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General Introduction 

 

Modern technology employs ionizing radiation (IR) for several purposes, such as medical 

testing, radiotherapy and nuclear power plant. Radiation can affect cell either through 

direct action by breaking single or double DNA strands or indirectly through the 

formation of reactive oxygen species (ROS) and other free radicals through the radiolysis 

of water in cells. Both mechanisms can cause chemical changes (e.g. oxidative changes 

in DNA, lipid peroxidation, protein oxidation), leading to biological damage. The 

biological effected of high does / high dose rate irradiation usually leads to cell death, 

chromosomal aberrations, DNA damage, mutagenesis and carcinogenesis (Lowe et al., 

2022). However, experiments reveals that the effects and risks to low dose / low dose rate  

irradiation are different from high dose / high dose rate irradiation (Ebrahimian et al., 

2017; Ina & Sakai, 2005; Ishida et al., 2010; Mathias et al., 2015; H. Nakamura et al., 

2005). The biological responses following low dose / low dose rate irradiation are 

sometimes contradictory, DNA damage might not be primary response of low dose / low 

dose rate irradiation. While high does / high dose rate irradiation causing DNA damage 

by direct effects of irradiation, it is believed that low dose / low dose rate irradiation can 

damage tissues and cells by indirect effects, such as oxidative stress induced by reactive 

oxygen species (ROS) generated from water molecules within the cell due to irradiation 

(Halliwell, 1991; Halliwell & Aruoma, 1991).The irradiation-induced ROS not only can 

damage cell components, but also can trigger epigenetic responses, which leads to more 

complex and non-linear irradiative responses (Schofield & Kondratowicz, 2018). Over 
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the last 20 years, researchers have tried to reveal low dose / low dose rate irradiation 

effects, however, there still be limitations of studying low dose / low dose rate irradiation 

effects in addition to the complexity of low dose / low dose rate irradiation effect itself, 

such as accuracy of dose estimations, controlling of confounding factors or limited 

statistic power towards low dose / low dose rate irradiation effect. 

The small freshwater fish, Japanese Medaka (Oryzias latipes), has long served as a model 

organism in radiobiology research (Kuwahara et al., 2002, 2003; Shima & Mitani, 2004; 

Yasuko & Nobuo, 1985). With a body length of approximately 3 cm, medaka is well-

suited for laboratory-level breeding and radiobiology experiments. Its suitability is 

enhanced by the ease of isolating organs through dissection and the relatively 

straightforward extraction of RNA from the whole body. These characteristics make 

medaka highly conducive for comprehensive analysis of gene expression at the systemic 

level, contributing to a deeper understanding of the biological effects of irradiation. 

The objective of this study is to evaluate the biological effects of low dose / low dose rate 

irradiation on medaka at the transcriptomic level. In the first part of the study, 

radiosensitive tissues, intestine, testis and ovary were selected, and transcriptomic 

profiles were obtained using next-generation sequencing (NGS) technology. By 

identifying and analyzing differentially expressed genes (DEGs) between low dose / low 

dose rate gamma-ray irradiated and control groups, I aim to infer the biological impacts 

of this irradiation dose on medaka. Furthermore, the small size of medaka allows for 

sequencing at the whole-body level, enabling the investigation of potential systemic 

responses to ionizing radiation. 
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Given that tissues are composed of various cell types with distinct functions, bulk RNA-

seq, which analyzes whole tissues, lacks the resolution to differentiate between these cell 

populations. This limitation is particularly pertinent in the testis, where different cell types 

may exhibit diverse irradiation response expectations. Therefore, in the second part of 

this study, I focus on the medaka testis for more detailed investigation. Single-cell RNA 

sequencing (scRNA-seq) offers much higher resolution than bulk RNA-seq, allowing for 

the effective separation of germ cells from somatic cells in the testis, facilitating a more 

nuanced understanding of irradiation effects on male germ cells. 

The pervious experiments in irradiated p53 deficient (p53 knockout; p53KO) medaka 

testis revealed the presence of a cell type resembling an oocyte, called testis-ova. To 

further explore this phenomenon, this study will compare scRNA-seq data from the testis 

of wild-type and p53 deficient medaka under irradiated and control conditions, aiming to 

elucidate the differences in response between these groups. 
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Chapter One 

RNA-seq of medaka after low dose/dose rate irradiation 

 

 

Introduction  

 

The nuclear disasters like Chernobyl and Fukushima have intensified researches on the 

prolonged effects of low dose / low dose rate irradiation on living organisms. 

Understanding the molecular and cellular processes involved in biological responses to 

extended irradiation is crucial. Traditionally addressing acute exposures, guidelines from 

the International Commission on Radiological Protection (ICRP) are now being 

reevaluated in the context of chronic exposure scenarios. The ICRP considers that, in a 

population including both adults and children, there is a 0.5% increase in the probability 

of cancer death per 100 millisieverts (mSv) of radiation exposure. Therefore, it is 

generally believed that radiation exposure below approximately 100 mSv does not show 

a significant increase in the risk of cancer (incidence or death). This research informs 

public health policies, refines risk assessments, and shapes irradiation protection 
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strategies, emphasizing the need for ongoing efforts to advance our understanding of low 

dose / low dose rate irradiation and its impact on biological systems. 

Even in low dose / low dose rate irradiation, irradiation induced ROS will cause indirect 

impact of oxidative stress (Azzam et al., 2012). Organisms have developed defense 

mechanisms against oxidative stress. Enzymes such as superoxide dismutase (SOD) and 

catalase work to remove reactive oxygen species (ROS) that are generated, thereby 

reducing the harmful effects of oxidative stress (Matés, 2000). 

This study aims to elucidate more comprehensive responses induced by IR at 

transcriptome level in individual organisms through low dose / low dose rate irradiation 

using inbred adult medaka fish. For this purpose, tissues with presumed both high 

sensitivity to irradiation (intestine, testis and ovary) as well as the whole body will be 

subjected to transcriptome analysis following exposure to approximately 100 mGy of low 

dose / low dose rate gamma-ray irradiation. The goal is to provide insights into the 

systemic impacts of IR at the transcriptomic level, and to achieve a comprehensive 

understanding of the biological responses induced by low dose / low dose rate irradiation. 
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Materials and Methods 

 

 

1. Fish husbandry 

Inbred medaka strain Hd-rR maintained in the laboratory at the University of Tokyo 

Kashiwa Campus was used in this study. For daily maintain in laboratory, fish were kept 

in indoor environment with 26-28 ℃ water temperature and 14h day-10h night light 

cycle. Brine shrimp (Artemia franciscana) was fed once a day in the morning, powder 

food (tetra-fin, spectrum brands Japan inc., Tokyo, Japan) was fed twice a day in morning 

and afternoon. During irradiation experiments in Radiation Research Center at Kyoto 

University, fish were kept in double layered glass tanks with same temperature and light-

dark cycle condition. Air pumps and ammonia filters were utilized for maintaining a 

suitable rear water environment. Only powder food was fed by automatic feeder. 

Animal experimental procedures were conducted in accordance with the ethical 

guidelines and regulations of the University of Tokyo. The study was approved by the 

Animal Care and Use Committee of the University of Tokyo, with approval permit 

number C-09-01 and C-21-5. 
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2. Irradiation exposure 

Transportation: In order to use the low dose long-term radiation exposure device owned 

by the Radiation Research Center at Kyoto University, both the irradiation group and the 

control group fish were placed in 2-liter plastic bottles (10-12 individuals per bottle) and 

transported by Shinkansen (bullet train). 

Irradiation: The Cs-137 gamma ray irradiation device owned by the Radiation Research 

Center at Kyoto University was used to irradiate medaka adult fish over a period of seven 

days with a total dose of 100mGy (9.99 µGy/min, Figure. 1, 2 and 3). Irradiation was 

stopped once a day for feeding, water quality testing, and changing of the rearing water 

if needed. For the consistency, control group was placed at the room outside the 

irradiation room with same equipment and environment conditions. 

Treatment after the irradiation: After the irradiation, all fish was brought back to Kashiwa 

Campus, reared in laboratory environment for 7 days since the irradiation stopped. 

 

3. RNA extraction 

Fish were euthanized 7 days after irradiation and proceed to RNA extraction.  

For tissue RNA extraction, testis and intestine from male and ovary from female 

individuals were isolated from fish after euthanasia. Tissues isolated from adult fish were 

pooled into a 1.5 mL sample tube with 1 mL of Isogen. Each sample contains tissue from 

6 individuals. The mixture was homogenized using a homogenizer and then placed at 

room temperature for 5 minutes. After 5 minutes, 0.2 mL of chloroform was added, and 
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the mixture was vigorously shaken for 30 seconds before being stand on ice for 5 minutes. 

The sample was then centrifuged at 14,000 rpm for 15 minutes at 4°C, and the aqueous 

phase was transferred to a new 1.5 mL tube. This step was repeated, followed by the 

addition of 500 μL of isopropanol to the separated aqueous phase. The mixture was 

inverted gently to mix, left to stand at room temperature for 30 minutes, and then 

centrifuged again at 14,000 rpm for 15 minutes at 4°C. The supernatant was discarded, 

and the pellet was air-dried at room temperature for 5 minutes before being dissolved in 

RNase-free water（#10977023, UltraTMDNase/RNase-Free Distilled Water, Invitrogen, 

USA） to obtain the total RNA solution. 

For whole-body RNA extraction, fish was placed on a dry ice block immediately after 

euthanasia, and instantaneously frozen by another dry ice block on top. A 50 mL 

centrifuge tube was prepared with 15 mL of Isogen (#311-02501, NIPPON GENE Co., 

Tokyo, Japan) 3 individual fish of each gender were mixed into one sample, minced with 

scissors, and shaken by hand for a short time, followed by a 5-minute incubation at room 

temperature. Next, the mixture was centrifuged using a large centrifuge (#S101637, 

Himac CR-21G, Koki Holdings Co., Ltd., Tokyo, Japan) at 5000 rpm for 10 minutes at 

4°C to remove the insoluble fraction. The supernatant was transferred to a new tube, and 

2 mL of chloroform (#035-02616, FUJIFILM Wako Pure Chemical Corporation, Osaka, 

Japan) was added, followed by vigorous mixing for 30 seconds and a 5-minute incubation 

on ice. The sample was then centrifuged at 12000 rpm for 15 minutes at 4°C, and the 

aqueous phase was transferred to a new tube. Subsequently, 5 mL of isopropanol (#166-

04836, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was added, mixed 

by inversion, and centrifuged at 12000 rpm for 10 minutes at 4°C. The supernatant was 
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discarded, 1 mL of 70% ethanol was added, and the mixture was transferred to a 1.5 mL 

tube and mixed using a vortex mixer. The sample was then centrifuged at 7500 rpm for 5 

minutes at 4°C, the supernatant was discarded, and the pellet was air-dried. Finally, the 

pellet was dissolved in RNase-free water (#10977023, UltraTM DNase/RNase-Free 

Distilled Water, Invitrogen, USA) to obtain a total RNA solution. 

 

4. RNA sequence 

Total RNA was subjected to ethanol precipitation (100 µL total RNA solution, 10 µL 3M 

sodium acetate (#316-90081, NIPPON GENE Co., Tokyo, Japan), 250 µL 100% ethanol) 

and sent to Macrogen Japan Co., Ltd. for RNA-seq analysis. For library preparation, the 

TruSeq Stranded mRNA LT Sample Prep Kit (#RS-122-2101, Illumina, Inc., USA) was 

used, and the library protocol followed was the TruSeq Stranded mRNA Sample 

Preparation Guide, Part #15031047 Rev. E (Illumina, Inc., California, USA). For 

sequencing, NovaSeq 6000 (Illumina, Inc., USA) was used, with the Reagent Kit being 

the NovaSeq 6000 S4 Reagent Kit (#20012866, Illumina, Inc., USA), and the sequencing 

protocol followed was the NovaSeq 6000 System User Guide Document 

#1000000019358 v02.  

 

5. Data processing 

RNA sequence data were first checked for quality using fastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/source), then trimmed by 

Trimmomatic (Bolger et al., 2014). 
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Raw reads after trimming were mapped to medaka reference transcriptome (Ensemble 94; 

ASM223467v1) using STAR (Dobin et al., 2013) with default parameters. Mapped reads 

were calculated by RSEM (Li & Dewey, 2011) and the gene expression were outputted 

in both raw count form and normalized form of TPM (Transcripts per kilobase million). 

R package edgeR (Y. Chen et al., 2024) was used to find DEGs between conditions. Raw 

count format of expression matrixes was untilized and to remove batch effect in DEG 

analysis, batch info was treated as a covariate and the experiment was designed as design 

= ~batch+ condition. Gene Ontology (GO) (Ashburner et al., 2000) terms were enriched 

from DEG lists using webpage-tool g:profiler (Kolberg et al., 2023) 

(https://biit.cs.ut.ee/gprofiler/gost). KEGG pathway (Kanehisa & Goto, 2000) analysis 

was performed using webpage-tool DAVID (Huang et al., 2009a, 2009b), and pathways 

with p value less than 0.1 were kept and further investigated with webpage-tool Kegg 

Mapper (Kanehisa et al., 2022; Kanehisa & Goto, 2000) 

(https://www.genome.jp/kegg/mapper/). 
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Results 

 

 

To elucidate the physiological alterations, at the transcriptional level of medaka exposed 

to low doses/ low dose rates of gamma-ray irradiation, particularly during subsequent 

recovery phase, we performed RNA-seq analysis on adult medaka 7 days after the 

irradiation (Table. 1). Organ responses to radiation vary due to differences in their 

tolerance levels, largely depending on their rates of cellular division. Consequently, we 

selected intestine and testis, which are known to be more radiation-sensitive, and 

conducted RNA-seq analyses. In addition, to comprehensively grasp the systemic impacts 

of irradiation exposure, we conducted RNA-seq analyses at a whole-body level. 

