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Abstract 36 

Background 37 

Given the growing interest in human exploration of space, it is crucial to identify the effect of 38 

space conditions on biological processes. The International Space Station (ISS) greatly helps 39 

researchers determine these effects. However, the impact of the ISS-introduced potential 40 

confounders (e.g., the combination of radiation and microgravity exposures) on the biological 41 

processes are often neglected, and separate investigations are needed to uncover the impact of 42 

individual conditions.  43 

Results 44 

Here, we analyze the transcriptomic response of Caenorhabditis elegans to simulated 45 

microgravity and observe the maintained transcriptomic response after return to ground 46 

conditions for four, eight, and twelve days. Through the integration of our data with those in 47 

NASA GeneLab, we identify the gravitome, which we define as microgravity-responsive 48 

transcriptomic signatures. We show that 75% of the simulated microgravity-induced changes on 49 

gene expression persist after return to ground conditions for four days while most of these 50 

changes are reverted after twelve days return to ground conditions. Our results from integrative 51 

RNA-seq and mass spectrometry analyses suggest that simulated microgravity affects longevity 52 

regulating insulin/IGF-1 and sphingolipid signaling pathways. 53 

Conclusions 54 

Our results address the sole impact of simulated microgravity on transcriptome by controlling for 55 

the other space-introduced conditions and utilizing RNA-seq. Using an integrative approach, we 56 
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identify a conserved transcriptomic signature to microgravity and its sustained impact after 57 

return to the ground. Moreover, we present the effect of simulated microgravity on distinct 58 

ceramide profiles. Overall, this work can provide insights into the sole effect of microgravity on 59 

biological systems. 60 

Background 61 

 Significant efforts have being made for the exploration of space. As such, NASA and 62 

SpaceX have planned round-trip landings by 2030s and placement of a million people in 40 63 

years to Mars. However, space conditions present different types of environmental stress such as 64 

increased levels of radiation and reduced gravity (i.e., microgravity) that negatively affect 65 

biological processes by causing changes in the transcriptome leading to bone loss, muscle 66 

atrophy, and immune system impairment, to name a few examples. To overcome this problem, 67 

the affected biological mechanisms in space conditions should be uncovered to take precautions 68 

before the colonization of Mars.  69 

 The International Space Station (ISS) has provided a great opportunity to study the 70 

impact of space conditions on biological systems. However, potential confounders at the ISS are 71 

generally neglected. For example, experiments in the ISS introduces elevated radiation and 72 

reduced gravity along with the hypergravity during the launch. These mixed stress factors make 73 

it highly challenging to detect what precisely causes the observed phenotypes. To identify how 74 

the space conditions affect the biological systems, each of the factors require a separate 75 

investigation. 76 

Microgravity is one of the major stress factors causing detrimental health effects on 77 

humans. Simulation of microgravity is a cost-effective way to study the impact of microgravity 78 
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on biological systems. For this purpose, various platforms including drop towers, parabolic 79 

flights and space flights are available. Because of their advantages to enable long term 80 

simulations in an effective and economical manner, clinostats are widely preferred to study  81 

gravitational response in biological systems, mainly plants, for decades [1–5]. Clinostats rotate a 82 

sample around a horizontal axis, thereby exposing the sample to a rotating gravitational vector. 83 

This can reduce and even possibly remove gravitational bias in the development of an organism 84 

[3, 6–10].   85 

 C. elegans is an ideal model organism for space biology studies with its completely 86 

documented cell lineage, high reproduction rate, short lifespan, and high similarity to the human 87 

genome [11–16]. In the public bioinformatics repository of NASA (GeneLab; 88 

https://genelab.nasa.gov), four studies from three missions to the International Space Station 89 

(ISS) are available from C. elegans (Table 1). However, the experimental design of these studies 90 

highly varies. For example, these studies adopted different food source (e.g., axenic or 91 

monoxenic liquid media), duration of study, developmental stage, or the worm strain while the 92 

usage of microarray technology was common for all. We and others have reported substantial 93 

variations in the transcriptomic and phenotypical responses to different liquid cultivations of the 94 

worms [11, 17]. We additionally showed that two strains of C. elegans (N2 and AB1) exhibit 95 

highly different transcriptomic profiles under liquid cultivations [11, 16]. Overall inconsistency 96 

among the space biology experiments on C. elegans highlights the necessity of a more organized 97 

and uniform experimental design for future studies where each stress factor is investigated 98 

individually.  99 

 This study investigates the sole effect of simulated microgravity on C. elegans 100 

transcriptome and the sustained impacts after return to ground control conditions. We report a 101 
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group of putative microgravity-responsive genes, we define as the gravitome, through the 102 

integration of our in-house data with the re-analyzed C. elegans data from GeneLab. Through the 103 

RNA-sequencing (RNA-seq) and mass spectrometry analyses, we reveal the downregulation of 104 

the sphingolipid signaling pathway and its potential function in longevity under simulated 105 

microgravity.   106 

Table 1. An overview of the C. elegans studies at the ISS. PRJNA146465 represents the study 107 

conducted by Universiti Kebangsaan Malaysia (UKM). 108 

 Food 
Source 

Duration Strain Develop. 
Stage 

Technology Year 

ICE-First CeMM 10 days N2 Mixed Microarray 2004 

PRJNA146465 CeMM 6 months CC1 Mixed Microarray 2006 

CERISE-4 S-Medium 4 days N2 ~L4 Microarray 2009 

CERISE-8 S-Medium 8 days N2 Mixed Microarray 2009 

 109 

Results 110 

To dissect the biological processes affected under simulated microgravity and sustained 111 

after the exposure, we first cultured C. elegans in CeHR for three weeks on ground control 112 

condition. Then, we exposed the worms to clinostat-simulated microgravity for four days (Fig. 113 

