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Abstract 
 
 

 
Several terrestrial tardigrades enter a state called anhydrobiosis when the surrounding environment becomes 
desiccated. In this state, the tardigrade Ramazzottius varieornatus is known to tolerate various extreme 
environments (high and low temperatures/pressures, high dosage of ultraviolet and gamma rays). Recent 
studies have reported several novel protection proteins that may play important roles in the mechanism of R. 
varieornatus anhydrobiosis. Nevertheless, a single cell gel electrophoresis conducted on R. varieornatus 
showed double strand breaks in the DNA when irradiated with 4000 Gy Co60 gamma rays, a dosage that does 
not strongly affect the life span, implying that there is also a prominent repair system. In order to determine 
the main factors of this repair system, we conducted a transcriptomic analysis for the identification of genes 
responding to severe stress. We irradiated R. varieornatus with 500 Gy of Co60 gamma ray, a dosage below 
the LD50 of eggs, and conducted a time-course low-input RNA-Seq analysis for every three hours. We have 
found a quick response group, which contains the gene Ku 70/80. These genes are known as the first 
responder in the non-homologous end joining pathway, which works as the main pathway for double strand 
repair in eukaryotes. In addition, a novel gene family with no similar proteins in public databases was found 
to have the same expression profiles with Ku80. Homologs of this gene family in  Hypsibius dujardini 
showed increase in expression during the rehydration phase, implying that this putative gene family is related 
to cellular repair. This is one of the first reports of a multi-replicate time-course RNA-Seq analysis of 
tardigrades, and these results would shed new light into the response to excessive stress of extremophiles. 
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 96 

1. Background 
 It is commonly known that water comprises nearly 70% of the cell [1], followed by carbohydrates, 
nucleic acids, lipids, and proteins. The water molecule acts as a solvent for most of the chemical reactions in the 
cell, therefore loss of water will cause cell death. 300 years ago, Antony van Leeuwenhoek observed the first 
anhydrobiotic rotifer [2], which can tolerate complete desiccation. Tardigrades, an organism that forms the 
phylum tardigrada, is also capable of anhydrobiosis, and is known to tolerate extreme environments [3-5]. In 
particular, Ramazzottius varieornatus can tolerate 4000 Gy of He ion beam even in the active stage, implying that 
it has a prominent protection and repair mechanisms. An protein localized in the nucleus called Dsup has been 
reported to bind to the DNA molecule, and when transfected into a human cell, enhanced gamma ray tolerance [6]. 
However, when irradiated with 4000Gy of 60Co gamma ray, the DNA showed signs of fragmentation, implying 
that even with Dsup functioning, damage to the DNA molecule can be induced [7]. 4000Gy of 60Co does not vary 
the life of R. varieornatus greatly, thus implying that the repair system is too prominent, with the possibility of 
novel genes aiding.  
 Therefore, we have planned and conducted a time-course RNA-Seq analysis of gamma ray irradiated 
tardigrades, to extract genes that are regulated by irradiation. We would be able to characterize the transcriptomic 
response of known pathways, i.e. DNA repair pathways, cell cycle regulation, etc. Furthermore, analysis of 
tardigrade specific genes that have been significantly up regulated in a short time frame may be related to repair of 
cellular molecules.  
 One major problem is that RNA-Seq requires few µgrams of total RNA input. RNA extracted from a 
single tardigrade averages at about 2 ng / animal, which will come to about 1000 animals. If one was to conduct a 
triple replicate, 5 time point RNA-seq, nearly 15,000 animals would be needed. Species like H. dujardini that 
duplicates at a rapid pace can be used for this kind of analysis, but R. varieornatus cannot. Therefore, previous 
studies have only been used single replicate for analysis. By using low-input RNA-seq methods, we have been 
able to conduct RNA-Seq by only 30 animals, enabling a triple replicate, multiple time point RNA-Seq. Using this 
method, we have irradiated R. varieornatus with 500 Gy, which is below the LD50 of eggs, and conducted a 
time-course RNA-Seq analysis.  