 

Transcriptome Analysis of Medaka Intestine After 1 Week of Low Dose Irradiation 

Total RNA was extracted and analyzed in both intestines of the 100 mGy gamma-ray 

irradiated adult medaka and the non-irradiated adult medaka. Comparing gene expression 

between them, there were 1,045 genes differently expressed at one week after the end of 

the irradiation (log2FC > 1; p.adj < 0.05). In these differential expressed genes (DEGs), I 

found 533 up-regulated genes and 512 down-regulated genes. Furthermore, 14 and 9 GO 

terms were enriched in the up-regulated genes and the down-regulated genes, respectively.  
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“DNA binding (MF)”, “nuclear protein-containing complex (CC)”, “DNA replication 

(BP)”, “protein-DNA complex organization (BP)”, “mitotic cell cycle (BP)”, “catalytic 

activity, acting on DNA (MF)”, “nuclear chromosome (CC)”, “chromatin binding (MF)”, 

“methyltransferase activity (MF)”, “circadian rhythm (BP)”, “photoperiodism (BP)”, 

“histone methyltransferase activity (MF)”, “MCM complex (CC)” and “DNA-directed 

DNA polymerase activity (MF)” were enriched in the up-regulated DEGs after the 

irradiation, on the other hand, “extracellular region (CC)”, “serine-type endopeptidase 

activity (MF)”, “response to abiotic stimulus (BP)”, “circadian regulation of gene 

expression (BP)”, “regulation of body fluid levels (BP)”, “pancreatic juice secretion 

(BP)”, “transcription corepressor binding (MF)”, “sterol esterase activity (MF)” and 

“retinyl-palmitate esterase activity (MF)” were enriched in the down-regulated DEGs 

after the irradiation (Figure 4). Additionally, 15 up-regulated KEGG pathways and 10 

down-regulated KEGG pathways were enriched from DEGs with p value less than 0.1. 

“ola03030:DNA replication”, “ola03440:Homologous recombination”, 

“ola03430:Mismatch repair”, “ola03420:Nucleotide excision repair”, “ola03460:Fanconi 

anemia pathway”, “ola04110:Cell cycle”, “ola03410:Base excision repair”, 

“ola00630:Glyoxylate and dicarboxylate metabolism”, “ola00240:Pyrimidine 

metabolism”, “ola00061:Fatty acid biosynthesis”, “ola04146:Peroxisome”, 

“ola00230:Purine metabolism”, “ola01232:Nucleotide metabolism”, “ola00250:Alanine, 

aspartate and glutamate metabolism” and “ola00310:Lysine degradation” were enriched 

in the up-regulated DEGs after the irradiation (Table 2).  “ola00330:Arginine and 

proline metabolism”, “ola04068:FoxO signaling pathway”, “ola00270:Cysteine and 

methionine metabolism”, “ola00260:Glycine, serine and threonine metabolism”, 
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“ola04115:p53 signaling pathway”, “ola04110:Cell cycle”, “ola01100:Metabolic 

pathways”, “ola00100:Steroid biosynthesis” and “ola04080:Neuroactive ligand-receptor 

interaction”, “ola00561:Glycerolipid metabolism” were enriched from the down-

regulated DEGs after the irradiation (Table 3, 4). 

 

Transcriptome Analysis of Medaka Testis After 1 Week of Low Dose Irradiation 

By RNA-seq analysis, expression profiles were identified and compared between 

irradiated and non-irradiated medaka testis. 4,096 genes were identified significantly 

changed at transcription level, with 2,710 genes up-regulated and 1,386 genes down-

regulated one week after the low dose / low dose rate irradiation of gamma-ray.  

The DEGs were divided into DEGs of up-regulated and down-regulated after the 

irradiation and downstream analyses were performed on these DEGs. Through GO 

enrichment analysis of these significantly up-regulated or down regulated genes, 34 GO 

terms for up-regulated genes and 31 GO terms for down regulated genes were enriched. 

“protein binding (MF)”, “cell communication (BP)”, “cell periphery (CC)”, “ATP binding 

(MF)”, “zinc ion binding (MF)”, “calcium ion binding (MF)”, “protein kinase activity 

(MF)”, “GTPase regulator activity (MF)”, “DNA integration (BP)”, “supramolecular 

fiber organization (BP)”, “defense response (BP)”, “cytoskeletal motor activity (MF)”, 

“calcium ion transport (BP)”, “defense response to symbiont (BP)”, “calcium ion 

transmembrane transporter activity (MF)”, “myosin complex (CC)”, “aspartic-type 

endopeptidase activity (MF)”, “synapse organization (BP)”, “cellular response to lipid 

(BP)”, “nuclear receptor activity (MF)”, “actin-based cell projection (CC)”, “focal 
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adhesion (CC)”, “dynein complex (CC)”, “actin filament-based movement (BP)”, 

“positive regulation of leukocyte cell-cell adhesion (BP)”, “RNA-directed DNA 

polymerase activity (MF)”, “structural constituent of muscle (MF)”, “M band (CC)”, 

“RSC-type complex (CC)”, “peptide antigen assembly with MHC class II protein 

complex (BP)”, “peptide antigen binding (MF)”, “MHC class II protein complex binding 

(MF)”, “positive regulation of potassium ion import across plasma membrane (BP)” and 

“potassium channel inhibitor activity (MF)”, and were enriched from the up-regulated 

DEGs after the irradiation. On the other hand, "mitochondrion (CC)”, "small molecule 

metabolic process (BP)”, "translation (BP)”, "RNA binding (MF)”, "ribosome (CC)”, 

"oxidoreductase activity (MF)”, “structural constituent of ribosome (MF)”, "nuclear 

protein-containing complex (CC)”, "ribosome biogenesis (BP)”, "catalytic activity, acting 

on RNA (MF)”, "aerobic respiration (BP)”, "serine-type endopeptidase activity (MF) ”, 

"S-adenosylmethionine-dependent methyltransferase activity (MF) ”, "isomerase activity 

(MF) ”, "DNA replication (BP) ”, "tRNA processing (BP) ”, "translation factor activity, 

RNA binding (MF) ”, "nucleobase-containing compound kinase activity (MF) ”, "iron-

sulfur cluster binding (MF) ”, "mitochondrial respiratory chain complex assembly (BP) ”, 

"RNA endonuclease activity (MF) ”, "oogenesis (BP) ”, "phosphotransferase activity, 

phosphate group as acceptor (MF) ”, "cellular modified amino acid biosynthetic process 

(BP) ”, “binding of sperm to zona pellucida (BP)”, "acrosin binding (MF)”, "ncRNA 

catabolic process (BP)”, "RNA surveillance (BP)”, "U4 snRNA 3'-end processing (BP)”, 

"S-methyltransferase activity (MF)” and "deoxynucleoside kinase activity (MF)” were 

enriched from the down-regulated DEGs after the irradiation (Figure 5). In KEGG 

pathway analysis, 25 pathways from the up-regulated DEGs and 26 pathways from the 
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down-regulated after the irradiation were enriched. “ola04514:Cell adhesion molecules”, 

“ola04020:Calcium signaling pathway”, “ola04672:Intestinal immune network for IgA 

production”, “ola04810:Regulation of actin cytoskeleton”, “ola04510:Focal adhesion”, 

“ola04145:Phagosome”, “ola04512:ECM-receptor interaction”, “ola04371:Apelin 

signaling pathway”, “ola04060:Cytokine-cytokine receptor interaction”, 

“ola04270:Vascular smooth muscle contraction”, “ola04912:GnRH signaling pathway”, 

“ola04070:Phosphatidylinositol signaling system”, “ola04540:gap junction”, 

“ola04520:Adherens junction”, “ola04148: Efferocytosis”, “ola03250: Viral life cycle - 

HIV-1”, “ola04012:ErbB signaling pathway”, “ola04261:Adrenergic signaling in 

cardiomyocytes”, “ola04010:MAPK signaling pathway”, “ola00562:Inositol phosphate 

metabolism”, “ola03266:Virion – Herpesvirus”, “ola04144:Endocytosis”, 

“ola04814:Motor proteins”, “ola02010:ABC transporters” and “ola04620:Toll-like 

receptor signaling pathway” were enriched from up-regulated DEGs after the irradiation 

(Table. 5). On the other hand, “ola03010:ribosome”, “ola00190:Oxidative 

phosphorylation”, “ola01100:Metabolic pathways”, “ola01232:Nucleotide metabolism”, 

“ola01240:Biosynthesis of cofactors”, “ola03018:RNA degradation”, “ola03030:DNA 

replication”, “ola03020:RNA polymerase”, “ola03040:Spliceosome”, 

“ola00240:Pyrimidine metabolism”, “ola03410:Base excision repair”, “ola00983:Drug 

metabolism - other enzymes”, “ola00030:Pentose phosphate pathway”, 

“ola01200:Carbon metabolism”, “ola00630:Glyoxylate and dicarboxylate metabolism”, 

“ola00620:Pyruvate metabolism”, “ola00350:Tyrosine metabolism”, 

“ola00760:Nicotinate and nicotinamide metabolism”, “ola03008:Ribosome biogenesis in 

eukaryotes”, “ola03420:Nucleotide excision repair”, “ola00230:Purine metabolism”, 
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“ola00330:Arginine and proline metabolism”, “ola00010:Glycolysis / Gluconeogenesis”, 

“ola00040:Pentose and glucuronate interconversions”, “ola00260:Glycine, serine and 

threonine metabolism” and “ola00980:Metabolism of xenobiotics by cytochrome P450” 

were enriched from the down-regulated DEGs after the irradiation(Table. 6). 

 

Transcriptome Analysis of Medaka Ovary After 1 Week of Low Dose Irradiation 

Total RNA extracted from low dose / low dose rate gamma-ray irradiated as well as non-

irradiated adult medaka ovary was sequenced. By RNA-seq analysis, DEGs were 

extracted between irradiated and non-irradiated groups. Comparing irradiated group to 

non-irradiated ovaries, 69 up-regulated genes and 428 down-regulated genes, in total 497 

differentially expressed genes were collected after 1 week of low dose irradiation. 

“glycosaminoglycan binding (MF)”, “perineuronal net (CC)” and “positive regulation of 

neuroblast proliferation (BP)” were enriched from the up-regulated DEGs after the 

irradiation, while “membrane (CC)”, “transport (BP)”, “extracellular region (CC)”, 

“small molecule metabolic process (BP)”, “transition metal ion binding (MF)”, 

“proteolysis (BP)”, “peptidase activity (MF)”, “active transmembrane transporter activity 

(MF)”, “organic anion transport (BP)”, “lipid transport (BP)”, “tetrapyrrole binding 

(MF)”, “sodium ion transport (BP)”, “lipid catabolic process (BP)”, “monooxygenase 

activity (MF)”, “response to xenobiotic stimulus (BP)”, “pancreatic juice secretion (BP)”, 

“chylomicron(CC)” “sterol esterase activity (MF)”, “retinyl-palmitate esterase activity 

(MF)” and “bile acid binding (MF)” were enriched from the down-regulated DEGs after 

the irradiation (Figure 6). 3 KEGG pathways, “ola00532:Glycosaminoglycan 
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biosynthesis - chondroitin sulfate / dermatan sulfate”, “ola00860:Porphyrin metabolism” 

and “ola04148:Efferocytosis” were enriched from the up-regulated DEGs after the 

irradiation (Table 7),  whereas “ola01100:Metabolic pathways”, “ola00140:Steroid 

hormone biosynthesis”, “ola00591:Linoleic acid metabolism”, “ola00500:Starch and 

sucrose metabolism”, “ola00830:Retinol metabolism”, “ola00983:Drug metabolism - 

other enzymes”, “ola00590:Arachidonic acid metabolism”, “ola00380:Tryptophan 

metabolism”, “ola00260:Glycine, serine and threonine metabolism”, 

“ola00053:Ascorbate and aldarate metabolism”, “ola00040:Pentose and glucuronate 

interconversions”, “ola00410:beta-Alanine metabolism”, “ola00860:Porphyrin 

metabolism”, “ola00270:Cysteine and methionine metabolism”, “ola00982:Drug 

metabolism - cytochrome P450”, “ola00980:Metabolism of xenobiotics by cytochrome 

P450”, “ola00480:Glutathione metabolism”, “ola00770:Pantothenate and CoA 

biosynthesis”, “ola00430:Taurine and hypotaurine metabolism”, “ola01240:Biosynthesis 

of cofactors”, “ola00100:Steroid biosynthesis”, “ola00520:Amino sugar and nucleotide 

sugar metabolism”, “ola00592:alpha-Linolenic acid metabolism” and 

“ola04146:Peroxisome”, “ola01200:Carbon metabolism” were enriched from the down-

regulated DEGs after the irradiation (Table. 8) 

 

Transcriptome Analysis of Medaka Whole-body After 1 Week of Low Dose 

Irradiation 

 

As the final part of chapter one, transcriptome responses after the irradiation were 
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investigated at whole-body level. Total RNA was extracted from 3 male and 3 female 

medaka fish, respectively, at a whole fish scale and sequenced to find different expression 

genes between irradiated and non-irradiated group. As a result of DEG analysis, 1,747 

DEGs were found in the male group, with 847 genes up-regulated and 900 gene down-

regulated after the irradiation, and 836 up-regulated genes and 815 down-regulated genes, 

in total of 1,651 DEGs found in the female group after the irradiation. To focus on the 

common responses to low dose / low dose rate irradiation in medaka, up- or down-

regulated DEGs shared in male and female group were extracted for further analysis. 

Among those DEGs, 430 up-regulated DEGs and 442 down-regulated DEGs after the 

irradiation are shared in both genders (Figure 7). Those shared genes were expected to 

present the common response to low dose / low dose rate irradiation in medaka. Gene 

Ontology (GO) enrichment analysis and KEGG pathway analysis were performed on the 

up-regulated or down-regulated DEGs separately.  

26 GO terms were enriched from up-regulated DEGs, and 3 GO terms were enriched from 

down-regulated DEGs (Figure 8). This result is consistent with GO enrichment results 

from male and female, more pathways and biological processes are activated than 

repressed, which indicates that 100mGy gamma-ray may has an activating influence on 

medaka. “extracellular region (CC)”, “lipid metabolic process (BP)”, “oxidoreductase 

activity (MF)”, “defense response (BP)”, “endoplasmic reticulum (CC)”, “positive 

regulation of immune system process (BP)”, “lipid transport (BP)”, “carbohydrate 

binding (MF)”, “humoral immune response (BP)”, “serine-type endopeptidase activity 

(MF)”, “tetrapyrrole binding (MF)”, “iron ion binding (MF)”, “isomerase activity (MF)”, 

“endopeptidase inhibitor activity (MF)”, “blood coagulation (BP)”, “acyl-CoA metabolic 
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process (BP)”, “triglyceride metabolic process (BP)”, “regulation of plasma lipoprotein 

particle levels (BP)”, “cytoskeletal rearrangement involved in phagocytosis, engulfment 

(BP)”, “complement receptor mediated signaling pathway (BP)”, “aromatic amino acid 

family catabolic process (BP)”, “sialic acid binding (MF)”, “complement receptor activity 

(MF)”, “phospholipase A1 activity (MF)”, “N-acylsphingosine amidohydrolase activity 

(MF)” and “ceramidase activity (MF)” and were enriched from the shared up-regulated 

DEGs after the irradiation. “Circadian regulation of gene expression (BP)”, 

“Transcription corepressor binding (MF)” and “desmosome (CC)” were enriched from 

the shared down-regulated DEGs after the irradiation. 

