distributed and 

total number of probes included in the GEDI analysis is 20961. 

 

Fig. 2: Analysis of enriched GO Biological process groups (TAIR ONTOLOGY) related to 

DEG in Arabidopsis cell cultures (synchronous/asynchronous) under simulated microgravity. 

A) Relative proportion (%) of each GO Biological process in the common upregulated DEG 

more than 2 fold. B) Relative proportion (%) of each GO Biological process in the common 

downregulated DEG more than 2 fold. An asterisk indicate the cell subpopulations with a 

clearly differencial effect for the given GO group (t-test  p<0,05). 

 

Fig. 3: Gene ontology analysis of the common DEG in Arabidopsis synchronous (G2/M and 

G1) and asynchronous (Async.) under simulated microgravity. Venn diagram showing the up-

regulated DEG (A) and the down-regulated DEG (B) in each condition. C) Analysis of 

enriched GO cellular component groups in the common up-regulated 73 DEG. D) Analysis of 

enriched GO cellular component groups in the common down-regulated 83 DEG.  
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Fig. 4: Isolation of DEG in synchronous cell cycle phase (G2/M and G1 phases) under 

simulated microgravity. A GEDI-based clustering analysis of the 993 DEG under G2/M and 

G1 phases under simulated microgravity (significant Log2 ratio>1, see the scale on the left 

and the two colored columns) was used to isolate differential GO affected in each case. On the 

right, the density map in each cluster has been used to indicate how many genes are included 

in each cluster/group, resulting in 8 lists with a differential gene expression pattern in G2/M 

and G1 phases. List 1 includes DEG clusters (large number of genes by the brown color) 

down-regulated in the synchronous G2/M and up-regulated in the synchronous G1 phase and 

it is significantly enriched in cell cycle genes. List 2, 4, 5 and 6 DEG were not statistically 

enriched in any GO terms. List 3 refers to the repressed DEG in G2/M, which are poorly 

repressed in G1 and significantly enriched in ribosome/organellar photosystem genes. List 7 

refers to the strongly up-regulated DEG in G2/M and significantly less upregulated in G1, that 

it is significantly enriched in mytochondria/energy genes. List 8 refers to the induced DEG in 

G2/M that are repressed significantly in G1, and it is significantly enriched in Oxidative / 

Stress response genes. See Supplementary Table 5 for the complete list of genes and Table 2 

for statistical enrichment of each GO function. 

 

Fig. 5: Abiotic stress (ordered by type of stress) down- or up- regulated DEG in synchronous 

(G2/M and G1) and asynchronous (Async.) cultures under simulated microgravity. A) Heat 

map generated using R software refers to the transcriptome expression of the abiotic stress-

related DEG (according to FDR, p-value <0.05) showing in colored representation across 

different experiments samples. A predominantly green color refers to the repressed and red 

represents upregulated DEG. B) The contribution of each abiotic stress group to the total 

number of stress DEG under simulated microgravity in each experimental condition (Red 

refers to upregulated and blue refers to down-regulated). 
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Tables 

Table 1: Analysis of enriched GO groups (molecular function) in common DEG in all 

the experimental conditions. The following GO groups are significantly enriched (in the up- 

or down-regulated lists) commonly in all the samples as determined using GeneMANIA with 

default setting using FDR rankprod p value<.001. Coverage refers to the number of genes in 

the network with a given function/ all genes in the genome with that function. 

Molecular Function description FDR Coverage

Molecular Function (Up-regulated)   
Oxidoreductase activity, acting on NAD(P)H 4.39e-10 10 / 77

NADH dehydrogenase activity 8.14e-10 8 / 35 

Cellular respiration 1.76e-5 7 / 79 

Energy derivation by oxidation of organic compounds 1.76e-5 7 / 79 

Mitochondrial respiratory chain complex I 9.7e-5 6 / 60 

NADH dehydrogenase complex 1.03e-4 6 / 64 

Respiratory chain complex I 1.03e-4 6 / 64 

Generation of precursor metabolites and energy 3.16e-4 8 / 199

Mitochondrial respiratory chain 4.77e-4 6 / 86 

Respiratory chain 6.43e-4 6 / 92 

   