1a; Additional file 2: Movie S1) and observed the maintained impacts at four, eight, and twelve 114 

days after placing the worms back to ground conditions (Fig. 1b). RNA-seq was performed for 115 

each condition with three replicates (Additional file 3: Dataset S1). Because RNA-seq can detect 116 
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low abundance transcripts and achieve less noise in the data, unlike previous space biology 117 

studies on C. elegans, we preferred RNA-seq over microarray [18]. 118 

We generated a dendrogram for the transcriptomic profile in each condition tested and 119 

found significant differences during and after exposure to simulate microgravity compared to the 120 

ground control conditions (Fig. 1c). Thus, this result suggests that exposure to simulated gravity 121 

induces highly distinct gene expression patterns which are maintained even after 12 days return 122 

to ground conditions (approximately three generations of C. elegans in axenic medium [19]).  123 

Simulated microgravity triggers differential expression of hundreds of genes 124 

To identify the genes with the most distinctive expression levels after the exposure, we 125 

determined the differentially expressed genes (DEGs). The genes with over two-fold log2 126 

expression difference with the FDR-adjusted p-value ≤ 0.05 were considered as DEGs. Hundreds 127 

of genes demonstrated differential expression during exposure to simulated microgravity and up 128 

to eight days after return to ground conditions (Fig. 1d). Twelve days after the return, the gene 129 

expression levels started to resemble the ones in the ground control with only 91 upregulated and 130 

13 downregulated genes.  131 

 The determination of the spatial expression of the DEGs is of great importance to identify 132 

the potentially affected tissues. Thus, we performed tissue enrichment analysis for the DEGs in 133 

simulated microgravity (Fig. 2a). The downregulated genes were overrepresented in neuronal 134 

and epithelial tissues, and intestine while the upregulated genes were enriched in the 135 

reproductive system-related tissues.  136 

 Next, we conducted pathway enrichment analysis for the DEGs in simulated microgravity 137 

and return to ground conditions to identify the altered pathways and whether they are remained 138 
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to be altered after return to ground conditions (Fig. 2b). Our results suggested an upregulation of 139 

dorso-ventral axis formation and downregulation of lysosome during the exposure, and these 140 

expression patterns were maintained for four and eight days after the return, respectively. 141 

Simulated microgravity-induced gene expression differences are highly maintained for 142 

eight days after return to ground conditions 143 

 We then identified the number of simulated microgravity-induced DEGs that preserved 144 

their expression patterns after the return (Fig. 2c). The majority of the DEGs (approximately 145 

75%) from the exposed animals maintained their expression patterns after the return for four 146 

days. The shared number of DEGs decreased drastically at 12 days after the return to 16% for 147 

commonly upregulated and <1% downregulated genes with the exposed animals.  148 

To elucidate the genes showing altered expression under simulated microgravity and 149 

maintaining these expression patterns after return to ground conditions for short (4 days) and 150 

long-term (12 days), we categorized the DEGs in Venn diagrams (Fig. 2d, e; Additional file 4: 151 

Dataset 2). The genes solely upregulated in the exposed animals did not exhibit enrichment for 152 

any gene ontology (GO) term. The genes upregulated during the exposure and four days after the 153 

return, however, showed an overrepresentation for reproduction-related processes (Fig. 2d). 154 

Chitin metabolic process-related genes were induced at four days after return to ground 155 

conditions, and the expression profiles were conserved for eight days after the return.  156 

We found that the downregulated genes were enriched for the biological processes which 157 

are affected in space conditions. In particular, genes functioning in body morphology, collagen 158 

and cuticulin-based cuticle development, defense response, and locomotion were downregulated 159 

under simulated microgravity and up to eight days after return to ground conditions (Fig. 2e). In 160 

simulated microgravity and spaceflight studies, both small movement defects [20] and no 161 
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difference in locomotory behavior [21, 22] have been noted. The reason behind these 162 

discrepancies is unclear, but our results indicated differences in the expression of the locomotion 163 

genes in close to weightless environment. Similarly, neuropeptide signaling pathway genes (flp-164 

22, flp-8, flp-26, nlp-10,  nlp-12, nlp-17, nlp-20, nlp-24, nlp-25, nlp-26, nlp-39, nlp-33, nlp-165 

28, nlp-29, nlp-30, and flp-24) were downregulated during the exposure, and this expression 166 

profile was lost after return to ground conditions (Fig. 2e). These neuropeptide signaling 167 

pathway genes also exhibit enrichment for movement variant phenotypes (Additional File 1: Fig. 168 

S1) indicating altered locomotion in response to simulated microgravity.  169 

During the spaceflight, the neuromuscular system and collagen have been negatively 170 

affected [20]. In agreement with these findings, collagen genes were downregulated in our 171 

experiment during the exposure, and the downregulation was sustained for eight days after return 172 

to ground conditions. Previously, Higashibata et al. (2006) reported decreased expression for the 173 

myogenic transcription factors and myosin heavy chains in space-flown worms [20]. We did not 174 

observe differential expression for these muscle-related genes. Since their reported flight to 175 

ground gene expression ratio for the downregulated genes was less than one, and we only 176 

consider the genes with the log2 ratio greater than two as DEG, it is expected not to observe 177 

those genes in our group of DEGs. To test whether other muscle-related genes are differentially 178 

expressed under simulated microgravity, we compared our DEGs to 287 genes reported in 179 

WormBase for involvement in muscle system morphology variant or any of its transitive 180 

descendant terms via RNAi or variation. Only T14A8.2, col-103, and sqt-3 among the 287 genes 181 

showed downregulation under simulated microgravity (hypergeometric test, p-value = 0.99). 182 

Thus, our results did not suggest a significant change in the expression of the genes known to 183 

function in muscle morphology.  184 
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In our previous work, we revealed that the expression of many ncRNA molecules is 185 

triggered in response to environmental changes [16]. To identify whether a similar pattern occurs 186 

under simulated microgravity, we determined the expressed ncRNA molecules in ground control, 187 

simulated microgravity, and return. Since the housekeeping gene pmp-3 presents consistent 188 

expression patterns [16], we considered its minimum expression level (FPKM = 24.7) in our 189 

experiment as the cutoff for the expression of ncRNA molecules. The number of expressed 190 

ncRNA molecules slightly decreased in response to simulated microgravity (Additional file 1: 191 