As a result of KEGG pathway analysis of DEGs shared between male and female, 

“ola01100:Metabolic pathways”, “ola00100:Steroid biosynthesis”, “ola03320:PPAR 

signaling pathway”, “ola01040:Biosynthesis of unsaturated fatty acids”, “ola01212:Fatty 

acid metabolism”, “ola00592:alpha-Linolenic acid metabolism”, “ola04145:Phagosome”, 

“ola01240:Biosynthesis of cofactors”, “ola00520:Amino sugar and nucleotide sugar 

metabolism”, “ola00062:Fatty acid elongation”, “ola04146:Peroxisome”, 

“ola00380:Tryptophan metabolism”, “ola00630:Glyoxylate and dicarboxylate 

metabolism”, “ola00900:Terpenoid backbone biosynthesis”, “ola00120:Primary bile acid 

biosynthesis”, “ola01200:Carbon metabolism” and “ola00591:Linoleic acid metabolism” 

pathways were up-regulated after irradiation (Table. 9), “ola04820:Cytoskeleton in 

muscle cells”, “ola04080:Neuroactive ligand-receptor interaction”, “ola00330:Arginine 

and proline metabolism”, “ola04744:Phototransduction”, “ola04148:Efferocytosis”, 

“ola01230:Biosynthesis of amino acids”, “ola04310:Wnt signaling pathway”, 

“ola04512:ECM-receptor interaction” were down-regulated after irradiation (Table. 10). 
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Discussions 

 

 

Transcriptome Analysis of Medaka Intestine After 1 Week of Low Dose Irradiation 

Intestinal epithelial cells, including goblet cells, absorptive epithelial cells, Paneth cells, 

enteroendocrine cells, and intestinal stem cells (ISCs), play vital roles in nutrient 

absorption and pathogen defense. Among them, the ISCs, which are a group of cells 

located at the base of crypts, are primarily responsible for replacing rapidly renewing 

intestinal epithelial cells through continuously differentiating while maintaining their 

population through mitosis. These ISCs exhibit high sensitivity to ionizing radiation, 

accelerating their cell division to compensate for damaged and lost epithelial cells during 

irradiation induced injuries. It has been confirmed that radiation exposure induce 

cessation of proliferation in intestinal epithelial cells and dysfunction of intestinal 

epithelial tissue by histological experiments on mouse (Lu et al., 2023; Quastler, 1956). 

In this part of the study, I investigated transcriptomic response of adult medaka intestinal 

cells after low dose / low dose rate irradiation.  

 

Cell Cycle Was Disrupted at 1 Week after Irradiation 

In the Gene Ontology (GO) enrichment results, terms related to cell cycle were enriched 



21 

 

in the up-regulated DEGs after the irradiation. The up-regulation of the key G1/S phase 

genes, including all six members of the MCM family (MCM2-7), suggests that the 

intestinal cells might have been arrested in the G1 phase due to irradiation-induced stress, 

indicating a resumption of DNA replication. This response is likely a protective 

mechanism, promoting cells to repair the irradiation-induced DNA damages before 

proceeding the cell cycle. In KEGG pathway analysis, the pathway related cell cycle was 

also enriched from the DEGs between the irradiated and non-irradiated group. However, 

the up- and down-regulated DEGs were both included in this KEGG pathway. Among the 

24 DEGs belonging to “Cell cycle” KEGG pathway, 14 DEGs were up-regulated and 10 

DEGs were down-regulated after 1 week of the irradiation (Table 4). All of 6 members of 

the mcm family, mcm2-7, along with other 8 G1/S phase related genes were listed in the 

up- regulated DEGs, suggesting that intestinal stem cells (ISC) were arrested at G1 phase 

and some of them progressed into S phase. This is consistent with the GO enrichment 

result above, which found DNA replication and MCM complex enriched in the up-

regulated DEGs. In the 10 down-regulated DEGs after the irradiation, most of them are 

genes involved in mitotis or in regulation of transition to mitotis, strongly suggesting that 

mitotic activity is suppressed after the irradiation, and some of the stem cells were 

accumulated in S phase in the irradiated intestine. This suppression could serve as an 

additional protective measure, preventing cells with potential DNA damage from entering 

mitosis, which could lead to genomic instability. The activation of the DNA replication 

machinery and suppression of mitosis suggest a strongly tuned cellular response aiming 

to balance DNA repair and cell cycle progression, ensuring genomic integrity while 

managing the effects of the irradiation. This interplay between cell cycle phases in 
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response to stress underscores the complexity of the irradiation response in intestinal cells 

and is consistent with previous studies indicating that stress adaptation can be 

accomplished by cell cycle regulation in response to changing environments (Solé et al., 

2015). 

 

GO “Pancreatic juice secretion” was down-regulated at 1 Week after irradiation 

GO enrichment analysis found GO term: Pancreatic juice secretion in the down-regulated 

DEGs after the irradiation, which suggests that pancreatic juice secretion reduced at 1 

week after the irradiation. However, all 3 genes in this GO term are carboxyl ester lipase 

(CEL), which is expressed in pancreatic cells, not in intestine in vertebrates (Lombardo, 

2001; Lombardo et al., 1978). The pancreas is a small exocrine glands in medaka and 

irregularly distributed from near the base of the gallbladder in liver surrounding intestine 

in medaka (岩松, 2018). Considering the distribution of pancreas in medaka anatomy, 

it is reasonable to assume that the intestine sample that I prepared in this study might also 

include pancreas tissue.  

Despite the fact that the CEL is mainly expression in pancreas, it is still can be discussed 

that CEL functions in the intestine. CEL is an important nonspecific lipolytic enzyme in 

the intestine. Its activity depends on bile salts and is essential for hydrolyzing water-

insoluble carboxyl esters with long-chain fatty acyl groups (Hui & Howles, 2002). Since 

lipid metabolism, especially long chain fatty acid biosynthesis processes were up-

regulated in whole-body scale as later mentioned in this chapter, the up-regulation of 

CELs might be expectable. However, the CELs were down-regulated in medaka intestine, 
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which suggests a suppression of digest function and also possibly pancreas function after 

the irradiation. Since pancreas is not a radiosensitive organ, this change might be an 

indirect influence of the irradiation exposure, such as oxidative stress or inflammatory in 

digestion track. On the other hand, down-regulation of CELs after the irradiation was also 

observed in ovary, indicative that the down-regulation of CELs after the irradiation might 

be a whole-body scale response even though CELs are mainly expressed in pancreas, that 

will be discussed in the whole-body section later. 

Overall, clear responses to the low dose / low dose rate irradiation have been revealed in 

medaka intestine, especially intestinal epithelial cells. As expected, cell proliferation was 

delayed while repairment activity was promoted after the low dose / low dose rate 

irradiation. In addition, the down-regulation of CELs expression was unexpectedly found 

in the intestine cells after the irradiation. Intestinal cell hypertrophy and tissue 

disintegration induced by high-dose/high-dose rate was confirmed histologically in 

goldfish (Hyodo, 1965), however, the previous histological examination of low dose / low 

dose rate irradiated medaka has not reported any intestinal response (Nakazawa, 2020). 

In this study, medaka intestinal with same irradiation treatment were investigated by RNA 

sequencing technique, transcriptome profile reveals the intestinal responses under the low 

dose / low dose rate irradiation, which might be so faint that it may be difficult to detect 

through histological examination. 
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Transcriptome Analysis of Medaka Testis After 1 Week of Low Dose Irradiation 

Ionizing radiation has a more pronounced impact on actively dividing cells and 

spermatogenic cells undergoing mitosis and meiosis in testis, those are highly susceptible 

to ionizing radiation compared to slowly self-renewing somatic cells. Also, it is reported 

that in vertebrate testis, spermatogonia, along with spermatids and sperm, can undergo 

DNA damage induced by reactive oxygen species (ROS) (Fang et al., 2013; Fatehi et al., 

2018; Vilenchik & Knudson, 2000). In medaka testis, spermatogonia have very high 

sensitivity to high dose irradiation and apoptotic cell death is induced after the irradiation 

(Nagata et al., 2022; Yasuda et al., 2012). Medaka testis typically forms cysts, each of 

which is comprising male germ cells and surrounded by somatic cells, called Sertoli cells. 

Sertoli cells play crucial roles in supporting and nurturing the germ cells to undergo 

spermatogenesis within the cysts. Considering the close communication between the 

supporting Sertoli cells and the germ cells, especially spermatogonia, changes in 

transcriptome of the supporting somatic cells should not be underestimated. In this study, 

I conducted RNA-seq analysis in medaka testis at 1 week after the low dose / low dose 

rate irradiation to understand how chronic low dose irradiation affects the 

spermatogenesis in medaka at transcriptomic level. 

 

Meiosis and spermiogenesis processes accelerated after low dose irradiation 

It is suggested that ribosome and translation has been significantly down-regulated in the 

irradiated testis. The detected down-regulation of the translation-related processes is 

consistent with the understanding that mRNA translation is often suppressed during late 
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spermatogenesis (Sassone-Corsi, 2002), allowing the spermatocytes maturation without 

additional protein synthesis. In meiotic spermatocytes and spermatids, most of mRNA 

translation has been suppressed (Kleene, 2004), letting us to assume that this down-

regulation of translation was led by increasing of meiotic spermatocytes, through 

accelerated spermatogenesis and spermiogenesis processes after the irradiation, which 

has been reported after high-dose irradiation (Kuwahara et al., 2003). Additionally, 

KEGG pathway analysis of the up-regulated DEGs after the irradiation supports the 

accelaration of spermatogenesis and spermiogenesis. Furthermore, KEGG pathways 

related to Leydig cells and testosterone production were also enriched. The up-regulation 

of those pathways may further support the notion that the low dose / low dose rate 

irradiation triggers a compensatory mechanism to boost spermatogenesis and 

spermiogenesis, likely to remove germ cells with irradiation-induced damaged genome. 

This hypothesis is supported by the previous histological examination in adult male 

medaka; type B spermatogonia stopped cell proliferation and entered 

meiosis ,accelerating spermatogenesis to discard damaged spermatogonia or spermatids 

in medaka testis (Kuwahara et al., 2002, 2003; Yasuda et al., 2012). 

 

Communication between germ cells and supportive cells were activated after low 

dose irradiation 

In medaka testis, germ cells are supported by surrounding somatic cells called Sertoli 

cells, which transfer nutrition to spermatogonia and form blood-testis-barrier (BTB), and 

Leydig cells, which regulate spermatogenesis by secreting testosterone and other related 
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steroid hormones. This nutrition transfer and communication between the Sertoli cell and 

the germ cells play a key role in vertebrate spermatogenesis. Several cell adhesion related 

pathways and GO terms were up-regulated after the the low dose / low dose rate 

irradiation in this study. These results suggest the irradiation-induced strengthening of 

communication between the Sertoli cells and the germ cells in medaka after the irradiation. 

Sertoli cells are critical for spermatogenesis as they supply essential nutrients to 

developing/differentiating germ cells, regulating the blood-testis barrier and remove 

apoptotic cell debris and wastes in testis through phagocytosis (Jones & Lopez, 2013; 

Kretser et al., 2016; Rato et al., 2012, 2012). The increase of the interaction between the 

Sertoli cells and the germ cells indicated that testicular cells are under external or internal 

stresses after the low dose / low dose rate irradiation. This result suggests that Sertoli cells 

are inevitable for the low dose / low dose rate irradiation responses in medaka testis, 

especially, Sertoli cells are likely to enhance their supportive role by increasing nutrient 

transfer to the germ cells, reinforcing the blood-testis barrier, and actively participating 

in the clearance of apoptotic cells during the acceleration of meiosis and spermiogenesis. 

The enhanced interaction between the Sertoli cells and the germ cells can be a protective 

mechanism to maintain normal spermatogenesis and to ensure survival of healthy germ 

stem cells and proper differentiation of germ cells under the irradiation stress. 

 

Metabolic and power production activities were suppressed in testis after low dose 

irradiation 

It is reported that metabolic down-regulation is a common response to radiation exposure, 
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as cells shift their energy and resources focus toward DNA repairing and survival (Tang 

et al., 2018). In this study, I found that several metabolic pathways were down-regulated 

in response to the low dose / low dose rate irradiation. KEGG pathway analysis picked 

up and enriched serval metabolic pathways in the down-regulated DEGs, suggesting the 

suppression of energy-producing activities in cells and GO terms and KEGG pathways 

related to oxidative phosphorylation and pentose phosphate pathway were enriched from 

the down-regulated DEGs after the irradiation. This finding suggests a reduction in energy 

production in the irradiated testis, which may be explained as an adaptive response to 

conserve resources under stress. On the other hand, an acceleration of spermatogenesis 

and spermiogenesis was also observed following low dose / low dose rate irradiation in 

medaka testis (Nakazawa, 2020) and large amount of adenosine triphosphate (ATP) is 

necessary to support this process (Cao et al., 2024; Yu et al., 2019). This controversy 

implies that the irradiation-induced accelerated spermatogenesis or spermiogenesis can 

be different process from the normal spermatogenesis which aims to produce heathy 

fertile sperms.  

 

Immune response and inflammatory were activated in testis after low dose 

irradiation 

Testis is an immune-privileged organ (Fijak et al., 2017): immune response is regulated 

to prevent germ cells from autoimmune attack, however, testis is also capable of 

providing effective immune responses (Washburn et al., 2022). Serval immune response 

related KEGG pathways were picked up from the up-regulated DEGs after the irradiation. 
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The enriched GO terms strongly suggest that the low dose / low dose rate irradiation 

might activate immune responses and inflammatory in medaka testis and this finding is 

consistent with the previous reports of radiation-induced immune activation in mouse, 

where low dose irradiation stimulates immune cells and promotes clearance of damaged 

cells (Sharplin & Franko, 1989). The other previous study has revealed that medaka 

launched in the orbit experiments exhibit the increase in expression of genes related to 

systemic inflammation and immune responses (Murata et al., 2015), however, the 

expressions of same immune-related genes mentioned in the space medaka experiment 

were not found in the DEGs and not altered after the low dose / low dose rate irradiation 

in my study. Immune responses might be activated in the irradiated testis to ensure the 

progress of spermatogenesis under the low dose / low dose rate irradiation exposure and 

GO term of “MHC class II protein complex” and “Calcium” might play a key role in this 

process. In addition, inflammatory responses influenced by low dose / low dose rate 

irradiation studied in mouse revealed that low dose / low dose rate irradiation can inhibit 

inflammatory responses under appropriate conditions, either by reducing pro-

inflammatory responses (Mathias et al., 2015) or increasing anti-inflammatory effects 

(Ebrahimian et al., 2017). 