Molecular Function (Down-regulated)   

Plastid ribosome 3.43e-6 63 / 25

Organellar ribosome 3.43e-6 6 / 27 

Photosynthetic membrane 3.15e-4 10 / 292

Oxidoreductase activity, acting on NAD(P)H 9.24e-4 6 / 77 

Chloroplast thylakoid membrane 9.24e-4 9 / 275

Plastid large ribosomal subunit 9.24e-4 4 / 16 

Organellar large ribosomal subunit 9.24e-4 4 / 17 

Plastid thylakoid membrane 9.24e-4 9 / 277

Photosystem 9.86e-4 5 / 45 
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Table 2: Analysis of enriched GO groups (molecular function) in DEG in G2/M and G1. 

The following GO groups are significantly (Up- or Down-regulated) commonly as determined 

using GeneMANIA with default setting using FDR rankprod p-value using as input the 

corresponding four lists of DEG obtained from the GEDI clustering analysis in Figure 4 and 

Supplementary Table 2. 

 

Molecular Function description FDR 
List 1: Down-regulated in G2/M & Up-regulated in G1 
Cyclin-dependent protein serine/threonine kinase regulator activity 2.09e-5 
Microtubule motor activity 2.09e-5 
Kinase regulator activity 3.42e-5 
Motor activity 3.42e-5 
Protein kinase regulator activity 3.42e-5 
Cell cycle 3.42e-5 
Regulation of cell cycle 6.06e-5 
Anchored to plasma membrane 9.25e-4 
Intrinsic to plasma membrane 1.65e-3 
 
List 3: Down-regulated in G2/M & Down-regulated in G1 (even more than in G2/M) 
Plastid ribosome 5.95e-4 
Organellar ribosome 1.26e-3 
Photosystem 1.12e-3 
 
List 7: Up-regulated in G2/M & Up-regulated in G1 (but less than in G2/M) 
Oxidoreductase activity, acting on NAD(P)H 6.58e-21 
NADH dehydrogenase activity 4.66e-17 
NADH dehydrogenase (quinone) & (ubiquinone) activity 1.08e-12 
Oxidoreductase activity, acting on NAD(P)H, quinone or similar compound as acceptor 1.94e-11 
Respiratory chain complex I & NADH dehydrogenase complex 4.47e-10 
Respiratory chain 1.46e-8 
Oxidation-reduction process 1.58e-7 
Cellular respiration 1.72e-7 
Energy derivation by oxidation of organic compounds 1.72e-7 
Mitochondrial respiratory chain complex I 1.39e-6 
Generation of precursor metabolites and energy 5.18e-6 
Mitochondrial respiratory chain 1.75e-5 
Oxidative phosphorylation 9.32e-5 
Mitochondrial ATP synthesis coupled electron transport 9.32e-5 
Electron transport chain 1.1e-4 
Respiratory electron transport chain 2.07e-4 
Mitochondrial membrane part 2.66e-4 
 