 

2. Methods 
2.1 Low-input time-course RNA-Seq 
 The workflow of the experimental protocol is shown in Fig. 1A. Tardigrades were reared based on the 
method established by Horikawa [8]. Animals were placed on 90 mm plastic plates layered with 2% volvic agar at 
22°C, and fed with Chlorella vulgaris at Keio University, Institute of Advanced Biosciences (IAB). These plates 
were sealed with parafilm and transported to Japan Atomic Energy Agency (JAEA), Takasaki Advanced 
Radiation Research Institute. On arrival, the plates were incubated at 22°C for more than 12 hours to eliminate the 
effects of the transportation.  
 2,000 tardigrades were suspended in a 1.5 mL tube, and filled with 100 µL of distilled water. These tubes 
were then irradiated with 500 Gy of 60Co gamma ray, at a dose rate of 2,008 Gy/hour at a distance of 63 cm from 
the 60Co source. The contents of the tubes were then spread over a 90 mm agar layered plate, and incubated at 
22°C until further sampling. At every three hours until 24 hours, 30 animals were picked with 10 µL Pipettes with 
the least water as possible, and placed into 200 µL tubes containing 150 µL of TRIzol (Life Technologies, N=3 
per condition), and was perserved at -20°C. These tubes were transported back to IAB in a foamed styro box, with 
dry ice to maintain low temperature, and was placed into -20°C freezer upon arrival. RNA extraction was 
conducted using Direct-Zol (Zymo Research), and cDNA synthesis, sequencing adaptor and index ligation, PCR 
amplification of library was conducted by NEBNext Ultra RNA Kit (New England BioLabs Japan) according to 
manufacture protocol. RNA was extracted within 1 week of irradiation. 20 ng of Total RNA was used as the input 
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of cDNA synthesis, and cDNA was amplified by at least 15 cycles of PCR (h1_1~h6_2 : 15 cycles, h6_3~h21_3 : 
21 cycles, h24_1~h24_3 : 23 cycles). Quality check using Nanodrop (Thermo Scientific) and nucleic acid 
quantification by Qubit RNA High Sensitivity or dsDNA Broad Range (Life Technologies) for both total RNA 
and sequence library, and electrophoresis of the sequence library was done by Tapestation D1000 for fragment 
size estimation. Since sample h09_1 showed signs of adapter dimers, further electrophoresis was done by E-Gel 
2.0% (Life Technologies) after sample pooling, and extraction of the library was conducted using NucleoSpin Gel 
and PCR Clean-up (MACHEREY-NAGEL). Sequencing was preformed with NextSeq 500 (Illumina) following 
manufacture’s instructions, using NextSeq 500 High Output Kit (75bp single end). 

 
Figure 1. Experimental workflow and informatics analysis workflow. 
[A] Experimental protocol of this research. Gamma ray irradiation to tardigrade was conducted at JAEA, and the RNA-Seq at 
IAB. ©TARUDI, ©Illumina Inc. [B] Informatics analysis workflow of this study. Gene expression quantification and 
differentially expressed testing were done, and using SwissProt/KEGG Ortholog annotation, analysis of cellular damage 
response related genes were conducted. 
 

2.2.  Expression analysis 
 Custom perl scripts and G-language Genome Analysis Environment v1.9.0 [9, 10] were used for 
sequence manipulation and data parsing. The workflow of the informatics protocol is shown in Fig. 1B. Next-Seq 
raw output includes several file formats, but to gain sequence files for each samples, de-multiplexing by bcl2fastq 
v2.15.0.4 (Illumina) and each sequencing lane were merged. Quality check of each sequenced sample were done 
by FastQC v0.11.2 [11].  
 Gene expression quantification (Transcripts Per Million reads : TPM) was done against R. varieornatus 
transcriptome [12] using Kallisto v0.42.1 [13], and statistical tests were done with edgeR v3.10.5 [14] and DESeq 

B 

A 
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v1.20.0 [15]. Genes that had FDR corrected q-value below 0.01 in both methods were called as statistically 
differentially expressed genes (DEGs). Gene expression profiles were clustered based on spearman correlations 
and ward method between both samples and transcripts using R v3.2.2 [16]. Assuming that the early responsive 
groups were related to cellular damage repair, an enrichment analysis of functional domains were done using 
Fisher’s exact test against Pfam-A domain [17] annotation made by HMMER v3.0 [18] of the whole proteome 
and DEGs. As for annotation of R. varieornatus genes, BLAST search [19, 20] of the whole proteome sequence 
against SwissProt and Uniref90 [21] and KAAS search [22] against KEGG ortholog database [23] were conducted. 
We then extracted DEGs that were homologous to genes in known DNA repair pathways (E-value < 1e-15).  
 