 

Calcium regulated activities were activated after low dose irradiation 

Calcium ions is known to be crucially functional in various stages of spermatogenetic 

process, including regulating the proliferation and differentiation of spermatogonia 

(Golpour et al., 2017; Treviño et al., 1998), maturation of spermatozoa (Dadras et al., 
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2019; Krasznai et al., 2000; Niksirat & Kouba, 2016) and acrosome reaction (Blas et al., 

2002). In addition, calcium ion also crucial for testicular somatic cells, supporting 

testosterone production in Leydig cells (Costa et al., 2010) and the functions of Sertoli 

cells (Auzanneau et al., 2006; Gorczynska & Handelsman, 1991), as well as regulating 

energy metabolism in testis (Herrera et al., 2000). In this study, GO term: “calcium ion 

binding (MF)”, “calcium ion transmembrane transporter activity (MF)”, “calcium ion 

transport (BP)”, as well as “ola04020: Calcium signaling pathway” and “ola04270: 

Vascular smooth muscle contraction” were enriched from the up-regulated DEGs in the 

medaka testis after the low dose / low dose rate irradiation. The up-regulation of the 

calcium-related GO terms and KEGG pathways suggests that calcium-regulated activities 

were significantly enhanced following the low dose / low dose rate irradiation in the 

medaka testis, which further suggests that spermatogenesis or/and supporting testicular 

somatic cell functions were promoted following the low dose / low dose rate irradiation. 

Although both spermatogenesis and supportive testicular somatic cell responses were 

confirmed by the other GO terms and KEGG pathways enriched in the up-regulated DEGs 

after the irradiation, further understanding of irradiation-induced calcium-related 

response in testis is difficult due to the limitation of bulk RNA-seq technique. Further 

investigation with much higher resolution, such as single cell RNA-seq is needed to 

separate the irradiation response from germ cells and testicular somatic cells. Finally, as 

shown later in both male and female whole-body analysis, calcium signalling pathway 

was found down-regulated after the low dose / low dose rate irradiation, which suggests 

that the up-regulated calcium related activity observed in the testis after the irradiation 

might be testis-specific. 
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These findings underscore the ability of medaka testis to adapt to low dose / low dose rate 

irradiation through a multifaceted response that balances immune activation, metabolic 

regulation, sex-hormone homeostasis, as well as an abnormal acceleration of 

spermatogenesis. While irradiation induces stress, the testis appears to activate defense 

mechanisms that reduce irradiation induced damage and promote recovery, ensuring the 

continued production of fertile and healthy sperm. However, bulk RNA-seq has 

limitations, different cell types in the tissue might have different or even opposite 

response against certain stimulus, and these differences might become obscured in bulk 

RNA-seq results. Testis seems to be a suitable candidate for this issue, with a serial of 

differentiating spermatogenetic cells and unique supporting somatic cells, which interests 

us to investigate the irradiation response under a higher resolution. Thus, I decided to 

analysis testis after the irradiation with single cell RNA-seq in the next chapter. 

 

Transcriptome Analysis of Medaka Ovary After 1 Week of Low Dose Irradiation 

Radiation is known to significantly effects on rapidly dividing cells, making the male 

reproductive system particularly sensitive to its impact. In the female ovaries, the 

development and maturation of oocytes, which occur in carefully regulated stages, also 

can be disrupted by irradiation. Studies in mammals indicated that radiosensitivity of 

oocyte vary greatly depending on the stage and species of the follicles/oocytes (Adriaens 

et al., 2009). It is also reported that low dose irradiation can cause drastic loss of 

primordial follicles in mouse and Ca2+ oscillations in the irradiated oocytes at the time of 

fertilization was disrupted, indicating the qualitative deterioration of oocytes after 

irradiation (Pesty et al., 2010). To explore how chronic low dose /low dose rate irradiation 
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affects the ovarian transcriptome, RNA-seq analysis was conducted on medaka ovaries 

one week after the low dose / low dose rate irradiation. 

 

Metabolic activity was suppressed after low dose irradiation 

The significant impacts of the low dose / low dose rate irradiation on the metabolic and 

steroidogenic activities in the medaka ovary were detected. ola01100: Metabolic 

pathways were enriched from the down-regulated DEGs after the irradiation (Table 8). 

Carbon metabolism related pathways were enriched, suggesting a reduction in energy 

metabolism and a suppression of ovarian activities. The suppression of metabolic 

pathways, particularly those related to carbon metabolism, suggests a reduced energy 

demand, which may reflect an overall decrease in ovarian activity, especially in oogenesis 

which is an energy-needed process. After the irradiation, cells in the ovary may undergo 

metabolic shifts to conserve energy and manage oxidative stress, which would be adaptive 

responses aiming to enhance cell survival after the irradiation (Tang et al., 2018). 

 

Steroid hormone biosynthesis was interrupted by low dose irradiation 

In this study, I found that several GO terms and KEGG pathways related to lipid and 

steroid hormone metabolism were enriched in the down-regulated DEGs after the low 

dose / low dose rate irradiation. Moreover, cytochrome P450 family genes, which play 

important roles in steroid hormone synthesis and metabolism in ovary, were also notably 

down-regulated. These findings strongly suggest that steroid hormone synthesis was 

suppressed not only by lipid deficiency as discussed later, but also by inhibition of 
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cytochrome P450 family activities. 

The down-regulation of biosynthesis of steroid hormones and the inhibition of 

cytochrome P450 family genes indicated that the chronic low dose / low dose rate 

irradiation can clearly affect ovary steroidogenic activities. Since the cytochrome P450 

enzymes are central to the synthesis of steroid hormones, their inhibition might lead to a 

disruption in the hormone balance, affecting normal oogenesis and reproductive function 

in female (Tsuchiya et al., 2005).  

 

Hyaluronic acid binding activity was slightly promoted after low dose irradiation 

Glycosaminoglycan related GO term (“glycosaminoglycan binding”) and KEGG 

pathways (ola00532: Glycosaminoglycan biosynthesis - chondroitin sulfate / dermatan 

sulfate) were enriched from the up-regulated DEGs after the irradiation in the ovary and 

was also up-regulated. Another two GO terms (“positive regulation of neuroblast 

proliferation” and “perineuronal net”) were enriched from the up-regulated DEGs and I 

found that these three GOs contain the same three genes, which are 

ENSORLG00000029206 (hapln1a), ENSORLG00000001551 (acanb; aggrecan b) and 

ENSORLG00000000100 (ACAN; aggrecan;). Both hapln1a and aggrecan are predicted 

to have hyaluronic acid binding activity (Kiani et al., 2002). The up-regulation of 

hyaluronic acid binding activity could represent a compensatory mechanism which aims 

to maintain extracellular matrix integrity and to support germ cell survival in the 

irradiated environment in the ovary, since glycosaminoglycans are widely critical for cell 

signaling and tissue repair (Casale & Crane, 2024). 
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These findings suggest that low-dose / low dose rate irradiation leads to a complex 

reprogramming of ovarian function, characterized by the down-regulation of key 

metabolic and steroidogenic pathways, possibly to conserve energy and protect ovarian 

tissue. However, the suppression of steroid hormone synthesis can cause significant risks 

to reproductive activity, emphasizing the need for further study of the long-term effects 

of low-dose / low dose rate irradiation on vertebrate ovarian function. 

 

Transcriptome Analysis of Medaka Whole body After 1 Week of Low Dose 

Irradiation 

By the RNA-seq analysis of the irradiation-sensitive tissues in this study, I have provided 

insights into the tissue-specific responses, allowing for a focused examination of tissue-

specific responses in gene expression after the low dose / low dose rate irradiation. 

However, this approach has limitations, as interactions and systemic effects across the 

whole organism were overlooked. On the other hand, whole-body sequencing might offer 

a universal view of the biological response against the irradiation, capturing the complex 

interplay between organs and tissues. While this method provides a broader perspective, 

it also would obscure specific organ-level changes.  
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Lipid metabolism is disrupted after 1 week of low dose / low dose rate gamma-ray 

irradiation 

The interpretation of the KEGG pathway for “fatty acid metabolism” revealed that the 

catabolic process of fatty acids shorter than C16 in mitochondria is up-regulated, while 

the opposite process, the synthesis process stays unchanged (Figure 9). C16 and C18 fatty 

acids are the most common fatty acids in vertebrates, including fish, stored as fat in the 

form of triglycerides, and served as an energy source for cellular functions through 

hydrolysis. Among freshwater fish, palmitic acid (C16) is the most prevalent fatty acid 

within triglycerides, the level of palmitoleic acid has been characterized as a distinctive 

feature of freshwater fish (Ackman, 1967; Pyz-Łukasik & Kowalczyk-Pecka, 2017). 

Therefore, the up-regulation of C16 fatty acid (palmitic acid) catabolism observed in 

medaka after the irradiation suggests that the medaka might be under an energy deficiency 

following the irradiation. Consequently, it can be hypothesized that medaka was facing 

an energy-deficiency after the irradiation, leading to the up-regulation of stored body fat 

utilization to compensate for the energy deficit. 

C16 and C18 fatty acids are also key components in the synthesis of long-chain fatty acids. 

The long-chain fatty acid synthesis pathway starting from C16 was up-regulated in whole-

body tissues following the irradiation. Specifically, the up-regulation of unsaturated fatty 

acid synthesis was observed. Unsaturated fatty acids play the critical role in many 

physiological functions, including neuroprotection, antioxidant activity, anti-

inflammatory effects, and cardiovascular health (Subirade & Chen, 2008). It is reported 

that unsaturated fatty acids such as omega-3 fatty acids can prevent inflammatory 
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reactions induced under oxidative stress (Corteselli et al., 2020). Those components may 

serve as a protective role against immune responses following the irradiation. It is 

reported that the biosynthesis of docosahexaenoic acid (DHA), an omega-3 fatty acid 

which is important for maintaining fish health, is connected to the expression of fads2 

(Ishikawa et al., 2019). In the shared DEG list of male and female whole-body tissue, 3 

isoforms of fads2 were found up-regulated after the irradiation, which confirmed the 

result that unsaturated fatty acid biosynthesis was up-regulated after the irradiation and 

DHA might be a main product of this process. 

Moreover, reactive oxygen species (ROS) produced by low dose / low dose rate 

irradiation oxidizes unsaturated fatty acids which maintain membrane fluidity and 

function, and leads to oxidative degradation and even the formation of harmful lipid 

peroxides, called lipid radicals. β-oxidation of long-chain fatty acids, in addition to the 

peroxisome proliferation, was up-regulated after the irradiation, and these peroxisomal 

processes were likely involved in the catabolism of oxidatively damaged lipids. 

Meanwhile, increase in long-chain fatty acids synthesis may improve and maintain 

membrane physiological functions by replacing oxidized lipids with newly synthesized 

lipids.  

Lipid synthesis requires energy and NADPH, and further the oxidation of long-chain fatty 

acids in peroxisomes producing H2O2, which strengthens oxidative stresses. The 

"Peroxisome" pathway was up-regulated in the irradiated medaka, suggesting enhanced 

peroxisomal activity and peroxisome proliferation. Peroxisomes are essential organelles 

involved in lipid metabolism in eukaryotic cells. While medium- and long-chain fatty 

acids (FAs) are primarily oxidized in mitochondria, very-long-chain fatty acids (VLCFAs) 
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are mainly metabolized through β-oxidation in peroxisomes (Wanders, 2014). The key 

enzyme for this process is acyl-CoA oxidase 1 (ACOX1), which converts acyl-CoAs into 

2-trans-enoyl-CoAs, generating hydrogen peroxide (H2O2) and contributing up to 35% of 

the total H2O2 production in mammalian tissues (Boveris et al., 1972). The up-regulations 

of ACOX1 and β-oxidation after the irradiation were also confirmed in the KEGG 

pathway analysis in this study (Figure 10). This additional oxidative stress from 

peroxisomal fatty acid oxidation might further strengthen the oxidative stress that had 

been caused by the low dose / low dose rate irradiation. These phenomena could explain 

why lipid metabolism does not fully recover even one week after the irradiation. 

In addition, up-regulation of pex11, which is critical for peroxisome division (Honsho et 

al., 2016), was also confirmed in the KEGG pathway analysis (Figure 10). Over activation 

of peroxisome β-oxidation will lead to lipid metabolism disorder, with increase in free 

fatty acids and overload of liver function (Duszka et al., 2020). In addition, researches 

have proved that VLCFA and BCFA promote transcription and expression of peroxisome 

through PPARα (Lamichane et al., 2018; Tahri-Joutey et al., 2021). The up-regulation of 

“PPAR signaling pathway” (Figure 11), as well as “long chain fatty acids biosynthesis” 

was confirmed in both male and female medaka after the irradiation, which strongly 

suggest that PPAR signaling pathway might play a key role in this lipid metabolism 

disorder that I found after the low dose / low dose rate irradiation.  

Also, the up-regulations of cholesterol synthesis, catabolism, and subsequent synthesis of 

cholesterol hormones were observed after the irradiation. Cholesterol homeostasis in 

vertebrate body is maintained primarily through three pathways: de novo synthesis via 

the mevalonate pathway, absorption through LDL, and cholesterol catabolism via the bile 
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acid synthesis pathway. I have found that CEL (carboxyl ester lipase) was down-regulated 

in the intestines and even in the ovaries after one week of the irradiation exposure as 

mentioned above. This suggests that the primary source of cholesterol in adult medaka 

body comes from de novo synthesis rather than intestinal absorption, and that cholesterol 

uptake might be reduced in some tissues after the irradiation. Regarding cholesterol 

catabolism, CYP8B1 and LXRα, both involved in cholesterol metabolism through the 

PPAR signaling pathway, were up-regulated in the irradiated medaka. CYP8B1 is a key 

enzyme in the synthesis of primary bile acids from cholesterol, and LXRα also plays an 

important regulatory role in this process. The GO term of “Primary bile acid synthesis” 

was also up-regulated following the low dose / low dose rate irradiation, suggesting that 

excess cholesterol might be produced in the irradiated medaka body, and the bile acid 

synthesis pathway might be activated as a result of the accumulated cholesterol to reduce 

it and to maintain cholesterol homeostasis in the medaka body. 

Finally, cholesterol is also a crucial precursor for steroid hormones and vitamins, and 

related pathways were also up-regulated in whole-body scale after the irradiation. 

Steroids and steroid hormones are the crucial components of cellular membranes and 

signaling molecules for various physiological functions (Olunkwa et al., 2023). Notably, 

the cortisol degradation pathway was up-regulated following the irradiation (Figure 12). 