Fig. S2a). Interestingly, this number increased drastically in the eighth day of return. We found 192 

that the expression of 126 ncRNA molecules is induced in simulated microgravity and for 12 193 

days after the return (Additional file 1: Fig. S2b) while the expression of 16 ncRNA molecules is 194 

lost during and after simulated microgravity (Additional file 1: Fig. S2c). Among the classified 195 

ncRNA molecules, mostly snoRNA and lincRNA molecules are induced while other sets of 196 

snoRNA and asRNA molecules lose expression in simulated microgravity. For instance, asRNA 197 

molecules anr-33, K12G11.14, and ZK822.8 are induced whereas anr-2, anr-9, and Y49A3A.6 198 

are silenced during and 12 days after the exposure. 199 

We next sought to identify the putative transcriptional regulators (i.e., transcription 200 

factors) of the simulated microgravity-induced genes and whether these regulators maintain their 201 

impact after return to ground conditions. That is, we determined the putative transcription factor 202 

(TF) genes [23] that are upregulated under simulated microgravity and after the return. Our 203 

results have revealed that 20 TF genes are upregulated during the exposure and 90%, 75%, and 204 

15% of these genes maintained their upregulation after the return for four, eight, and twelve 205 

days, respectively (Additional File 1: Fig. S3). These TFs play a role in a variety of mechanisms 206 

such as double strain break repair or sex determination. For example, tbx-43 is upregulated 207 
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during the exposure and for at least 12 days after the return. The best human BLASTP-match of 208 

tbx-43 in WormBase, TBR, functions in developmental process and is required for normal brain 209 

development (E-value = 3e-33; identity = 68.5%). However, many of the upregulated TFs do not 210 

have a known function. Hence, our list of simulated microgravity-induced TF gene expressions 211 

can be a rich source for the discovery of the microgravity-related transcriptional regulators.  212 

Longevity regulating pathways are affected under simulated microgravity  213 

 Spaceflight affects the mechanisms involved in delayed aging in worms. For instance, 214 

Honda et al. found that age-dependent increase of 35-glutamine repeat aggregation is suppressed 215 

and seven longevity-controlling genes are differentially expressed in spaceflight [24, 25]. To 216 

examine whether simulated microgravity induces such changes, we mapped the DEGs to 217 

longevity regulating pathway in the Kyoto Encyclopedia of Genes and Genomes (KEGG). We 218 

used a less stringent criterion for differential expression by including the genes with log2(FPKM) 219 

> 1.5 in this analysis. We determined 11 DEGs in the longevity regulating pathway genes most 220 

of which are involved in the insulin/insulin-like growth factor signaling pathway (insulin/IGF-221 

1)(Fig. 3). Interestingly, the transcription factor DAF-16 gene did not exhibit differential 222 

expression unlike its targets sod-3, lips-17, and ctl-1. Because the translocation of DAF-16 into 223 

the nucleus activates or represses target genes functioning in longevity, metabolism, and stress 224 

response, this finding was unexpected [26–29]. The nuclear localization of DAF-16 is 225 

antagonized by transcription factor PQM-1 [30], and thus an upregulation in pqm-1 may indicate 226 

inhibition of DAF-16 translocation. Our data, however, did not present a differential expression 227 

for pqm-1 and thus it does not suggest inhibition of the DAF-16 translocation. It is possible that 228 

the DAF-16 targets are differentially expressed due to translocation state of DAF-16 or 229 

involvement of other factors (e.g., other transcriptional regulators). 230 
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 The upregulation of the longevity regulating pathway transcriptional targets generally  231 

contributes to increased lifespan. Since many of these targets were downregulated under 232 

simulated microgravity, we wished to identify the potential impact of their downregulation by 233 

acquiring their RNAi phenotype from WormBase [31]. Lifespan variant (WBRNAi00063155 234 

and WBRNAi00063156) for hsp-12.6 and extended lifespan (WBRNAi00064044) for sod-3 235 

have been reported. Follow-up experiments are needed to fully understand the role of these genes 236 

in the longevity regulation under simulated microgravity.  237 

 To further investigate the involvement of the longevity genes in simulated microgravity, 238 

we compared the DEGs to the DAF-16-responsive genes [30]. We found 144 DAF-16-induced 239 

genes were downregulated and this overlap was statistically significant (hypergeometric test, p-240 

value < 0.0001). The number of shared genes between the simulated microgravity-induced genes 241 

and the genes induced or repressed by DAF-16 are 11 and 35, respectively (hypergeometric test, 242 

p-value > 0.05 for both). Similarly, the number of downregulated DAF-16-repressed genes were 243 

insignificant with a total of 57 shared genes (hypergeometric test, p-value > 0.05) (Additional 244 

File 5: Dataset S3). Together, our results suggest that the longevity regulation genes are affected 245 

under simulated microgravity and that along with the DAF-16-regulation, other mechanisms 246 

have an important function in this process.    247 

Sphingolipid signaling pathway is suppressed in response to simulated microgravity 248 

 Previous studies have suggested that the sphingolipid signaling pathway plays a role in 249 

the expression of DAF-16/FOXO-regulated genes [32, 33]. In line with this, our results showed 250 

that the sphingolipid signaling pathway is downregulated under simulated microgravity. That is, 251 

putative glucosylceramidase 4 gene (gba-4) and putative sphingomyelin phosphodiesterase asm-252 