2 .3.  Screening of novel gene families 
 To investigate if novel paralogs were found in the DEGs, we first screened R. varieornatus genome for 
multi-paralogous gene families. From the results of a self-robin similarity search of the whole proteome using 
SSEARCH v36.3.6 [24], we clustered genes with identity of over 40 with mclblastline (--mcl-I=2.0, [25]).  
 Furthermore, it has been implied that R. varieornatus genome has several tandem paralogs. Therefore, we 
screened the genome of R. varieornatus for regions with high DEG ratio, and searched for the previous gene 
families. From these gene families, we filtered clusters with counts below 10 and DEG ratio below 0.2. 
Localization signals of these gene families predicted using TargetP v1.1b, March 2006 [26] and NLStradamus 
v1.8 [27]. Of the three clusters found, further sequence analysis was done against Clust_14. Multiple alignment 
using clustalo v1.1.0 [28, 29] and phylogenetic tree construction with PhyML v20120412 [30] were done using 
Seaview 4.5.2 [31], with 1,000 bootstraps. For the three groups, MEME v4.10.1 [32] was used for motif search in 
the amino acid sequences.  
 

3 Results 
3.1.  Clustering analysis showed two responding groups 
 Clustering of gene expression profiles were conducted to characterize the response to gamma ray 
irradiation. From the clustering between each sample using the whole transcriptome (Fig. 2A), the correlation 
between each sample were over 0.9, whereas h09_1 and h18_2 showed low similarity. Meanwhile, when 
clustering only DEGs (Fig. 2B), we observed two response groups, before 6 hours (h06) and after 9 hours (h09). 
Since the latter response continues until 24 hours, we determined this group as the late response, and the former 
group as the early response group. This grouping does not show in the DEG count (Tab. 4-1), but clustering 
expression profiles of DEGs between transcripts (Fig. 3) showed that nearly a third of the DEGs were early 
response groups (Group 6, 4, 7). Housekeeping genes were not found to be DE. 

A B 
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Figure 2. Two gamma ray irradiation response groups were observed.  
Heat map of spearman correlation between samples, using the whole transcriptome [A], and only DEGs [B]. 
 
 To determine the functions of the early response genes, we first analyzed the group 6. 219 genes (230 
isoforms) were differentially expressed, and from those genes 84 Pfam-A domain were found. By conducting a 
Fisher’s exact test between the whole genome and these 230 genes, we found 31 domain to be significantly 
enriched in this group 6 (FDR corrected q-value < 0.05, Table 1A). These domains were associated with 23 genes, 
with 7 genes with fold change over 2 (Table 1B). In this 7 genes, XRCC5 and XRCC6 are also known as Ku80 
and Ku70, respectively, which are the first responders to DSB in the non-homologous end joining pathway. The 
gene ZN12171.1 has a Kazal domain, has functions similar to the other genes with a NAS annotation. ZN03630.1 
was annotate as BCS1, which is a mitochondrial protein with chaperone like functions [33]. 

Figure 3. Clustering of TPM expression revealed two response groups. 
Clustering based on spearman correlation between transcripts. Groups 1 and 2 were late responders, and Groups 4, 
6, 7 were early responders.  

Table 1. 31 domains were significantly enriched in the genes in group 6. 
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[A] 87 domain were detected from the 230 isoforms in group 6, and an enrichment analysis showed that 31 of the domains 
were significantly enriched. DEG : # of domains in the group. Genome : # of domain in the whole genome. pval : p-value 
determined from Fisher’s exact test. qval : FDR corrected p-value using the p.adjust() function in R. [B] Genes associated 
with enriched domains. The expression of each genes of the control and h04 are shown with the fold change. ZN12171.1 was 
not annotated by SwissProt search. 