Cortisol is a key marker of stress in vertebrates, also in fish, and is more indicative of 

acute stress than chronic stress (Sadoul & Geffroy, 2019). The up-regulation of cortisol-

related genes is an expectable response to the low dose / low dose rate irradiation, where 

the up-regulation was detected in the degradation pathway rather than in the synthesis 

pathway of the cortisol. It can be hypothesized that after one week of irradiation, stress 
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level represented by cortisol level gradually decreases, and normal hormone levels are 

restored through the breakdown of excess cortisol. Although the biosynthesis of sex 

hormones in steroid hormone synthesis pathway was enriched from the up-regulated 

DEGs after the irradiation, almost all of the up-regulated reactions were catalyzed by the 

same enzyme which also functions in bile acid synthesis pathway. As mentioned before, 

even though the Leydig cells were activated in the irradiated testis, noticeable alteration 

in sex hormone production was not observed in neither the testis nor ovaries after the 

irradiation. Thus, the impact of low dose / low dose rate irradiation on sex hormone 

biosynthesis remains to be questionable. As for vitamins, obvious alteration of 

biosynthesis of vitamins were not found, however, absorption of fat-soluble vitamins like 

cholecalciferol (vitamin D) or menadione (Vitamin K) might be affected by the change 

of cholesterol metabolism after the irradiation. 

 

Immune response is activated after 1 week of low dose / low dose rate gamma-ray 

irradiation 

Besides the lipid-related changes, some immune responses were also activated after the 

low dose / low dose rate irradiation. The enrichment of the GO terms related to immune 

response and KEGG pathway “Phagosome” in the up-regulated DEGs strongly suggests 

that immune response remained activated in whole-body scale even 1 week after the 

irradiation. In addition, the up-regulation of the “Biosynthesis of Unsaturated Fatty 

Acids”, "alpha-Linolenic Acid Metabolism" and "Linolenic Acid Metabolism" pathways 

point to the metabolism of omega-3 fatty acids, which is important for anti-inflammatory 
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processes. It was revealed that 100 mGy gamma-ray irradiation can trigger immune 

response at a whole-body scale and biosynthesis of anti-inflammatory fatty acids was 

promoted in the irradiated medaka. This result is consistent with the report of the medaka 

reared in International Space Station, that genes related to inflammatory responses and 

stress responses are up-regulated in whole-body scale (Murata et al., 2015). However, 

only a few immune-related genes mentioned in that report were found in the list of the 

up-regulated DEGs after the low dose / low dose rate irradiation in this study. It is well 

known that low dose or low dose rate irradiation induces oxidative stress that can cause 

chronic inflammatory disease. In contrast, some other studies reported that inflammatory 

responses can be suppressed by low dose rate irradiation (Ebrahimian et al., 2017; 

Mathias et al., 2015). This controversy clearly indicates the complexity of regulation of 

the immune system and the impacts of low dose / low dose rate irradiation. In this study, 

the typical genes related to “strong” immune response were not significantly activated in 

the irradiated medaka and it is assumed that the medaka had recovered from the 

irradiation-induced inflammatory at 1 week after the low dose / low dose rate irradiation, 

or irradiated dose (100 mGy) was not enough to induce server inflammatory in the 

medaka. Even though the histological examinations also did not find any sign of activated 

immune system (Nakazawa, 2020), findings in this study indicate that the impacts of low 

dose / low dose rate irradiation on vertebrates are present and cannot be ignored. 

To summary this chapter, bulk RNA-seq was performed on both tissues and whole-body 

of medaka, serval responses after the irradiation were observed though comparation of 

non-irradiated and irradiated expression profiles. With the power of NGS techniques, this 

study not only confirmed several irradiation responses previously observed through 
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physiological experiments but also uncovered subtle changes that had not been detected 

under same condition before. These findings highlight the sensitivity of molecular 

analyses in capturing subtle biological responses, offering deeper insights into the 

mechanisms underlying irradiation effects that might have been overlooked in traditional 

experiments. However, tissue-level RNA-seq has its limitations, as it may not effectively 

capture the heterogeneity within tissues. When performing RNA-seq on whole tissues, 

tissue-specific changes can be masked, different cell types within the tissue may also 

exhibit distinct or even opposing responses. To further investigate irradiation responses 

in medaka, I plan to employ single-cell RNA-seq, a technique with higher resolution, for 

analysis. This approach will provide a clearer understanding of the various cell types 

within the tissue and their specific responses to irradiation. Among the medaka tissues 

discussed in Chapter 1, I have chosen the testis, a tissue characterized by significant 

cellular diversity and complex responses, as the focus of the next chapter of this study. 

Expression profiles of male germ cells and their responses to irradiation in medaka testis 

will be discussed in the next chapter. 
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Figure 1. Experiment Schedule of low dose irradiation experiment in Radiation Research 

Center at Kyoto University.  
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Figure 2. Equipment settings of low dose irradiation experiment in Radiation Research 

Center at Kyoto University. (A) Photography of equipment settings; (B) Illustration of 

equipment settings. 
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Figure 3. Breeding settings during low dose irradiation experiment in Radiation Research 

Center at Kyoto University. (A) Photography of breeding settings; (B) Illustration of 

breeding settings. 



45 

 

 

Figure 4. Dot plot of GO terms enriched from up- and down-regulated DEGs after the 

irradiation of medaka intestine.  
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Figure 5. Dot plot of GO terms enriched from up- and down-regulated DEGs after ldr 

from medaka testis.  
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Figure 6. Dot plot of GO terms enriched from up- and down-regulated DEGs after ldr 

from medaka ovary.  
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Figure 7. DEGs shared in male and female. MaleUp: DEGs up-regulated after the 

irradiation in male medaka; FemaleUp: DEGs up-regulated after the irradiation in female 

medaka; MaleDown: DEGs down-regulated after the irradiation in male medaka; 

FemaleDown: DEGs down-regulated after the irradiation in female medaka. 
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Figure 8. Dot plot of GO terms enriched from up- and down-regulated DEGs shared in 

male and female after the irradiation.  



50 

 

 

Figure 9. KEGG pathway of “Fatty Acid Metabolism”. Pathways up-regulated after the 

irradiation in both male and female whole-body are shown by red arrows.  
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Figure 10. KEGG pathway of “Peroxisome”. Pathways up-regulated after the 

irradiation in both male and female whole-body are shown in red  
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Figure 11. KEGG pathway of “PPAR signaling pathway”. Pathways up-regulated after 

the irradiation in both male and female whole-body are shown in red; down-regulated 

are shown in blue.  
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Figure 12. KEGG pathway of “Steroid Hormone Biosynthesis”. Pathways up-regulated 

after the irradiation in both male and female whole-body are shown in red; down-

regulated are shown in blue.  
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Sampling DateRead length  bp TissueNGenderTreatmentSample Name

2019.10100Muscle6FemaleControlc f mus 201910

2019.10100Whole-body3FemaleControlc f 201910 1

2019.10100Whole-body3FemaleControlc f 201910 2

2019.10100Muscle6MaleControlc m mus 201910

2019.10100Whole-body3MaleControlc m 201910 1

2019.10100Whole-body3MaleControlc m 201910 2

2019.10100Muscle6Female100mGy IRldr f mus 201910

2019.10100Whole-body3Female100mGy IRldr f 201910

2019.10100Muscle6Male100mGy IRldr m mus 201910

2019.10100Whole-body3Male100mGy IRldr m 201910 1

2019.10100Whole-body3Male100mGy IRldr m 201910 2

2019.03100Intestine6MaleControlc int 201903

2019.03100Ovary6FemaleControlc ova 201903

2019.03100Testis6MaleControlc tes 201903

2019.03100Intestine6Male100mGy IRldr int 201903

2019.03100Ovary6Female100mGy IRldr ova 201903

2019.03100Testis6Male100mGy IRldr tes 201903

2021.1150Testis6MaleControlc tes 202111 1

2021.1150Muscle6MaleControlc m mus 202111 1

2021.1150Intestine6MaleControlc int 202111 1

2021.1150Testis6Male100mGy IRldr tes 202111 1

2021.1150Muscle6Male100mGy IRldr m mus 202111 1

2021.11100Whole-body3FemaleControlc f 202111 1 1

2021.11100Whole-body3FemaleControlc f 202111 2 1

2021.11100Whole-body3MaleControlc m 202111 1

2021.11100Whole-body3Female100mGy IRldr f 202111 1 1

2021.11100Whole-body3Female100mGy IRldr f 202111 2 1

2021.11100Whole-body3Male100mGy IRldr m 202111 1

2021.11100Intestine6Male100mGy IRldr int 201111 1

Table 1. Samplelist
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Table 2.   GG pathway analysis of up-regulated D Gs from intestine after irradiation

P alueCountTerm

2.81E-2019DNA replication

2.86E-0710Homologous recombination

6.75E-078Mismatch repair

6.03E-059Nucleotide excision repair

2.06E-048Fanconi anemia pathway

2.69E-0414Cell cycle

9.91E-047Base excision repair

5.69E-024Glyoxylate and dicarboxylate metabolism

6.52E-025Pyrimidine metabolism

8.07E-023Fatty acid biosynthesis

8.35E-026Peroxisome

9.34E-028Purine metabolism

9.51E-026Nucleotide metabolism

9.55E-024Alanine, aspartate and glutamate metabolism

9.89E-025Lysine degradation

Table 3.   GG pathway analysis of down-regulated D Gs from intestine after irradiation

P alueCountTerm

1.66E-037Arginine and proline metabolism

3.49E-0312FoxO signaling pathway

3.96E-037Cysteine and methionine metabolism

5.86E-036Glycine, serine and threonine metabolism

6.85E-038p53 signaling pathway

9.03E-0311Cell cycle

1.74E-0255Metabolic pathways

1.85E-024Steroid biosynthesis

4.48E-0220Neuroactive ligand-receptor interaction

9.16E-025Glycerolipid metabolism
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Table 4. Cell cycle related genes in   GG pathway ola04110 Cell cycle enriched from medaka intestine D Gs

Regulation after ldrReferenceFunctionGene symbol nsembl ID

UpSimon et al., 2014Smcm6ENSORLG00000011329

UpLoo et al., 1995Sorc5ENSORLG00000015908

UpSimon et al., 2014Smcm5ENSORLG00000010517

UpLaranjeiro et al., 2013G1/Scdkn1dENSORLG00000011013

UpSimon et al., 2014Smcm2ENSORLG00000003191

UpLiu et al., 2020G1/Sccne2ENSORLG00000015341

UpG1/Ssmad2ENSORLG00000015683

UpBertoli et al., 2013G1/Srb1ENSORLG00000008317

UpSimon et al., 2014Smcm4ENSORLG00000017467

UpSimon et al., 2014Smcm3ENSORLG00000016187

UpSimon et al., 2014Smcm7ENSORLG00000000527

UpHume et al., 2021Sskp2ENSORLG00000012394

UpMoldovan et al., 2007SpcnaENSORLG00000002937

UpBertoli et al., 2013G1/Se2f1ENSORLG00000000945

DownLuan et al., 2020G1: prevent into Scdkn2a/bENSORLG00000027369

DownJin et al., 2002G2/Mgadd45bENSORLG00000025626

DownMart nez-Alonso et al., 2020G2/Mccnb1ENSORLG00000013657

DownWeinstein et al., 1997Mcdc20ENSORLG00000016447

DownLaoukili et al., 2005G2/MPLK1ENSORLG00000009603

DownHussain et al., 2017G2/Mcdkn1aENSORLG00000000284

DownMorgan et al., 1997G2/Mcdk1ENSORLG00000019266

DownDeb et al., 2003inhibition of DNA replication and G1 arrestmdm2ENSORLG00000017163

DownNguyen et al., 2002G2/Mccnb3ENSORLG00000008493

DownRaina et al., 2021G2/Mccnb2ENSORLG00000000615
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Table 5.   GG pathway analysis of up-regulated D Gs from testis after irradiation

P alueCountTerm

2.08E-0954Cell adhesion molecules

3.04E-0972Calcium signaling pathway

1.56E-0716Intestinal immune network for IgA production

2.47E-0758Regulation of actin cytoskeleton

3.67E-0754Focal adhesion

7.32E-0738Phagosome

1.59E-0628ECM-receptor interaction

2.39E-0537Apelin signaling pathway

2.61E-0541Cytokine-cytokine receptor interaction

2.37E-0432Vascular smooth muscle contraction

2.90E-0426GnRH signaling pathway

3.81E-0425Phosphatidylinositol signaling system

4.33E-0425Gap junction

3.98E-0327Adherens junction

6.48E-0333Efferocytosis

8.82E-0315Viral life cycle - HIV-1

9.01E-0320ErbB signaling pathway

1.46E-0234Adrenergic signaling in cardiomyocytes

1.88E-0253MAPK signaling pathway

2.61E-0217Inositol phosphate metabolism

3.71E-026Virion - Herpesvirus

5.18E-0243Endocytosis

7.05E-0231Motor proteins

8.52E-029ABC transporters

9.84E-0216Toll-like receptor signaling pathway

Table 6.   GG pathway analysis of down-regulated D Gs from testis after irradiation

P alueCountTerm

2.56E-5276Ribosome

7.27E-1034Oxidative phosphorylation

7.10E-09187Metabolic pathways

1.46E-0420Nucleotide metabolism

4.36E-0426Biosynthesis of cofactors

1.13E-0316RNA degradation

1.19E-0310DNA replication

1.84E-039RNA polymerase

2.91E-0325Spliceosome

6.74E-0312Pyrimidine metabolism

8.90E-0310Base excision repair

9.54E-0312Drug metabolism - other enzymes

1.49E-028Pentose phosphate pathway

1.58E-0219Carbon metabolism

1.72E-028Glyoxylate and dicarboxylate metabolism

1.83E-029Pyruvate metabolism

2.27E-028Tyrosine metabolism

2.33E-029Nicotinate and nicotinamide metabolism

2.34E-0212Ribosome biogenesis in eukaryotes

2.56E-0210Nucleotide excision repair

3.18E-0220Purine metabolism

4.37E-029Arginine and proline metabolism

4.87E-0211Glycolysis / Gluconeogenesis

5.92E-026Pentose and glucuronate interconversions

6.73E-028Glycine, serine and threonine metabolism

8.69E-027Metabolism of xenobiotics by cytochrome P450
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Table 7.   GG pathway analysis of up-regulated D Gs from ovary after irradiation

P alueCountTerm

6.81E-022Glycosaminoglycan biosynthesis - chondroitin sulfate / dermatan sulfate

7.63E-022Porphyrin metabolism

7.75E-023Efferocytosis

Table 8.   GG pathway analysis of down-regulated D Gs from ovary after irradiation