3 are downregulated and these downregulation patterns were sustained for eight days after return 253 
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to ground conditions (Fig. 4a). This downregulation pattern indicates an attenuation in the 254 

ceramide levels through a potential decrease in the degradation of sphingomyelin and 255 

glucosylceramide to ceramide. Along with the other biological functions such as autophagy, 256 

senescence, and apoptosis, the sphingolipid signaling pathway has critical functions in ageing 257 

and longevity regulation [32, 34, 35]. The inhibition of this conserved pathway results in an 258 

extension of lifespan in animals from worms to humans [34, 35]. For example, the inactivation of 259 

asm-3 in C. elegans causes translocation of DAF-16 into the nucleus, promotion of DAF-16 260 

target gene expression, and extension of lifespan by 14% - 19% [33].  261 

 To validate the ceramide and sphingosine levels are indeed decreased in response to the 262 

aforementioned gene downregulations, we performed mass spectrometry analysis in ground 263 

control and simulated microgravity-exposed worms concurrently (Additional file 6: Dataset S4; 264 

Fig. 4b,c). Our results revealed that total ceramide, total hexosylceramide (HexCer), and d18:1 265 

sphingosine are lower (1.5-, 3.6-, and 1.4-fold, respectively) under simulated microgravity (t-test, 266 

p-value < 0.05). Similarly, sphingoid base (SB) levels decreased 1.9-fold under simulated 267 

microgravity, but this decrease was not significant (t-test, p-value = 0.055) (Fig. 4b). 268 

Interestingly, the levels of total lactosylceramide (LacCer) increased by 27-fold (t-test, p-value < 269 

0.05). Increase in the LacCer and HexCer levels have been determined as biomarkers of aging in 270 

humans and murine [36] while LacCer C18:1 was unaffected during aging in C. elegans [34]. It 271 

is unclear why LacCer levels are elevated when the HexCer levels are decreased, but the overall 272 

pattern indicates a downregulation in the sphingolipid signaling pathway under simulated 273 

microgravity. 274 

 The levels of long acyl-chain ceramides (≥C24) are elevated with advancing age and in 275 

age-related diseases such as diabetes and cardiovascular disease while C20 and C26 ceramides 276 
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are unaffected with aging or developmental stage in C. elegans [34, 37, 38]. To further decipher 277 

the potential effect of simulated microgravity on aging-related mechanisms, we quantified the 278 

levels of different acyl-chain ceramides (Additional file 6: Dataset S4; Fig. 4c). We observed a 279 

decrease in d18:1-C24, and d18:1-C24:1 ceramides (1.2-, and 3.2-fold, respectively) under 280 

simulated microgravity (t-test, p-value < 0.05). It has been found that the inhibition of C24-C26 281 

ceramide-inducing ceramide synthase HYL-1 causes improvements in neuromuscular function 282 

and age-dependent hypoxia and stress response [39, 40]. Hence, the lower levels of C24 and 283 

C24:1 ceramides in the simulated microgravity-exposed worms may indicate their positive 284 

impact on the stress response and aging of the worms.  285 

Along with their roles in aging and longevity, different acyl-chain ceramides have other 286 

distinctive functions. For example, C16-ceramide induces germ cell apoptosis [41] and C20-C22 287 

ceramide functions in resistance to hypoxia [40]. We determined that ceramides with different 288 

acyl-chain showed altered levels in response to simulated microgravity. While d18:1-C16 and 289 

d18:1-C18 exhibited a decrease (2.8- and 1.6-fold, respectively), d18:1-C20 and d18:1-C22 290 

ceramides exhibited an increase (3.7- and 1.5-fold, respectively) under simulated microgravity (t-291 

test, p-value < 0.05). Collectively, our findings suggest that sphingolipid and insulin/IGF-1 292 

pathways play a role in simulated microgravity response. 293 

Identification of the “gravitome” through comparison of the microgravity-exposed worm 294 

gene expression profiles  295 

  To investigate the “gravitome”, we compared the results from our simulated microgravity 296 

experiment to those from previous spaceflight experiments on C. elegans reported in NASA’s 297 

GeneLab database (https://genelab.nasa.gov/). For this analysis, we used GEO2R to determine 298 

the microarray DEGs (|log2 fold change (logFC)| > 2 and adj. p-value < 0.05) from the first 299 
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International C. elegans Experiment in Space (ICE-First), C. elegans RNA Interference in Space 300 

Experiment (CERISE) four and eight days, and  PRJNA146465 conducted by UKM. We 301 

reasoned that the genes that are commonly differentially expressed in all the studies should be 302 

the ones responding to microgravity. Surprisingly, the number of shared DEGs were highly 303 

limited among the studies (Fig. 5a). For instance, there were no shared DEGs between ICE-First 304 

and the other previous studies, and only five shared DEGs between four and eight days of 305 

CERISE. The experimental design of these studies has substantial differences including food 306 

source, developmental stage, strain, and exposure time (Table 1). These differences can be the 307 

underlying reason causing the highly distinct DEG profiles. For example, in the four-day culture 308 

of CERISE, approximately 9,000 L1 worms were used whereas in the eight-day culture, the 309 

number of worms was 30 to 50 L1 [42]. Additionally, because the worms become gravid in four 310 

days in axenic culture [19, 43], the eight-day culture probably has mixed developmental stage 311 

worms as oppose to the synchronized worms in the four-day culture. As expected, the four- and 312 

eight-day CERISE cultures showed profound difference in the overall gene expression profiles, 313 

as well (Fig. 5b).  314 

Higashibata et al., have reported reproducible gene expressions for myosin, paramyosin, 315 

unc-87, dim-1, sirtuin and its target genes from four-day CERISE and ICE-First [44]. We wished 316 

to evaluate the expression of these genes in eight-day CERISE, PRJNA146465, and our study, as 317 

well. Additionally, we assessed the expression levels of these genes when a different analysis 318 

method (i.e., GEO2R) is used and noted the reported expression levels in different manuscripts 319 

for the same studies (Table 2). None of the genes were in our list of DEGs and most of them 320 

showed logFC < 1 between the conditions.  Furthermore, some genes had high differences in the 321 

logFC or discrepancy for up- or downregulation among the experiments. For example, pqn-5 was 322 
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reported to be 4.18-fold upregulated in the four-day CERISE while it was 0.9-fold 323 

downregulated in the ICE-First. The same gene was upregulated 0.25-fold in PRJNA146465 324 