3.2.  Gene expression profiles of known pathways 
 Genes in the non-homologous end joining pathway (NHEJ:ko03450) and homologous recombination 
repair pathway (HR:ko03440) were obtained from the KAAS annotation. The genes in NHEJ were up regulated 
shortly after irradiation, where HR genes were done so after 9~12 hours (Fig. 4). Most of the genes in each 
pathway are conserved in R. varieornatus, although no homologs of XRCC4 and XLF in the NHEJ could be 
found (Fig. S4-2). Furthermore, several genes that play important roles in the DNA damage response (DDR), such 
as p53 and ATM, Nbs1 in the MRN complex were found to be deficit. On the other hand, we found several genes 
to be multi-paralogous, i.e. 4 copies of MRE11, 3 copies of DNA ligase 4, 2 copies of DNA polymerase Lamda, 
and 2 copies of Ku80 (which one was not annotated with Ku80 with SwissProt search). Out of the many copies of 
previously reported protection related proteins CAHS and SAHS, only one CASH2 (ZN10625.1) was 
differentially expressed between Ctrl and h09. 

 
Figure 4. Expression of DNA repair related pathways. 
Expression profiles of NHEJ [A] and HR [B]. DEGs between Control and the particular time point are shown as a red asterisk.  
 

3.3.  Novel gene family Clust_14 
 Screening of DEG rich regions revealed 9 regions with over DEG ratio of 30%. In these regions, we have 
found 33 novel gene families constructed in chapter 3. Out of the 33 gene families were found, and 19 families 
had over 5 copies, and only 5 families had DEG ratio of 20%. Further analysis revealed that only 3 families had 
homologs in the tardigrade H. dujardini (Table 2). Similarity search against Uniref90 determined Clust_49 as the 
CAHS gene family, and functional domain search against Pfam-A found astacin domain in the genes in the 
Clust_49. No annotation could be made for Clust_14 genes, therefore we have determined Clust_14 as a novel 
tardigrade specific gene family.  
 Multiple alignment and phylogenetic tree computation suggested that this group has three subgroups (Fig 
5A). Each subgroup was mostly located in the same Supercontig, and several of the genes were neighboring genes. 
We observed highly conserved motifs in each group (Fig. 5B). 

 

 

A B 
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Clust ID # Paralogs 
in DRR 

# Paralogs 
in genome Ratio Orthologs in 

H. dujardini Annotation 

Clust_49 6 17 0.35 9 CAHS 
Clust_14 8 25 0.32 36 - 
Clust_9 6 29 0.21 67 Astacin domain 

Table 2. Screening of DEG rich regions within R. varieornatus genome. 
Clusters found in DEG rich regions. Gene families with DEG ratio of over 0.2 and 5 paralogs in the genome.  
 
 Gene expression clustering of the genes in Clust_14 revealed that half of the genes were slightly up 
regulated within 3 hours of irradiation (Fig. 6A), although only 2 genes were significantly up regulated (Fig. 6B). 
Additionally, nearly half of the genes had an expression of over 100. 

Figure 5. Sequence analysis of Clust_14 genes. 
Amino acid sequences were highly conserved in each of the three subgroups of Clust_14. [A] Dendrogram made with 
phyML with 1000 bootstraps, based on the multiple alignment of transcripts in clust_14,The name of the contig the gene is 
located is written beside the name of the gene. Numbers shown on the dendrogram are bootstrap values. [B] Motif structure of 
each gene. [C] Sequence logo of motifs found by MEME. 5 motifs were found with MEME are shown for each group.  
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Figure 6. Expression profile of Clust_14.  
[A] Clustering of gene expression profiles of Clust_14 genes based on Spearman correlation. Asterisk shows DEGs. [B] 
Expression of each genes. S.D. is shown as error bars, and isoforms that were differentially expressed compared with Control 
are shown in red. 
 