P alueCountTerm

9.09E-1367Metabolic pathways

2.07E-058Steroid hormone biosynthesis

3.35E-056Linoleic acid metabolism

4.08E-046Starch and sucrose metabolism

2.25E-036Retinol metabolism

5.32E-036Drug metabolism - other enzymes

6.41E-036Arachidonic acid metabolism

9.16E-035Tryptophan metabolism

9.16E-035Glycine, serine and threonine metabolism

9.22E-034Ascorbate and aldarate metabolism

1.25E-024Pentose and glucuronate interconversions

2.08E-024beta-Alanine metabolism

2.24E-024Porphyrin metabolism

2.27E-025Cysteine and methionine metabolism

3.15E-024Drug metabolism - cytochrome P450

3.35E-024Metabolism of xenobiotics by cytochrome P450

3.77E-025Glutathione metabolism

4.02E-023Pantothenate and CoA biosynthesis

5.25E-023Taurine and hypotaurine metabolism

6.03E-027Biosynthesis of cofactors

6.14E-023Steroid biosynthesis

6.27E-024Amino sugar and nucleotide sugar metabolism

7.56E-023alpha-Linolenic acid metabolism

8.38E-025Peroxisome

9.01E-026Carbon metabolism
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Table 9.   GG pathway analysis of up-regulated D Gs shared between male and female after irradiation

P alueCountTerm

6.84E-1279Metabolic pathways

9.38E-1010Steroid biosynthesis

2.10E-0713PPAR signaling pathway

2.83E-0710Biosynthesis of unsaturated fatty acids

7.72E-0611Fatty acid metabolism

2.06E-057alpha-Linolenic acid metabolism

3.23E-0413Phagosome

3.32E-0311Biosynthesis of cofactors

6.37E-036Amino sugar and nucleotide sugar metabolism

1.31E-025Fatty acid elongation

2.05E-027Peroxisome

2.21E-025Tryptophan metabolism

4.68E-024Glyoxylate and dicarboxylate metabolism

8.31E-023Terpenoid backbone biosynthesis

8.31E-023Primary bile acid biosynthesis

8.96E-027Carbon metabolism

8.98E-023Linoleic acid metabolism

Table 10.   GG pathway analysis of down-regulated D Gs shared between male and female after irradiation

P alueCountTerm

3.35E-0313Cytoskeleton in muscle cells

7.84E-0317Neuroactive ligand-receptor interaction

9.82E-035Arginine and proline metabolism

3.28E-024Phototransduction

4.78E-028Efferocytosis

4.85E-025Biosynthesis of amino acids

5.74E-028Wnt signaling pathway

8.38E-025ECM-receptor interaction
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Chapter Two 

Single Cell RNA-seq of Medaka Testis 

 

 

 

Introduction 

 

In vertebrates, including humans, certain tissues exhibit heightened sensitivity to ionizing 

radiation, notably the intestines, lymph nodes, bone marrow, and reproductive glands, 

with the testis being particularly susceptible (Kuwahara et al., 2002, 2003; Nagata et al., 

2022; Yasuda et al., 2012, 2018). In adult medaka fish testis, irradiation triggers an 

acceleration of spermatogenesis to remove damaged spermatogenic cells from the tissue. 

Furthermore, irradiation induced damage in medaka testis results in cell death specifically 

in spermatogonia (Kuwahara et al., 2002; Yasuda et al., 2018). 

When the tumor suppressor gene p53 is deficient in medaka, acute exposure by high doses 

of gamma-ray irradiation (total dose 5 Gy, dose rate 7.3 Gy/min) has been found to induce 

the formation of a kind of female germ cell like cells, or being called testis-ova, in the 

testis of male fish (Yasuda et al., 2012). These induced testis-ova are subsequently 

eliminated from the tissue through a p53-independent exclusion mechanism, and the 

tissue fully recovers within one month after radiation exposure, with normal 
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spermatogenesis resuming. Additionally, it has long been known that external stresses 

such as starvation and heat treatment, along with radiation exposure (X-rays), can induce 

testis-ova in the male testis (Egami, 1955a, 1955b, 1956). However, the detailed 

mechanisms underlying the induction of testis-ova by irradiation remain to be fully 

elucidated. 

It is suggested that spermatogonia are maintained within cysts of supportive somatic cells 

(Sertoli cells), and testis-ova are speculated to be induced from type A spermatogonia. To 

elucidate the mechanism of abnormal differentiation leading to testis-ova, particularly the 

molecular mechanisms of testis-ova induction resulting from gamma-ray irradiation, it is 

desired to confirm various responses to radiation exposure at the level of individual cells 

that have been separated from somatic cells. To understand the molecular mechanisms 

underlying abnormal differentiation into testis-ova at the level of spermatogonia, it is 

deemed necessary to conduct gene expression analysis at the single-cell level and to 

analyze cells separately by cell type. 

Along with the remarkable advancements in RNA sequencing technologies, it has become 

possible to analyse gene expression at the single-cell level (Guo et al., 2018; Hermann et 

al., 2018; Hwang et al., 2018; Lukassen et al., 2018a, 2018b; Neuhaus et al., 2017). Within 

the fish testis, there are a dynamic cellular environment including germ cells deriving 

from spermatogonia into spermatocytes, and then into spermatids, alongside supportive 

somatic cells like Sertoli cells and Leydig cells (Lacerda et al., 2014). While some studies 

have explored the transcriptome landscape of fish testis using RNA-seq technique (Qian 

et al., 2022; Wu et al., 2021), research focus on fish spermatogenesis in distinct 

differentiating stage remains limited, especially in Japanese medaka. 
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In this study, we developed a method for retrieving more spermatogonia from medaka 

testis. Subsequently, utilizing single-cell RNA sequencing and analysis on those cells, we 

researched into the expression profiles of both spermatogenesis cells and testis-ova. This 

approach allowed us to gain insights into the molecular signatures and gene expression 

patterns specifically associated with these cell types within the medaka testicular 

environment, and the gene expression patterns leading to the development of testis-ova 

in male medaka testis. Moreover, the single-cell sequencing technique allows us to 

uncover cell-specific expression profiles in response to irradiation, which were previously 

obscured by the bulk RNA-seq analysis performed in Chapter One. 
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Materials and Methods  

 

 

1. Fish 

Wild-type (Hd-rR strain) medaka and p53-deficient medaka were used in this study. p53-

deficient medaka were originally generated by TILLING (Targeting Induced Local 

Lesions in Genomes) in the Cab genetic background, followed by backcrossing with the 

Hd-rR strain for 5 generations to establish a p53-deficient strain with the inbred Hd-rR 

genetic background (Taniguchi et al., 2006; Yasuda et al., 2012).  

Fish husbandry is same as descripted in Chapter one. 

This research was conducted using protocols approved by the Animal Care and Use 

Committee of the University of Tokyo (permit number: C-09-01). All surgical procedures 

were performed on fish anaesthetized with MS-222, and all efforts were made to 

minimize suffering and the number of fish sacrificed. 

 

2. Gamma-ray Irradiation 

Four- to six-month-old male fish were irradiated. For low dose acute irradiation, I 

irradiated free-swimming fish with 137Cs gamma-rays (Gamma cell 3000 Elan, MDS 

Nordion, Ottawa, ON, Canada) with a dose rate of 7.5 Gy/min and a total dose of 0.5 Gy 
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at room temperature. Free-swimming fish were kept in a water-containing small cylinder 

(diameter = 30 mm, depth = 30 mm) during the irradiation. After irradiation, fish were 

returned to free-swimming rearing condition until sampling. 

 

3. Single-cell Preparation 

Adult male medaka were euthanized after anesthesia, and their testes were isolated from 

the body after abdominal incision. The isolated testes were transferred into a pre-prepared 

cell dispersion solution (195 µL L-15 (＃128-06075, FUJIFILM Wako Pure Chemical 

Corporation, Osaka, Japan), 25 µL Collagenase H (40 mg/mL PBS (-), Roche Diagnostics, 

Mannheim, Germany), 250 µL DispaseⅡ (3.33 mg/mL in L-15、# 383-02281, FUJIFILM 

Wako Pure Chemical Corporation, Osaka, Japan), 30 µL DNase (15 U/µL in PBS (-) ), 

Sigma Aldrich, USA)  in a 1.5 mL tube. The testicular tissue in the cell dispersion 

solution was dissociated using scissors for 2 minutes at room temperature. Subsequently, 

it was pipetted approximately 50 times and subjected to an enzyme reaction at 26°C for 

30 minutes. After another round of pipetting (approximately 50 times), an additional 

enzyme reaction was performed at 26°C for 30 minutes. The mixture was then centrifuged 

at 1,000 rpm for 10 minutes at 4°C. After discarding the supernatant, pellet was 

resuspended by pipetting in 1 mL of L-15 medium, and this solution was considered as 

the cell suspension. The cell suspension was passed through a 42 µm filter to remove cell 

clumps, and then centrifuged at 1,000 rpm for 10 minutes at 4°C. The supernatant was 

discarded, and cells were resuspended again by pipetting in 100 µL of L-15 medium. To 

isolate only the spermatogonia from the cell suspension, a density gradient centrifugation 
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method using Percoll (#P1644 Sigma-Aldrich, USA) was employed. A total of 4.5 mL of 

Percoll solution and 0.5 mL of L-15 medium were mixed thoroughly using a vortex mixer 

to prepare the Percoll stock solution. Using this Percoll stock solution, stepwise dilutions 

of 20%, 40%, 60%, and 80% Percoll solutions were prepared with L-15 medium. 2 mL 

of each stepwise dilution in descending order of concentration was layered slowly with 

using a Pasteur pipette in a 15 mL tube (#2325-015, AGC TECHNO GLASS Co., Ltd, 

Shizuoka, Japan). On top of these layers, 100 µL of the cell suspension was gently layered. 

The 15 mL tube was centrifuged using a swing rotor (R4S, Koki Holdings Co., Ltd, Tokyo, 

Japan) at 2,650 rpm for 30 minutes at 4°C (HIMAC CR-21G, R4S, Koki Holdings Co., 

Ltd, Tokyo, Japan). After centrifugation, each layer was gently collected into a 1.5 mL 

tube using a Pasteur pipette. Among the fractionated layers, the layer containing the 40% 

Percoll solution had a higher abundance of spermatogonia. To remove the Percoll solution 

from this layer, the tube was centrifuged at 4,000 rpm for 4 minutes at 4°C, and the Percoll 

solution was aspirated. The pellet was then resuspended in fresh L-15 medium (Sato et 

al., 2017) (Acknowledgments to Professor Yoshizaki) . 

 

4. Single Cell RNA Sequence  

Single Cell 3’ Reagent Kits v2 (10X Chromium, USA) was utilized for library adjustment. 

Cells were suspended in a barcoded solution (Single Cell Master Mix) and dispensed into 

dedicated well plates for approximately 8,700 cells (Single Cell A Chip, #230027, 10X 

Chromium, USA). The suspension was loaded onto the ChromiumTM Controller (10X 

Chromium, USA) to enable single-cell resolution. Subsequently, RNA extraction, cDNA 
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synthesis, and quality checks were performed on the labeled single-cell-derived RNA, 

followed by sequencing on the Hiseq 2500 (Illumina, Inc., California, USA). 

 

5. Mapping 

Reads resulting from single-cell sequencing were mapped to medaka genome reference 

(Ensemble release 94; ASM223467v1). Cell Ranger pipelines (10X Genomics, USA) 

were used for single-cell transcriptome analysis, quantification of transcript level of each 

cell and expression abundance of each gene. 

  

6. Single Cell RNA Sequence Analysis 

Filtered output files from Cell Ranger pipeline were imported into Seurat (Hao et al., 

2024) for downstream analysis, separately. Each sample was re-filtered 1in the R 

environment with following conditions. Cells with nFeature more than 200 and less than 

5000, mitochondrial gene less than 5 percent were classified as good quality cells. Those 

cells passed Seurat re-filtering were collected by subset() function and processed. UMAP 

method was utilized for dimension reduction. Clusters were clustered by FindCluster() 

function with default resolution at first. After identifying cell types by expression profile 

of known markers and DEGs, cluster information was reassigned by re-running 

FindCluster() function and adjusting the resolution parameter. Cluster numbers were 

balanced between 4 datasets by adjusting resolution parameter in FindCluster() function 

in each separate dataset, aiming to have each cell type assigned to similar number of 

clusters. The resolution of FindCluster() function in non-irradiated Hd-rR, irradiated Hd-
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rR, non-irradiated p53KO and irradiated p53KO dataset was 0.25, 0.4, 0.5 and 0.4.  

In addition, DoubletFinder() (McGinnis et al., 2019) package was utilized for identify 

doublet cells. According to the results of DoubletFinder() and marker gene of each cluster, 

the cluster which express marker gene belong to more than 2 cell types or has few markers 

of its own and has majority of cell identified as doublet will be identified as doublet cluster, 

thus will not be involved in next step analysis. 

 

7. Integrated Analysis 

To further observe the consistency and difference between samples, integrated analysis 

was performed. Samples were integrated following Seurat integration pipeline, and the 

integrated dataset will go through same downstream processing pipeline including Scale 

data, Normalization, find variable features, PCA, find neighbor with UMAP method, find 

clusters. 

 

8. Trajectory and Pseudotime Analysis  

Dataset analyzed by Seurat will be imported into Monocle3 (Trapnell et al., 2014) for 

trajectory analysis, including expression metadata, clustering information and UMAP 

coordination. Trajectory was tracked by function learn graph(), and pseudotime was 

calculated by manually choosing the start node. 
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Result 

 

 

Single cell RNA sequence of wild-type control group adult medaka testis and 

identification of each cell types 

Throughout, histological sections have been a common means to observe medaka sperm 

development. However, in most cases, deducing their developmental stage relies on 

morphological observations of germ cells, posing significant challenges for researchers. 

In order to provide a clearer perspective on medaka spermatogenesis and the dynamic 

changes in transcriptional levels throughout this process, the current experiment 

conducted single-cell RNA sequencing and analysis of medaka testes. Cell expression 

profiles were then used to classify these cells. It is well-known that spermatogonia cells, 

while maintaining their own numbers through mitosis, produce many spermatocytes 

through differentiation and meiosis, eventually developing into sperm that are released 

from the body. Consequently, compared to spermatocytes and sperm, the number of 

spermatogonia cells in the testis/cyst is relatively small. This significant difference in cell 

quantity can potentially impact the results of single-cell RNA sequencing analysis. In 

particular, distinguishing and classifying the relatively fewer spermatogonia cells may 

become challenging. 

To mitigate this issue, the current experiment employed the common Percoll method. 
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Following dissection, a simple purification step was applied to the isolated testicular cells. 

This step substantially reduced the proportion of small-volume, high-density 

spermatocytes and sperm, as well as inducing the proportion of large-volume 

spermatogonia, thereby enhancing the precision of spermatogonia cell analysis.  

In this single-cell RNA sequencing analysis of the wild-type medaka control group, 5,488 

cells expressing 16,150 different genes were obtained under cluster resolution of 0.25. 