(Table 2). These findings highlight the necessity of uniformity in the experimental design and a 325 

detailed evaluation of the currently used techniques for achieving more reproducible and 326 

accurate results. 327 

 328 

 329 

 330 

Table 2. Previously reported [44] reproducible gene expression changes from previous 331 

spaceflight studies in C. elegans. The values represent the logFC of the gene expressions under 332 

microgravity versus ground control. NR: not reported, NA: not available. 333 

  CERISE 
(4 days) 

CERISE 
(8 days) 

ICE-First 
(10 days) 

UKM 
(6 months) 

Simulated 
Microgravity 

(4 days) 

Gene 
Name 

[44] GEO2R GEO2R [44] [20] GEO2R [45] 

 

GEO2R Cuffdiff2 DESeq2 

myo-3 -0.89 -0.78 -0.06 -0.34 -0.30 -0.28 3.12 1.61 -0.18 -0.14 

unc-54 -0.49 -0.40 -0.14 -0.45 -0.5 -0.37 NR -0.47 0.16 0.20 

unc-15 -0.62 -0.52 NA -0.33 -0.2 -0.35 NR -0.44 0.10 0.15 

unc-87 -0.25 -0.30 -0.01 -0.34 NR -0.29 NR -0.14 -1.02 -0.98 

dim-1 -0.11 -0.39 -0.15 -0.53 NR -0.34 NR -0.01 -0.45  -0.41 

sir-2.1 0.53 0.59 0.14 0.03* NR 0.07 NR 0.15 0.56 0.61 

abu-7 -1.24 -1.63 -1.18 -0.63 NR -0.71 NR -1.05 NA NA 

abu-6 -2.18 -1.91 -1.21 -0.78 NR -0.72 NR -0.40 NA NA 

pqn-78 -3.08 -3.11 -1.07 -0.80 NR -0.73 NR -0.28 NA NA 

pqn-5 -4.18 -4.89 -1.35 -0.90 NR -0.41 NR 0.25 NA NA 

lbp-6 -0.47 -0.49 -0.14 -0.61 NR -0.54 NR 0.43 -1.95 -1.89 

 334 
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 We analyzed our RNA-seq data both with the Tuxedo pipeline [46] and DEseq2 [47] to 335 

confirm that the results are not dependent upon the analysis method. The results from both the 336 

methods were clustered together indicating their similarity (Fig. 5b). The highest number of 337 

DEG overlap was between our experiment and four-day CERISE, and the overlap was 338 

significant for both the methods (hypergeometric test, p-value < 0.05) (Fig. 5c). Since the 339 

overlap between the four-day CERISE and our results from the Tuxedo pipeline is higher, we 340 

decided to use the results from this pipeline throughout the manuscript. The results from DEseq2 341 

are reported in the supplementary data (Additional File 1: Fig. S4; Additional File 7: Dataset S5). 342 

 We determined a total of 134 common DEGs between our experiment and four-day 343 

CERISE, eight of them also being common to PRJNA146465, and categorized these 134 genes 344 

as the putative gravitome (Fig. 5a, c; Additional File 8: Dataset S6). We discarded 16 DEGs 345 

showing conflicting patterns between the experiments (i.e., upregulated in one experiment and 346 

downregulated in the other) for further analyses. We reasoned that if the remaining genes are 347 

collaboratively involved in a biologically relevant process, they might have protein-protein 348 

interactions (PPIs) with each other. To test this hypothesis, we examined the enrichment for PPI 349 

of these genes by using the STRING database [48]. Among 118 DEGs, 58 had known PPIs with 350 

each other (FDR < 1.0e-16) indicating their collaborative involvement in a biological process 351 

(Fig. 5d). The GO analysis revealed that the gravitome genes play a functional role in 352 

locomotion, body morphogenesis, and collagen and cuticulin-based cuticle development (Fig. 353 

5e). Similarly, the gravitome gene products exhibit enrichment for nematode cuticle collagen N-354 

terminal and collagen triple helix repeat domains (Fig. 5f). Together, our findings suggest that 355 

mainly the collagen genes are affected under microgravity and this effect is reproducible 356 

between the studies. 357 
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 Next, we asked whether the human orthologs of the gravitome genes have relevant 358 

functions which might be affected in astronauts. We identified 64 human orthologs to 44 359 

gravitome genes in worms (Additional File 9: Dataset S7). The human orthologs exhibited 360 

overrepresentation for protein domains including calpain large subunit domain III and calpain 361 

family cysteine protease (Additional file 1: Fig. S5). Given the reported upregulation of calpain 362 

under microgravity and its function in muscle atrophy [49, 50], these results provide an 363 

additional support for a conserved gravitome in worms and humans. 364 

 Our analyses revealed that 20 putative TF genes are upregulated under simulated 365 

microgravity conditions. We wondered whether these upregulation patterns are shared in the 366 

four-day CERISE. Among the 20 upregulated putative TF genes, Y56A3A.28 and T24C4.2 367 

showed upregulation during the four-day CERISE, indicating a potential transcriptional 368 

regulation role for these two in response to microgravity. Our results additionally suggested that 369 

the upregulation pattern of these TFs are maintained for eight and twelve days after the return, 370 

respectively. We could not find a human ortholog for T24C4.2 while the WormBase-suggested 371 

human ortholog of Y56A3A.28 is PRDM16. PRDM16 regulates the switch between skeletal 372 

muscle and brown fat cells by inhibiting the skeletal muscle development and gene expression 373 

and stimulating brown adipogenesis [51]. Therefore, Y56A3A.28 can be a strong candidate as a 374 

negative regulator of the muscle development under microgravity conditions. 375 

Discussion 376 

 In this study, we examined the simulated microgravity responsive gene expression 377 

patterns and their maintained levels for four, eight, and twelve days after return to ground 378 

conditions. Longevity regulating pathways such as insulin/IGF-1 and sphingolipid signaling 379 

pathway were affected under simulated microgravity. We identified a putative gravitome by 380 
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determining the common microgravity responsive transcriptomic signatures by incorporating our 381 

study to the previous ones. Moreover, we revealed that the gravitome is potentially conserved 382 

between worms and humans by performing function analysis for the human orthologs of the 383 

worm gravitome and identifying some of their potential transcriptional regulators. 384 

