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Transparent Methods 
 
Data description 
All datasets used in the current work were acquired from the NASA GeneLab public data 

repository (genelab.nasa.gov). The gene expression data for hypergravity (GLDS-190, 

Szewczyk et al., n.d.) were previously published as part of a “meta-analysis” (Kim et al., 2001). 

To perform the hypergravity studies, separate but identically prepared subcultures of mixed 

stage C. elegans strain CC1 were grown in 75 cm2 cell culture flasks each containing 25 mL 

of C. elegans Maintenance Medium (CeMM), as described (Szewczyk et al., 2003). For each 

control/hypergravity condition, twelve subcultures per condition each with an approximate 

density of 10,000 worms per mL of media were concurrently subject to four days of either 

stationary culture (control) or 5xg, 10xg, or 15xg hypergravitational force on the 8.84 meter, 

20-G centrifuge at NASA Ames Research Center. The different g levels were achieved by 

placing experimental cultures at an appropriate position on the centrifuge as calculated to 

achieve the desired amount of hypergravitational force in each instance, with 1xg stationary 

cultures placed in the same room to control for vibration plus other environmental factors, and 

procedures conducted at room temperature throughout. Total RNA was subsequently 

extracted from whole worms using Tri Reagent LS, with 1 mL of culture used to produce RNA 

for each prep. The cDNA of control and experimental worms was then prepared and labelled 

with Cy5 (red) and Cy3 (green) fluorescent dye, respectively, via reverse transcription and 

analysed on non-commercial two-channel microarrays (Stanford, US) as described (Kim et 

al., 2001; Reinke et al., 2000), with three arrays generated per level of the hypergravity 

treatment. The experimental procedures associated with each spaceflight dataset used here 

(GLDS-113, Higashibata and Hashizume, n.d.a; GLDS-112, Higashibata and Hashizume, 

n.d.b; GLDS-41, Higashibata and Hashizume, n.d.c) can be found in previous work 

(Higashitani et al., 2009; Szewczyk et al., 2008) and are summarised in Table 1. In all three 

cases, total RNA was isolated from whole worms using Isogen Reagent, with Cy3 labelled 

cRNA then prepared and analysed on the C. elegans Oligo Microarray 44 k version 2.0 

platform (Agilent Technologies, Santa Clara, CA, USA) as described (Higashibata et al., 

2016). Within each generated spaceflight dataset, arrays corresponding to either space-flown 

worms or 1xg ground control worms were identified and extracted for subsequent pre-

processing/ analyses. 

 

Pre-processing of microarray data 
Arrays were processed on a study-by-study basis using the Linear Models for Microarray 

Analysis (LIMMA) package in R (Ritchie et al., 2015). For GLDS-190, flagged spots on each 

array were first removed, after which mean foreground intensities were corrected for median 



background intensities using the normexp method with an offset of 50. Within-array 

normalisation was then performed using the global loess method, followed by between-array 

normalisation using the quantile method. Control probes and probes without a unit of 

expression for all samples were subsequently removed, with the expression of probes 

corresponding to the same WormBase Gene ID then averaged. For each spaceflight dataset, 

mean foreground intensities were similarly corrected for median background intensities using 

the normexp method and with an offset of 50. Between-array normalisation was then applied 

using the quantile method. Control and consistently non-expressed probes (above 

background) were subsequently removed, after which expression of probes corresponding to 

the same WormBase Gene ID was averaged. Expression values were also averaged across 

technical replicates where appropriate (dataset GLDS-41). Finally, we filtered each of the four 

datasets for those WormBase Gene ID’s present across every one of them, to obtain a unified 

set of 9761 genes for appropriate downstream analyses.  

 

Identifying differential expression 
For each study, differential expression was inferred between gravity condition(s) and 

corresponding 1xg controls by fitting a linear model to each gene using an empirical Bayes 

approach, as implemented in the R LIMMA package (Ritchie et al., 2015; Smyth, 2004). In 

each case, array weights were included into linear models to account for relative array quality 

in accordance with the design of each study (Ritchie et al., 2006). Differentially expressed 

genes were subsequently defined as those with a Benjamini-Hochberg (BH) corrected P ≤ 0.1. 