List 8: Up-regulated in G2/M & Down-regulated in G1 
Response to heat 1.91e-39 
Response to high light intensity 2.92e-17 
Response to hydrogen peroxide 1.99e-16 
Response to light intensity 2.3e-13 
Response to reactive oxygen species 2.82e-12 
Response to oxidative stress 9.7e-12 
Heat acclimation 1.63e-6 
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Figure 1: GEDI whole-genome transcriptional status of synchronous cell culture (Cell cycle phases; G1 and
G2/M) and Asynchronous cell culture (14 hours) under the simulated microgravity alteration. A 20 x 23
clustering analysis of the transcriptome have been done with the average of each gene expression level within a
similarly expressed cluster for the three cell cycle subpopulations (simulated microgravity compared with 1g
control). Values are shown according to the signal log2 ratio scale in the center of the figure (from highly
overrepresented in red to highly down-represented in blue). The mean value of -0.1 indicates an overall repression
in gene expression under simulated microgravity. The gene density map is shown on the right. The average
number of probes per cluster is = 46, homogenously distributed and total number of probes included in the GEDI
analysis is 20961.
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Figure 2: Analysis of enriched GO Biological process groups (TAIR ONTOLOGY) related with DEG in Arabidopsis
cell cultures (synchronous/asynchronous) under simulated microgravity. A) Relative proportion (%) of each GO
Biological process in the common downregulated DEG more than 2 fold. B) Relative proportion (%) of each GO Biological
process in the common up-regulated DEG more than 2 fold. The results were compared among the three samples
(asynchronous 14h, G1, and G2/M). Significant variations refer by an asterisk (*) in which P-value < 0.05.
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Figure 3: Venn diagrams and gene ontology analysis of the common DEG in Arabidopsis synchronous
(G2/M and G1) and asynchronous (Async.) under simulated microgravity. A) Common gene analysis using
Venn diagram showing the down‐regulated DEG (left) and the up‐regulated DEG (right), and total number of up‐
and down‐regulated genes in each condition (bellow). B) Analysis of enriched GO cellular component groups in
the common down‐regulated 83 (left) DEG, and in the common up‐regulated 73 DEG (right).
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Figure 4: Isolation of DEG in synchronous cell cycle phase (G2/M and G1 phases) under simulated
microgravity. A GEDI‐based clustering analysis of the 993 DEG under G2/M and G1 phases under
simulated microgravity (significant Log2 ratio>1, see the scale on the left and the two colored columns)
was used to isolate differential GO affected in each case. On the right, the density map in each cluster
has been used to indicate how many genes are included in each cluster/group, resulting in 8 lists with a
differential gene expression pattern in G2/M and G1 phases. List 1 includes DEG clusters (large number
of genes by the brown color) down‐regulated in the synchronous G2/M and up‐regulated in the
synchronous G1 phase and it is significantly enriched in cell cycle genes. List 2, 4, 5 and 6 DEG were not
statistically enriched in any GO terms. List 3 refers to the repressed DEG in G2/M which are poorly
repressed in G1 and significantly enriched in ribosome/organellar photosystem genes. List 7 refers to
the strongly up‐regulated DEG in G2/M and significantly less upregulated in G1, that it is significantly
enriched in mytochondria/energy genes. List 8 refers to the induced DEG in G2/M that are repressed
significantly in G1, and it is significantly enriched in Oxidative / Stress response genes. See
Supplementary Table 5 for the complete list of genes and Table 2 for statistical enrichment of each GO
function.
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Figure 5: Abiotic stress (ordered by type of stress) down-or upregulated DEG in synchronous (G2/M and
G1) and asynchronous (Async.) cultures under simulated microgravity. A) Heat map generated using R
software refers to the transcriptome expression of the abiotic stress related DEG (according to FDR p-value <0.05)
showing in colored representation across different experiments samples. A predominantly blue color refers to the
repressed and red represent upregulated DEG. B) Percentage of DEG within each abiotic stress subgroup under
simulated microgravity in each subpopulation (Red refers to upregulated and blue refers to down‐regulated DEG).
Statistical analysis in (B) reveals the comparison between each stress type contribution (%) in each treatment
experiment (asynchronous 14h, G1, and G2/M). Significant variations refer by an asterisk (*) for the up‐regulated
stress related genes comparison and (#) for the down‐regulated comparison in which P‐value < 0.05.
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Supplementary figure 1: Analysis of enriched GO Biological process groups in the up- and 

down-regulated common altered expression genes in Arabidopsis synchronous (G2/M and 

G1) and asynchronous 14h under simulated microgravity.  
 

      

               

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 2: Abiotic stress related genes groups significantly Up-or 

downregulated (Fold change >2) in Arabidopsis synchronous (G2/M and G1 rich phase) and 

asynchronous cultures (14h) under simulated microgravity versus 1g control (CATMA array). 
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