Sphingolipid signaling pathway plays crucial biological roles such as lifespan regulation, 385 

apoptosis, and oxidative-stress response [32, 34, 52]. Our results revealed an overall 386 

downregulation of the sphingolipid pathway which is generally related to an increase in 387 

longevity [34]. A recent study identified decreased ASM-1 and ASM-2 levels in the ISS-housed 388 

worms indicating a similar downregulation in response to microgravity [53]. Mutant strains or 389 

RNAi knockdown of acid sphingomyelinase ASM-1, ASM-2, and ASM-3 genes increase the 390 

lifespan, ASM-3 being the most prominent one. Overall, both simulated and the ISS-introduced 391 

microgravity seem to contribute to a potential increase in longevity through the downregulation 392 

of the sphingolipid signaling pathway. Follow-up experiments are needed to delimitate the 393 

contribution of sphingolipids on longevity under microgravity. 394 

In the Twins Study of NASA, Scott Kelly was sent to the ISS for 340 days while his 395 

identical twin Mark Kelly remained on Earth. The preliminary results from this investigation 396 

showed that Scott Kelly’s telomere length significantly increased during the mission. The 397 

telomere length of Mark Kelly, however, remained relatively stable [54]. Telomere length and 398 

lifespan have a strong relationship. That is, longer telomeres are linked to longer lifespan and 399 

increased resistance to environmental stress while shorter telomeres are linked to accelerated 400 

aging and reduced longevity [55–58]. Ceramide functions in the regulation of telomere length 401 

[35, 59]. Considering our findings on decreased ceramide levels and the observations on 402 
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increased telomere in the ISS, investigation of the ceramide and telomere length relationship 403 

might prove important to uncover the mechanisms affecting longevity in space. 404 

Most of the space flight-triggered physiological changes are reverted after return to Earth 405 

[60]. Similarly, we observed that the majority of the simulated microgravity-induced DEGs (over 406 

84%) are reverted 12-days after return to ground conditions. Our results have revealed that while 407 

some biological processes are only affected during the exposure, others can be affected for at 408 

least eight days (approximately two generations) after the return. For example, neuropeptide 409 

signaling pathway genes were differentially expressed only during the exposure whereas defense 410 

response genes remain downregulated for eight days after the return. Approximately 50% of the 411 

astronauts from Apollo mission experienced minor bacterial or viral infections at the first week 412 

of their return. Later studies reported that space flight-induced reactivation of latent herpes 413 

viruses which lasted for a week after the return to Earth (reviewed in [61]). These consistent 414 

observations indicate that the detrimental effects of space conditions (i.e., microgravity) on 415 

immune system carry over even after the return. Future investigations could provide insight into 416 

whether the duration of the exposure has an impact on the duration of the lasting effects. 417 

The limitation of our study is the inclusion of mixed stage worms and the collection of 418 

samples from whole animals. This limitation is common among the aforementioned worm 419 

experiments conducted in the ISS. Considering the significantly different gene expression 420 

patterns among developmental stages and across cell types [62], it is possible to retrieve biased 421 

results from the averaged gene expression levels. It is essential to address these issues in future 422 

studies. 423 

Our integrative approach to define the gravitome has shown that the gene expression 424 

profiles widely vary among the experiments. Similarly, the comparison of spaceflight responsive 425 
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genes in C. elegans and Drosophila melanogaster demonstrated only six common genes from the 426 

European Soyuz flights to the ISS [63]. The reason for these discrepancies can be the batch 427 

effects introduced due to the differences in the experimental designs. For instance, different 428 

exposure times to the space conditions or the usage of different food source or strain can induce 429 

highly distinct responses in the worms. Furthermore, during the missions to the ISS, the 430 

organisms experience drastic environmental changes including exposure to radiation, different 431 

temperature, and gravitational forces (i.e., hypergravity and microgravity). It is crucial to 432 

examine methods used for achieving the most accurate and reproducible results and to identify 433 

the effects of individual factors (e.g., diet and gravitational force). Towards that end, we 434 

previously reported the impact of liquid cultivation of two C. elegans strains on gene expression 435 

and phenotype [11, 16] and here, studied the impact of simulated microgravity.  436 

Conclusions 437 

 Given the elevated interest in the human exploration of space, it is crucial to determine 438 

the detrimental effects of the space conditions on biological systems. Our study demonstrates 439 

that C. elegans is an efficient model to identify the impact of space on biological systems. We 440 

believe that our results will be a valuable reference for the studies on transcriptomic response to 441 

microgravity by controlling for the renowned batch effects from space conditions, allowing the 442 

worms to acclimate to liquid cultivation before the experiment, presenting the sustained 443 

transcriptomic responses after return to ground along with their putative regulators, integrating 444 

the results from the previous studies conducted at the ISS, and providing the response of 445 

different ceramide profiles to simulated microgravity.      446 
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Materials and Methods 447 

C. elegans strain and growth conditions 448 

Wild-type N2 strain was obtained from the Caenorhabditis Genetics Center (CGC). The worms 449 

were grown at 21°C. Stocks of C. elegans were acclimated to CeHR medium for three weeks 450 

prior to microgravity experiments. The ground control animals were maintained in CeHR 451 

medium in 20 mL scintillation vials as described [16]. Approximately 100,000 live worms (P0 452 

generation) were cleaned by sucrose floatation, their embryos (F1 generation) were harvested by 453 

bleaching and placed in ~40 mL of CeHR culture in sterile VueLife culture bags (“AC” Series 454 

32-C, Saint-Gobain). Culture bags were mounted in the clinostat and rotated at 1 rad/sec (~ 10 455 