 

Establishing overlaps across gravity-regulated genes 
To determine common and uniquely regulated genes across different hypergravity levels we 

utilised the rank-rank hypergeometric overlap algorithm (Cahill et al., 2018; Plaisier et al., 

2010), in which genes were ranked on sign of differential expression multiplied by the negative 

log10 of their BH-corrected P-value. Commonly regulated hypergravity genes were 

subsequently defined as those significantly differentially expressed in both conditions and 

present within the optimal statistically significant overlapping gene set between conditions. 

Uniquely regulated hypergravity genes were then defined as those significantly differentially 

expressed in a single condition and not present within the optimal statistically significant 

overlapping gene set between conditions. Significance of overlap between genes differentially 

regulated across microgravity datasets was determined using a scalable Fisher Exact 

algorithm for testing multi-set interactions, as implemented in the R SuperExactTest package 

(Wang et al., 2015). Significance of overlap between genes differentially regulated in 

hypergravity vs. microgravity was elucidated using the standard Fisher Exact Test. Overlaps 

were considered statistically significant when P < 0.05. 



 

Functional annotation of gravity gene changes 
Functional characteristics of gravity-regulated gene sets were derived by testing their 

enrichment for Gene Ontology Biological Process terms, using the clusterProfiler package in 

R (Yu et al., 2012). The background gene list in each instance comprised all genes that were 

found present in each dataset after pre-processing (i.e. the 9761 genes tested for differential 

expression). Terms with a BH-corrected P-value < 0.05 were subsequently defined as being 

enriched. For visualisation purposes, enriched Gene Ontology terms were summarised by 

shorter ‘representative’ term lists by removing redundant terms using the online REVIGO tool 

(Supek et al., 2011). 

 
Protein network analysis of gravity gene changes 
Protein networks were constructed for gravity-regulated gene sets using the online Search 

Tool for the Retrieval of Interacting Genes/Proteins (STRING; Szklarczyk et al., 2019). 

Notably, STRING quantifies the strength of any given protein-protein interaction by a 

confidence score, of which provides the approximate probability that a link exists between a 

given protein pair. We thus initially constructed weighted protein networks in which all potential 

protein-protein interactions were included, regardless of their strength (i.e. confidence score 

> 0). We then considered network enrichment for protein-protein interactions across a range 

of different strength cut-offs, namely: (i) weak and above (confidence score > 0.15); (ii) strong 

and above (confidence score > 0.4), and; (iii) very strong and above (confidence score > 0.7). 

In any instance, networks were considered significantly enriched in protein-protein interactions 

when P < 0.05. Finally, we deduced hub components in protein networks using the Kleinberg 

hub score metric (Csardi and Nepusz, 2006; Kleinberg, 1999), calculated as the principle 

eigenvector of AAT, where A is the network adjacency matrix. Network components with a 

Kleinberg hub score > 0.8 were subsequently defined as hubs. Where applicable, network 

visualisations were generated using Cytoscape (Shannon et al., 2003). 

 

Uncovering putative transcriptional regulators of gravity gene changes 
Putative TFs were identified by testing gravity-regulated gene sets for enriched upstream 

regulators using the WormEnrichr web service (Kuleshov et al., 2019). In particular, we 

queried the TF2DNA database (2018 version), which contains organism-specific TF target 

gene sets based on TF binding motifs (Kuleshov et al., 2019; Pujato et al., 2014). Enrichment 

significance was assessed using the Enrichr combined score: a robust metric for quantifying 

enrichment that is obtained by multiplying the log of the Fisher exact enrichment P-value by 

the Z-score of the deviation from the expected enrichment rank. TFs with a confidence score 

> 4 were subsequently considered as enriched. 
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