4. Discussion 
 This research is one of the first reports of a time-course RNA-Seq with multiple replicates. The RNA-Seq 
methods used in previous tardigrade RNA-Seq studies required few thousands of animals per sample. In our study, 
we have a total of 27 samples in this study, which would sum up to nearly 60 to 80 thousand animals. Using this 
number of R. varieornatus for a single experiment is nearly impossible, therefore we have chosen a low input 
RNA-Seq method using NEBNext Ultra RNA prep, which uses 10 ng of total RNA to create a sequencing library. 
Using improved methods for RNA-Seq, we were able to gain high quality sequence data. Using Kallisto for TPM 
quantification, we confirmed a high correlation (0.9 spearman correlation) in between replicates. However, we 
have observed bias between the samples with different PCR cycle counts in the same condition. This may be due 
to PCR bias, therefore in further RNA-Seq experiments, it would be necessary to unify the cycle count for all 
samples. None of the housekeeping genes (β-tublin, EF1-α, GAPDH) were differentially expressed, although all 
three of the genes were slightly up regulated until 12 hours, and simultaneously down regulated between 12 and 
15 hours, although housekeeping genes are believed to have a constant expression. The DSB repair pathway 
homologous recombination, which is coupled with DNA replication, was up regulated in a similar time frame. 
These observations may imply cell division occurring at 12 to 15 hours. Furthermore, the transcriptome profile of 
h24 is not similar to the control profile, suggesting that the transcriptome requires more time to return to its 
original state. 
 Functional enrichment analysis of early response genes showed up regulation of both Ku70 and Ku80 
immediately after irradiation. Homologous recombination repair is also known as a pathway of double strand 
breaks (DSB) repair, but this pathway is up regulated after 9 hours, which would be classified as late responding 
genes. Repair of DSB in DNA by NHEJ, which is initiated by the localization of Ku70/80 homo-dimer to DSB 
ends is widely known throughout eukaryotes [34], and with the fact that homologous recombination occurs 
simultaneously with DNA replication, these findings suggest that NHEJ may be the main repair mechanism 
against double strand breaks in R. varieornatus. On the other hand, XRCC4 and XLF, proteins that assists the 
localization of DNA ligase 4 to DSB ends at the end of the NHEJ pathway, were not found in R. varieornatus 
genome. XRCC4 deficiency would lead to failure of loading of DNA ligase 4 to DSB ends [35], therefore would 
leave nicks in the double strand DNA. Furthermore, ZN00647.1 was determined as a XRCC6 like protein, but not 
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so in BLAST searches. This gene was similar to an uncharacterized protein conserved in arthropods, and nuclear 
localization signal could not be predicted by NLStradamus [36], whereas a secretory signal predicted by TargetP 
[26].  
 We also determined that several genes that play important roles in DSB signaling, mainly p53 and ATM, 
are deficit in R. varieornatus. These genes relay DSB signals sent from MRN complexes and DNA-PKcs to 
downstream pathways, such as cell cycle regulation, apoptosis. Arakawa has shown that the apoptosis pathway in 
R. varieornatus has several deficiencies, as well as several pathways that synthesize ROS (Arakawa, Personal 
communication). These findings suggests the survival adaption against severe stress, such as desiccation and in 
this case, high dosage of gamma ray irradiation. 
 By our DEG rich region screening, we have observed 9 regions with over 30% DEG ratio. However, we 
have not conducted a statistical analysis of this DEG rich region screening, thus this 30% is an arbitrary threshold, 
but has been able to reveal several gene families. We found that a novel gene family Clust_14 as an early response 
gene family with 25 paralogs. Functional domains registered in public databases were not found in these proteins, 
thus these functions can not be predicted, but we have observed highly conserved regions throughout the cluster. 
 Genomic analysis together with RNA-Seq analysis revealed the gene family Clust_14. The expression of 
genes in Clust_14 was up regulated immediately after irradiation, which implies that these genes are related to 
cellular repair. RNA-Seq analysis of before and after anhydrobiosis in H. dujardini showed the same expression 
profile of Clust_14 homologs (Fig. S3-5), which supports the hypothesis. Further analysis by TargetP predicted a 
secretory signal in Clust_14 genes, which suggests that these genes may repair extracellular molecules. 
 This is one of the first reports of a multi-replicate time-course RNA-Seq analysis of tardigrades using 
gamma ray as a stress inducer, and these results would shed new light into the response to excessive stress of 
extremophiles. 
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