RPM) for four days, which is the measured time to reach L4/adulthood [19]. The “F2” and 456 

subsequent generations were approximated by using four-day intervals.  Prior to RNA extraction, 457 

only live worms are retrieved using the sucrose floatation method.  We note that “F2” generation 458 

and beyond will not maintain synchronicity, and all will contain a mixture of generations, but 459 

recovering only the live animals enriches the RNA pool for the expected (majority) generation as 460 

each adult will produce ~30 offspring. The reason for the usage of mixed stage worms were the 461 

difficulties experienced (e.g., contamination of the liquid medium) during the synchronizing of 462 

the animals. 463 

RNA isolation, Illumina sequencing 464 

RNA isolation and RNA-seq was performed with triplicates on Illumina HiSeq 2500 in 50bp 465 

single-end reads  as described previously [16]. As we achieved high correlation for gene 466 

expressions with both RNA-seq and qRT-PCR in our previous work [16], we did not perform a 467 

separate qRT-PCR for this study. 468 
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Gene expression analysis 469 

Quality control on the RNA-seq data was done with FASTQC (version 0.11.2) [64]. All the reads 470 

were in the “very good” quality range. The DEGs were identified by using two separate 471 

approaches. First, the Tuxedo pipeline [46] was used with default parameters. Second, the 472 

DESeq2 software (version 1.16.1)[47] was utilized after quantifying the expression of transcripts 473 

with Salmon (version 0.8.2)[65]. The reference genome (WBCel235) along with the annotation 474 

file were retrieved from Ensembl [66]. We considered genes as differentially expressed if FDR 475 

adjusted p-values�<�0.05, and log2 fold change >�2 unless otherwise stated. The results from 476 

the Tuxedo pipeline was used throughout the paper as explained in the results and the results 477 

from DESeq2 were reported in the supplementary data (Additional File 1: Fig. S4; Additional 478 

File 7: Dataset S5). We discarded miRNA, piRNA, and rRNA molecules from the analysis. The 479 

ncRNA molecules (WS250) and unconfirmed genes were obtained from WormBase [31]. 480 

Dendrogram was generated with Ward’s clustering criterion by using R software. 481 

Functional analysis of the genes 482 

Gene ontology (GO) enrichment for biological processes and protein domains were assessed 483 

with Database for Annotation, Visualization and Integrated Discovery (DAVID) (v6.8) [67]. The 484 

GO network for the common DEGs between our simulated microgravity experiment and 485 

CERISE4 was created in Cytoscape (version 3.4.0) [68] by using the BINGO plugin [69]. 486 

Pathway analysis was done using KEGG Mapper 487 

(https://www.genome.jp/kegg/tool/map_pathway1.html). Tissue enrichment analysis was 488 

performed by using WormBase Gene Set Enrichment Analysis tool [70], and  FDR adj. p-489 

value�<�0.05 considered significant and top ten tissues were reported. 490 
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Comparison of DEGs to the previous studies in C. elegans 491 

NASA’s GeneLab (https://genelab.nasa.gov/) platform was used to acquire the Gene Expression 492 

Omnibus (GEO) accession numbers for the previous studies on microgravity related gene 493 

expressions in C. elegans. We identified four such studies with the following GEO accession 494 

numbers:   GSE71771 (Expression Data from International C. elegans Experiment 1st), 495 

GSE71770 (CERISE, 4 days), GSE27338 (CERISE, 8 days), and GSE32949 by UKM 496 

(PRJNA146465) from the query made on June 30, 2016 with “C. elegans” and “microgravity” 497 

terms on GeneLab. We analyzed these publicly available microarray datasets with GEO2R 498 

(https://www.ncbi.nlm.nih.gov/geo/geo2r/) for gene expressions under microgravity at the ISS 499 

versus 1G control in four and eight days CERISE and versus ground control conditions for the 500 

other two. The genes with logFC > 2 and Benjamini & Hochberg corrected p-value < 0.05 were 501 

considered as differentially expressed. 502 

STRING database (version 10.5) [48] was used to determine whether the commonly DEGs from 503 

our simulated microgravity experiment and CERISE4 show enrichment for protein-protein 504 

interactions (PPI). We only considered the interactions only from experiments, gene-fusion, 505 

databases, and co-expression and selected “high-confidence (0.7)” results. PPI enrichment 506 

showed significance at p-value < 1.0e-16 with 58 interacting nodes and 155 edges. The PPI 507 

network was visualized with Cytoscape (version 3.4.0) [68]. Edge width was determined based 508 

on the “combined score” for the interactions obtained from the STRING database. We identified 509 

the human orthologs of the gravitome with OrthoList 2 with default settings [71]. 510 

Mass spectrometry for ceramides 511 

The worms were chopped manually with razor blades on ice-cold glass. Three replicates for 512 

ground control and simulated microgravity conditions with mixed stage worms were used 513 
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simultaneously. Each sample was sent to Avanti Polar Lipids Analytical Services as a frozen 514 

extract in glass tubes for liquid chromatography with tandem mass spectrometry (LC/MS/MS) 515 

experiment for detection of Ceramide levels. Each sample was extracted by modified Bligh and 516 

Dyer extraction. The samples were dried and resolvated in 50:50 Chloroform:Methanol and 517 

diluted prior to analysis. The resolvated sample was used for analyses and stored at -20°C until 518 

assayed. Samples were diluted as needed for analysis with internal standards for Ceramides for 519 

quantization by injection on LC/MS/MS. The individual molecular species for each sphingolipid 520 

group were measured by reversed phased liquid chromatography tandem mass spectrometry 521 

methods which separate the compounds by multiple reaction monitoring m/z to fragments and 522 

retention time. Quantification was performed by ratio of analyte to internal standard response 523 

multiplied by ISTD concentration and m/z response correction factor. The results are expressed 524 

as ng/rnl. The consistency among the replicates were examined with Pearson correlation. All but 525 

one replicates in both the experiments showed high correlation (R2 > 0.9). The ground control 526 

replicate which did not show a strong correlation (around 60%) with the other replicates was 527 

excluded from the analysis. The data were analyzed with t-test (two-tailed), and p-value < 0.05 528 

was considered significant. Equal variances were confirmed with Levene’s test at α = 0.05 for all 529 

the ceramides tested. 530 

 531 

Microgravity simulation with clinorotation 532 

We used a lab-built clinostat with integrated microscope to observe the motion of small objects 533 

including microspheres, yeast cells and C. elegans embryos during clinorotation.  The trajectory 534 

of a spherical particle in a rotating vessel have been described previously in literature [2, 8, 72, 535 