Among these cells, 5420 cells passed Seurat's filtering criteria. Subsequent analysis led 

to the classification of these cells into 11 distinct clusters (Figure. 13). Based on the results 

of the DoubletFinder package and the analysis of specific gene expression in each cluster, 

the majority of doublet-positive cells were found to originate from cluster 3. Notably, the 

specific gene expression in cluster 3 was relatively indistinct, lacking strong specificity. 

As a result, cluster 3 was identified as a doublet cluster and was not included in the 

subsequent analysis and discussion. 

 

1. Spermatogonia type B 

Cells in cluster 0,1,7 express higher level of ddx4 (vasa, ENSORLG00000020672) and 

dazl (deleted in azoospermia-like) (Nicholls et al., 2019; Raz, 2000; Tanaka et al., 2001; 

Xu et al., 2007), which are markers for germ cells. in addition, cells in those clusters are 

lack expression of stem cell marker genes, which indicates that those cells could be 

identified as spermatogonia type B cells.  

Since type B spermatogonia undergoes mitosis and grows into primary spermatocytes, 

they can be divided into S phase, G1 phase and G2/M phase type B cells by cell cycle 
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marker genes separately. Cell cycle phase was identified by CellCycleScore() function in 

Seurat package, as well as the expression profile of cell cycle markers in each cluster. 

Known cell cycle phase markers were utilized to further clarify the identity of type B 

spermatogonia clusters. Pcna (proliferation c antigen) (Moldovan et al., 2007) was 

especially expressed in cluster 7, which indicated that cell in cluster 7 are in S phase of 

the mitosis cell cycle; Cells in cluster 0 express ccnb3 (Mita et al., 2000), which is a 

marker gene for G2/M phase; Even though cells in cluster 1 were scored as a mixture of 

G1 and S phase cells, mcm4 (Simon & Schwacha, 2014) expression clearly identifies 

them as G1 phase type B cells.  

 

2. Spermatocytes (Meiosis) 

Cells in cluster 4 and 5 which are connected to the G1 phase type B spermatogonia 

express dmc1 (DNA meiotic recombinase, marker gene of primary meiosis) (J. Chen et 

al., 2016) and sycp1 (marker gene for late meiosis) (Iwai et al., 2006), as well as pcna and 

mcm4 at a lower level compared to spermatogonia. Thus, cells in cluster 4 and 5 could be 

identified as spermatocyte in early and late stage, separately.  

 

3. Spermatid and Sperm 

Cluster 2 and 8 have a high expression level of plcz1 (Ito et al., 2008), which indicated 

that cells in those 2 clusters might be spermatid and sperm.  
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4. Somatic cell 

Cluster 10 has a specific expression of Leydig marker gene, cyp17, which suggests that 

cells in cluster 10 are Leydig cells. Cells in cluster 6 can be identified as Sertoli cell since 

the major expression of rgs13 (a marker gene of Sertoli cells in testis) is in cluster 6. 

 

5. Type A Spermatogonia 

Cells in cluster 9 also express spermatogonia marker genes (ddx4, pcna, ccnb3, mcm4) at 

a lower level compared to Spermatogonia type B cells (cluster 0, 1 and 7). Also, some 

marker genes of germ stem cell like dnd1 (Gross-Thebing & Raz, 2020; Hong et al., 2016; 

Suzuki et al., 2016) and nanos2 (Aoki et al., 2009; S. Nakamura et al., 2011) are only 

detected in cluster 9. According to those expression profile described above, cluster 9 can 

be identified as type A spermatogonia.  

 

6. Testis-ova like cells 

In addition, some cells, especially cells gathered at the opposite side to type B 

spermatogonia cluster in type A spermatogonia cluster, have a unique expression profile 

of ova specific expression genes, like nanos3, nanog, mos, nobox 

(ENSORLG00000028896), H1foo (ENSORLG00000024434) and Zpsbp4 

(ENSORLG00000023295). This result indicated that those cell group in cluster 9 might 

be testis-ova reported by previous research and are spontaneously differentiated from 

spermatogonia type A in Hd-rR medaka testis. 
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Single cell RNA sequence of irradiated Hd-rR medaka testis and identification of 

each cell types 

To investigate medaka testis response to gamma-ray irradiation, I performed single cell 

RNA-seq on adult Hd-rR medaka testis 1 week after gamma-ray irradiation (Figure. 14). 

17056 genes across 16634 cells were detected under the cluster resolution of 0.4. 7 cell 

types detected in non-irradiated Hd-rR medaka testis were also detected, while 2 clusters, 

cluster 2 and 9, exhibited a novel expression pattern and distribution different from all 7 

cell types identified in non-irradiated Hd-rR medaka testis. 

According to result of DoubletFinder and gene expression pattern, cluster 11 was 

identified as doublet and removed from the dataset. Cluster 1 and 12 exhibit expression 

of spermatogonia markers, while ova-specific genes only express in cluster 12, so cluster 

1 was identified as type B spermatogonia and cluster 12 type A spermatogonia and testis-

ova. Cluster 3,4,6,7 and 8 were identified as spermatocyte for expressing sycp1 and scp3. 

Cluster 5 and 0 were identified as spermatid and sperm. 

For testicular somatic cell, Ledig cell gathered in cluster 13 and Sertori cell gathered in 

cluster 14. 

As for cluster 2 and 9, both spermatocyte marker (sycp1 and scp3) and spermiogenesis 

marker (PLCZ1 and ccnb2) expression were detected (Figure 15). Along with the 

topological information, theses 2 clusters were expected to be cells skipping normal 

spermatogenesis process from type B spermatogonia and accelerating into 

spermiogenesis due to gamma-ray irradiation. This acceleration was consistent with the 
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result reported in previous histological studies. 

 

Single cell RNA sequence of non-irradiated p53 deficient medaka testis and 

identification of each cell types 

To further investigate the effect of p53 deficiency on spermatogenesis, I performed 

single cell RNA-seq analysis on non-irradiated p53 deficint medaka testis. In this 

analysis, 3348 cells expressing 14547 genes were detected under the cluster resolution 

of 0.5 (Figure. 16). Using the same markers, I successfully identified 7 cell types within 

13 clusters: type A spermatogonia, type B spermatogonia, spermatocytes, spermatids, 

sperm, Leydig cells and Sertoli cells.  

Cells in cluster 12 expressed both spermatogonia and germ stem cell markers, such as 

dnd1 and nanos2, and were identified as type A spermatogonia. Cluster 2, 9 and 10 also 

exhibit expression of spermatogonia markers, based on the expression pattern of cell 

cycle markers, these clusters were identified as G1 phase, G2/M phase and S phase 

mitotic type B spermatogonia, respectively. Cluster 0, 3, 6, 7 and 8 contained cells 

expressing meiosis markers and were identified as spermatocytes. Spermatid and sperm 

marker mainly expressed in cluster 1, 4 and 5, identifying these clusters as spermatid 

and sperm. Testicular somatic cells have a respectively smaller population compared to 

non-irradiated Hd-rR medaka dataset and gathered in cluster 11. Within this cluster, the 

upper part consisted of Leydig cell and lower part of Sertoli cell.  
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Single cell RNA sequence of irradiated p53 deficient medaka testis and identification 

of each cell types 

It is reported that testis-ova can be induced from type A spermatogonia by gamma-ray 

irradiation in p53 deficient medaka, however, the molecular mechanism during this 

process is not clear. To further understand this process, single cell RNA sequencing 

analysis was performed on adult testis of irradiated p53 deficient medaka by same 

pipeline as non-irradiated wild type medaka testis. 

5220 cells expressing 16596 genes were detected in irradiated p53 deficient medaka testis 

under the cluster resolution of 0.4 (Figure. 17). Same markers were used to identify cell 

types of each cluster, as a result, 6 cell types (type A SPG & TO, type B SPG, 

spermatocyte, spermatid, leydig and sertoli) were identified successfully as same as other 

3 samples. It was also checked for doublets, as a result, cluster 7 in p53 deficient irradiated 

dataset was identified as doublets and deleted. Cells in cluster 6 express both 

spermatogonia markers and some germ stem cell specific genes, suggesting that cluster 6 

is type A spermatogonia cluster. Cluster 0, 3 and 10 formed into a loop shape and have an 

expression of spermatogonia markers and mitotic genes, identifying them as clusters of 

type B spermatogonia. Spermatocyte marker and spermiogenesis marker identify cluster 

4,9, and 5 as spermatocytes and cluster 1, 2 and 8 as spermatids and sperms. Cluster 11 

was identified as Sertoli cell by expressing rgs13, and cluster 12 was identified as Leydig 

cells as expressing cyp17. 
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Integrated Single cell RNA sequence dataset of medaka testis and identification of 

each cell types 

In previous work, I analyzed 4 medaka testis single cell RNA-Seq datasets separately, 

identified cell types of each cluster, which are 2 somatic cell clusters (Sertori and Leydig) 

and gamete clusters undergoing spermatogenesis. 

Cells from 4 datasets (non-irradiated Hd-rR wild-type medaka testis, irradiated Hd-rR 

wild-type medaka testis, non-irradiated p53 deficient medaka testis, irradiated p53 

deficient medaka testis) were integrated into a new data set, and re-run same processes as 

4 datasets before (Scale data, normalization, find variable features, PCA, find neighbor 

with UMAP method, find clusters with resolution = 0.2). In addition, cells in integrated 

dataset were all tagged by information of their original dataset and cluster number, so that 

every cell in integrated dataset can be traced back to their separate analysis result. 10 

clusters were identified, by annotating differential expressed markers in each cluster, and 

the separated analysis results tagged on each cell, cell type of each cluster in integrated 

dataset was identified (Figure. 18). Type A Spermatogonia gathered in cluster 7, while 

type B spermatogonia gathered in cluster 0, continue by spermatocytes as cluster 2,6 and 

3, and finished by spermatids and sperm gathered in cluster 4 and 1. Somatic cells were 

in cluster 8 and 9, identified as Leydig and Sertoli cells, separately. Cluster 5 exhibited 

the same expression profile and topological features, which identified it as cells 

accelerating spermatogenesis from spermatogonia into spermatids induced by irradiation. 
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Spermatogonia stop proliferation and rush into meiosis and spermiogenesis after 

gamma-ray irradiation with a p53 dependency 

In irradiated Hd-rR medaka testis, a group of spermatogenetic cells, which are not 

observed in non-irradiated Hd-rR also non-irradiated p53 deficient medaka testis datasets, 

were identified as cells accelerating spermatogenesis from spermatogonia into spermatids. 

Like cells in spermatocytes clusters, those cells express spermatocyte specific markers 

like scp3 and scyp1, thus those cells can be considered as spermatocytes. However, those 

cells also express spermiogenesis markers (PLCZ1, ccnb2, and spatd1), which were not 

expressed in spermatocytes. This expression profile separates this cluster with clusters of 

spermatocytes and spermatid following normal spermatogenetic process analyzed in this 

study. 

This group of cells only observed in irradiated Hd-rR medaka testis dataset, but not in 

non-irradiated testis datasets. This result was further confirmed by integration analysis. 

Cluster 5 in integrated dataset was identified as those accelerated cells, since it exhibits 

same expression profile and topological feature as cluster 2 and 9 in irradiated Hd-rR 

dataset. More importantly, most of cells in cluster 5 from integrated dataset were cells 

from cluster 2 and 9 of irradiated Hd-rR dataset. This result strongly suggests that this 

acceleration of spermatogenesis was induced by irradiation. Surprisingly, those cells were 

not observed in irradiated p53 deficient medaka dataset, which indicated that this 

acceleration has a p53 dependency. 

In integrated dataset, compared to non-irradiated group, expression of G2/M phase 

marker (ccnb1, ccnb3) reduced in type B spermatogonia in irradiated Hd-rR medaka 
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dataset (Figure. 19), which clearly shows a cessation of mitotic cell division of type B 

spermatogonia after gamma-ray irradiation. In addition, the accelerated cluster is close to 

type B spermatogonia in S phase, cells close to type B spermatogonia cluster express S 

phase marker like pcna and skp2, and this expression of S phase marker in cluster 5 faded 

in cells far away from spermatogonia. This result indicated that this irradiation induced 

transformation from proliferation to accelerated spermatogenesis might be activated 

during S phase or G2 check point. 

 

Spermatogenesis is not significantly affected by p53 deficiency 

Comparing between non-irradiated Hd-rR and non-irradiated p53 deficient medaka 

dataset, surprisingly, same cell type and distribution were observed in both datasets. In 

integrated dataset, same type of cells from 2 datasets were clustered into same clusters, 

and not clear impact was observed, which indicated that spermatogenetic process was 

similar in non-irradiated Hd-rR and p53 deficient medaka testis. It further suggests that 

Spermatogenesis is not significantly affected by p53 deficiency. 

 

Testis-ova constantly differentiating from type A spermatogonia  

It is reported that gamma ray irradiation induces the formation of testis-ova p53 deficient 

medaka testis (Nagata et al., 2022; Yasuda et al., 2012). To investigate the molecular 

mechanisms underlying this irradiation induced formation of testis-ova, single-cell RNA-

seq analysis was conducted on irradiated p53 deficient medaka testis. The expression of 

spermatogonia marker and nanos2, which is a type A spermatogonia marker for medaka, 
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and the topology with type B spermatogonia identified cluster 6 as type A spermatogonia.  

In type A spermatogonia cluster, a group of cells, which located on the side opposite to 

where the cluster of type A spermatogonia is connected to the cluster of type B 

spermatogonia, has a unique expression feature of oogenesis-specific genes (mos, nobox 

(ENSORLG00000028896), h1f8 (h1foo, ENSORLG00000024434)) (Figure. 20, Figure. 

21) (Aoki et al., 2009; Beer & Draper, 2013; Kajiura-Kobayashi et al., 2000; Kikuchi et 

al., 2020; Monti & Redi, 2009; Tanaka et al., 2001). This expression profile strongly 

suggesting that those cells in type A cluster were type A spermatogonia differentiating to 

early-stage testis-ova. 