73]. Dedolph and Dipert (1971) separated the motion of a spherical particle into two parts: a 536 
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circular motion under the influence of gravity, the radius of which is inversely proportion to the 537 

angular velocity (ω, rad/sec), and a radial motion due to centrifugal forces, the velocity of which 538 

is proportional to ω2 [72].  The equation of motion that describes the orbital trajectories is given 539 

by: 540 

�
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�

��

��
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�� � 
���� 
��
������ . 

In the above equation, λ is the viscous drag coefficient, m is the mass of the object, mw is the 541 

mass of the displaced water, t is time, g is the acceleration due to gravity, and q(x,y,z,t) is the 542 

rotating reference frame defined as: 543 

� � ���� � ����� � ������ . 

As a test of the performance of the clinostat we recorded the motion of fluorescent melamine-544 

formaldehyde microspheres (5.6 µm diameter, 1.51 g/cm3 density; Corpuscular Inc., Cold 545 

Harbor, NY) suspended in a 3% bovine serum albumin (BSA) solution (Additional file 10: 546 

Movie S2). This solution was injected into an 8-mm diameter, 100-µm deep, coverglass topped 547 

chamber mounted on the clinostat microscope.  Some of the melamine microspheres adhere to 548 

coverglass of the chamber, conveniently providing fiducial markers which we were able to use to 549 

compensate for the mechanical noise introduced into the micrographs by the rotation of the 550 

clinostat. We measured the terminal velocity of the suspended microspheres to be 3.2 ± 0.2 µm/s 551 

(mean ± SEM, n = 8).  Figure S6 shows a plot of the measured radius of circular motion of 552 

suspended microspheres as a function of inverse angular velocity (black dots), and the calculated 553 

radius [2] using the measured mean terminal velocity (blue line). The shaded area encompasses 554 

calculated radii for terminal velocities within one standard deviation of the mean. 555 
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GO: Gene ontology 563 
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GC: Ground control 566 

MG: Simulated microgravity 567 

R1_GC: Four days after return to ground conditions 568 

R2_GC: Eight days after return to ground conditions 569 

R3_GC: Twelve days after return to ground conditions 570 
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Figure Legends: 593 

Fig. 1: Transcriptomic response of C. elegans to simulated microgravity and return to ground 594 
conditions. (A) Clinostat used for simulating microgravity. (B) Experimental design for the 595 
effect of simulated microgravity on gene expressions during the exposure and after the return. 596 
(C) Dendrogram of the gene expression profiles for ground condition (GC), simulated 597 
microgravity (MG), four days after return to ground conditions (R1_GC), eight days after return 598 
to ground conditions (R2_GC), and twelve days after return to ground conditions (R3_GC). (D) 599 
Log2 fold change of the gene expressions (FPKM) between the conditions. 600 

Fig. 2: Differentially expressed gene profiles under simulated microgravity and after return to 601 
ground conditions. (A) Tissue enrichment of the upregulated (green) and downregulated (red) 602 
genes under simulated microgravity. (B) Pathway enrichment of the upregulated (green) and 603 
downregulated (red) genes during the exposure to simulated microgravity (MG), and four and 604 
eight days after return to ground conditions (R1 GC and R2 GC, respectively). (C) The number 605 
differentially expressed genes under simulated microgravity and the transmission of the 606 
differential expression after return to ground conditions. (D) Categorization of the upregulated 607 
genes in comparison to the ground control animals, and the enriched gene ontology terms 608 
assigned to them. (E) Categorization of the downregulated genes in comparison to the ground 609 
control animals, and the enriched gene ontology terms assigned to them.  610 

Fig. 3: Longevity regulating pathway genes are differentially expressed under simulated 611 
microgravity. Adopted from the KEGG longevity regulating pathway – worm (cel04212). 612 

Fig. 4: Sphingolipid signaling pathway is downregulated under simulated microgravity. (A) The 613 
sphingolipid signaling pathway genes asah-1, asm-3, and gba-4 are downregulated under 614 
simulated microgravity. The downregulation pattern of asm-3 and gba-4 is maintained for eight 615 
days after return to ground conditions. (B) The levels of d18:1 sphingosine, total ceramide, 616 
hexosylceramide, and sphingoid base reduced while total lactosylceramide level increased under 617 
simulated microgravity.  (C) The levels of different acyl-chain ceramides show alterations under 618 
simulated microgravity. The error bars represent the standard error of the mean (* p < 0.05, ** p 619 
< 0.01, *** p < 0.001) 620 

Fig. 5: Gravitome genes are consistently differentially expressed in the ISS and under simulated 621 
microgravity. (A) Shared DEGs among the space-flown worms and our simulated microgravity 622 
experiment. The highest number of common DEGs are between our experiment and four-day 623 
CERISE. These genes are named as the “gravitome”. (B) The hierarchical clustering of the 624 
overall gene expressions among the space-flown worms and our simulated microgravity 625 
experiment. Our results analyzed with two different data analysis pipelines demonstrated highly 626 
similar patterns. (C) The number common of DEGs were high for our results analyzed with two 627 
different pipelines. Both of the pipelines showed common number of DEGs are higher that the 628 
values expected by chance (hypergeometric text, p < 0.05). (D) Protein-protein interaction of the 629 
gravitome genes from STRING database. (E) Gene ontology enrichment of the gravitome genes. 630 
(F) Protein domain enrichment of the gravitome genes. 631 
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