Interestingly, cells with similar expression profile and location features were observed in 

not only irradiated p53 deficient dataset, but also other 3 datasets in this study. All cells 

exhibit similar features like expression of both type A spermatogonia specific genes and 

oogenesis-specific genes, as well as their UMAP location on the side of type A 

spermatogonia away from the type B spermatogonia clusters. This expression of 

oogenesis-specific in a group type A spermatogonia were not affected by eficiency, nor 

irradiation. Surprisingly, these findings strongly suggest that there is part of type A 

spermatogonia constantly mis-differentiating into testis-ova in testis of Hd-rR strain 

medaka. 
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Discussion 

 

 

In this chapter, single-cell RNA sequencing on medaka testis was performed on the wild-

type Hd-rR strain and the p53 deficient medaka 7 days after the gamma-ray irradiation of 

0.5 Gy, in addition to their non-irradiated groups. In all datasets, serial spermatogenetic 

cell types were identified: type A and type B spermatogonia, meiotic spermatocyte, 

spermatid and sperm, and 2 testicular somatic cells: Sertoli cells and Leydig cells. All 

spermatogenetic cells were arranged continuously in the order of spermatogenesis by 

UMAP analysis, except type A spermatogonia of which clusters were located apart from 

the other clusters in the 2 non-irradiated testes. Somatic cells were located apart from the 

germ cell clusters, too. This distribution confirmed that spermatogenesis is a continuous 

process in medaka. Furthermore, in this study, Percoll method was used to raise the 

proportion of spermatogonia in the testicular cells prepared for single-cell RNA-seq 

analysis. The abundance of spermatogonia, especially type B spermatogonia, enabled me 

a further investigation of type B spermatogonia dynamics in this study. On the UMAP 

analysis, the clusters of type B spermatogonia were looped, recalling the mitotic cell 

cycling of type B spermatogonia. Cell cycle score, which is one of Seruat functions to 

evaluate cell cycle phase, and the expression of cell cycle markers confirmed that type B 

spermatogonia in S phase, G1 phase and G2/M phase were clearly clustered in 3 different 

clusters, and the cluster of the type B spermatogonia in G1 phase was continuous with the 
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meiotic spermatocyte cluster. In contrast in the irradiated Hd-rR dataset, type B 

spermatogonia also can be separated into 3 “regions” on UMAP analysis, however, only 

one cluster was assigned to type B spermatogonia (Figure 14A). This is because the 

resolution of clustering (which decides the cluster number in one dataset on UMAP) must 

be compromised to balance the cluster numbers between the 4 datasets. Type B 

spermatogonia undergo extensive mitotic divisions to proliferate and greatly increase in 

their numbers before proceeding into meiosis, and this phenomenon was clearly 

confirmed by single-cell RNA-seq analysis here.  

In addition, compared to type A spermatogonia, type B spermatogonia exhibit both low 

gene expression levels and fewer number of expressing genes (Figure. 22), which strongly 

suggests that the differentiation of type A spermatogonia into type B spermatogonia may 

be accompanied by the suppression of specific gene expressions rather than the activation 

of a novel set of gene expressions. This suggests that silencing of certain gene pathways 

is a key to maintain the undifferentiated state and to start the differentiation, and crucial 

for proper spermatogenesis and germ stem cells function. 

Among the “wild-type” Hd-rR datasets, a novel group of germ cells were detected only 

in the irradiated testis, those were absent in the normal spermatogenesis in the Hd-rR 

medaka. On the UMAP analysis, those cells were located alongside the spermatocyte 

clusters, also connecting the type B spermatogonia cluster and spermatid cluster. The 

spermatocyte and spermatid clusters were annotated by their specifically expressed 

marker genes. On the other hand, those novel cells appeared in the irradiated Hd-rR testis 

have an expression profile of expressing both meiosis and spermiogenesis markers. It has 

been reported in the previous histological studies that gamma-ray irradiation induces 
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spermatogenesis acceleration in medaka testis (Kuwahara et al., 2003; Yasuda et al., 

2012). Furthermore, I found the abnormal acceleration of spermatogenesis and 

spermiogenesis in the low dose / low dose rate gamma-ray irradiated medaka testis by 

bulk RNA-seq in the chapter 1 of this thesis. These findings strongly suggest that the 

novel cell cluster apearred in the irradiated Hd-rR testis were type B spermatogonia and 

spermatocytes abnormally rushed into meiosis and spermiogenesis after the irradiation. 

Surprisingly, in the p53 deficient testis, this novel cell cluster was not present both in the 

non-irradiated nor irradiated dataset. I further conducted integrated analysis of the 4 

dataset and confirmed that almost all of the novel cells, which expressing both meiosis 

and spermiogenesis markers, came from the irradiated Hd-rR dataset, not from the p53 

deficient dataset. This result strongly suggests that the irradiation-induced acceleration of 

spermatogenesis depends on tp53 functions. In addition, it should be noticed that there is 

no obvious impact of the irradiation to the topology of clusters of spermatocyte, spermatid 

and sperm in the regular process of spermatogenesis in all the 4 datasets. 

Irradiation impact was also found in type B spermatogonia in the irradiated Hd-rR medaka 

testis. ccnb1 and ccnb3, which are marker genes of G2/M phase of mitotic cell cycle, 

were down-regulated in the type B spermatogonia from the irradiated Hd-rR dataset, 

suggesting that type B spermatogonia proliferation was suppressed. The suppressed 

proliferation of type B spermatogonia was also reported previously in the gamma-ray 

irradiated medaka (Kuwahara et al., 2003). It can be considered that irradiated cells make 

time for DNA repair before DNA replication through cell cycle delay (ap Rhys & Bohr, 

1996; Lydall & Weinert, 1996; Wang, 1998). Cells from the Hd-rR and the p53 deficient 

testis were clustered into same integrated clusters, suggesting that there is no obvious 
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impact on spermatogenesis by p53 deficiency. This finding is consistent with the 

histological results by the previous studies (Nagata et al., 2019; Yasuda et al., 2012). In 

addition, expression of the genes related to p53 were not altered by p53 deficiency nor 

gamma-ray irradiation in this study. p21 (cdkna1), the most famous downstream gene of 

tp53 pathway, was barely detected in any of the 4 datasets of medaka testis in this study. 

As for the other members of the tp53 pathway, tp63 expressed in a few cells in the type 

A spermatogonia cluster and tp73 was not detected in any datasets, both expressions were 

not affected by p53 deficiency nor irradiation. 

Ova-like cells in testis are known as testis-ova and can be induced by gamma-ray 

irradiation in the p53 deficient medaka testis (Nagata et al., 2019, 2022; Yasuda et al., 

2012). Several oogenesis-specific genes (nanos3, nanog, mos, nobox, h1f8 (H1foo) and 

sox19b) and I found that these oogenesis-markers were expressed only in cells in the type 

A spermatogonia cluster in the 4 datasets. In addition, cells expressing these oogenesis-

markers localized at the side of the type A spermatogonia cluster opposite to the side at 

which the type A and type B spermatogonia clusters were connected. Surprisingly, these 

cells are observed not only in the irradiated p53 deficient dataset, but also they were 

identified in all of the other 3 datasets with similar expression profile and topological 

feature on the UMAP analysis. This result strongly suggests that a part of type A 

spermatogonia is constantly differentiating into testis-ova in Hd-rR strain medaka, 

regardless of the irradiation nor the p53 deficiency. My hypothesis is that those mis-

differentiating type A spermatogonia would be removed by p53 through apoptosis. 

However, they might further differentiate into larger testis-ova when p53 is absent, so that 

the large grown “oocytes” would be identified easily by the histological studies. 
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In chapter 1, by bulk RNA-seq analysis, I revealed that the low dose / low dose irradiation 

induced serval alterations in spermatogenesis in medaka testis such as the acceleration of 

meiosis and spermiogenesis, metabolic suppression, alteration in testicular somatic cell 

functions, immune activation and up-regulation of calcium related activities. In this 

chapter, I confirmed the acceleration of meiosis and spermiogenesis by single cell RNA-

seq and further I demonstrated that the acceleration is an abnormal process and different 

from the normal spermatogenesis. This acceleration of meiosis and spermiogenesis might 

affect the calcium related activities in medaka testis. I have focused mainly on the male 

germ cells and process of spermatogenesis in the single cell RNA-seq in this chapter, so 

that the testicular somatic cells were not fully collected from the testes and it was difficult 

to investigate the impacts of the irradiation on the testicular somatic cells precisely. The 

further single cell RNA-seq analysis that focus on the testicular somatic cells might be 

highly helpful to understand the impact of irradiation on testicular responses and 

development of the appropriate protocols to prepare the singled cells those are focused in 

the organs/tissues will be important. 
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Figure 13. Single cell RNA sequence analysis of non-irradiated Hd-rR medaka testis.  (A) 

UMAP plot of 5420 medaka testicular cells across 16150 features, 11 clusters were identified at 

the resolution of 0.25 and each one was assigned to a unique color.  (B) Known markers for each 

cell type have been shown each single cell. 
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Figure 14. Single cell RNA sequence analysis of 0.5 Gy gamma ray irradiated Hd-rR medaka 

testis.  (A) UMAP plot of 16634 medaka testicular cells across 17056 features, 13 clusters were 

identified at the resolution of 0.25 and each one was assigned to a unique color.  (B) Known 

markers for each cell type have been shown each single cell. 
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Figure 15. Expression level of spermatocytes marker (scp3 and sycp1) and spermiogenesis 

marker (PLCZ1, ccnb2 and spatcl1) in each cell of irradiated Hd-rR medaka testis. 
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Figure 16. Single cell RNA sequence analysis of non-irradiated p53 knockout medaka testis. (A) 

UMAP plot of 3348 medaka testicular cells across 14547 features, 13 clusters were identified at 

the resolution of 0.25 and each one was assigned to a unique color. (B) Known markers for each 

cell type have been shown each single cell. 
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Figure 17. Single cell RNA sequence analysis of 0.5 Gy gamma ray irradiated p53 knockout 

medaka testis.  (A) UMAP plot of 5220 medaka testicular cells across 16596 features, 12 clusters 

were identified at the resolution of 0.25 and each one was assigned to a unique color.  (B) Known 

markers for each cell type have been shown each single cell. 



90 

 

 

 

 

 

 

Figure 18. Integrated analysis of 4 single cell RNA sequence datasets, non-irradiated Hd-

rR medaka testis (wtctrl), 0.5 Gy gamma ray irradiated Hd-rR medaka testis (wtir), non-

irradiated p53 knockout medaka testis (p53ctrl) and 0.5 Gy gamma ray irradiated p53 

knockout medaka testis (p53ir).  (A) UMAP plot of 29062 medaka testicular cells across 

19806 features, 10 clusters were identified at the resolution of 0.25 and each one was 

assigned to a unique color.  (B) UMAP of integrated dataset split by 4 conditions and 

grouped by original cluster number. 
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Figure 19. Mitotic marker (ccnb3 and ccnb1) expressed higher in irradiated medaka testis. 

(A) Expression of mitotic marker (ccnb3 and ccnb1) in each non-irradiated and irradiated 

Hd-rR medaka type B spermatogonia. (B) Expression level of ccnb3 in non-irradiated and 

irradiated Hd-rR medaka ccnb3 express type B spermatogonia (P value = 2.2e-16). (C) 

Expression level of ccnb1 in non-irradiated and irradiated Hd-rR medaka ccnb3 express 

type B spermatogonia (P value = 7.901e-08).  
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Figure 20. Expression level of oogenesis markers (nano3, nanog, mos,  nobox, h1foo 

and sox19b). (A) Expression level of oogenesis markers in cell from integrated dataset; 

(B) Expression level of oogenesis markers in each type A spermatogonia. from integrated 

dataset. 
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Figure 21. Expression level of oogenesis markers in each type A spermatogonia. from 

integrated dataset, cells were separated by 4 conditions. 
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Figure 22. Type A spermatogonia expression profile in integrated dataset. (A) Type A 

spermatogonia markers (nanos2, dnd1 and myca) expressed in spermatogonia; (B) 

Expressed gene number and total expression depth were compared between type A and 

type B spermatogonia. 
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General Discussion 

 

 

In chapter 1, I conducted bulk RNA-seq analysis on medaka tissues (intestine, testis and 

ovary) and whole-body, finding out DEGs between the control group and the group 

irradiated by low dose / low dose rate gamma-ray (total dose of 100 mGy in 7 days). The 

DEGs were further annotated by GO enrichment and KEGG pathway analysis, for a better 

understanding of biological responses under low dose / low dose rate irradiation. Tissues 

like intestine, testis and ovary exhibited varying degrees of metabolic suppression, which 

may represent an adaptive response of the organism to this irradiation dose. At the same 

time, some tissue specific responses were also observed after the irradiation. Mitosis in 

intestinal tissues, especially in the intestinal stem cells, slowed down after the irradiation. 

In testis, spermatogenesis accelerates, accompanied by behavioral changes in supporting 

cells and activation of immune responses. Ovarian tissues, as anticipated, do not exhibit 

particularly significant changes. I also chose to analyze whole-body tissues as a 

comprehensive unit, comparing responses between male and female in an attempt to 

identify broader responses after the irradiation. In whole-body tissue, metabolic 

suppression presented in tissues after the irradiation was not observed. In contrast, up-

regulated metabolic activity, especially lipid metabolism was observed in both male and 

female whole-body tissue after the irradiation, representing the most characteristic 
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response under this irradiation condition. I made several hypotheses for the reasons of the 

increased lipid metabolism observed after the irradiation.  For instance, the oxidative 

stress induced by low-dose radiation may lead to an energy deficit within the organism, 

prompting medaka body to utilize fat reserves to bridge this energy gap. Additionally, 

oxidative stress can damage functional lipid molecules, necessitating increased lipid 

metabolism to supply materials for lipid biosynthesis and replacing damaged lipids. 

Cholesterol and steroid hormones, which are closely related to lipid metabolism, also 

changed after the irradiation with more complex mechanisms, reflecting the complexity 

of low dose radiation responses. 

Similarly, increased immune responses were observed at the whole-body level, along with 

the up-regulated biosynthesis of certain anti-inflammatory molecules. In contrast to 

adaptive immune changes typically seen at higher irradiation doses, the immune-related 

changes under the low dose / low dose rate conditions in this study primarily involved the 

innate immune system, likely targeting the clearance of cellular debris or toxic molecules 

within the organism. The outcomes related to immune responses often vary depending on 

irradiation dose and dose rate, and experimental conditions. However, determining an 

exact threshold for these effects remains challenging, highlighting a key issue in low dose 

irradiation research and underscoring the need for further studies to clarify these 

responses. 

Bulk RNA-seq analysis of tissues and the whole-body tissue has revealed both tissue-

specific and more extensive systemic responses following low dose / low dose rate 

gamma-ray exposure. However, this technique does not capture the cell-specific 

responses that may occur within different cell populations in the same tissue. Therefore, 
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in Chapter 2, I focused on the testis, performing a more refined transcriptomic analysis 

through single-cell RNA sequencing. This approach allows for the classification of germ 

cells and testicular somatic cells, with a particular focus on the response of germ cells 

under the irradiation. Furthermore, this study aims to uncover the mechanisms behind 

testis-ova formation in medaka testis, which were suggested in previous research (Nagata 

et al., 2019; Yasuda et al., 2012). 

Continuous process of spermatogenesis was confirmed in non-irradiated Hd-rR medaka 

testis. Similar process was confirmed in irradiated Hd-rR medaka testis, but with a novel 

type of cell, which seems to be the spermatogonia accelerating into the spermatogenesis 

process after the irradiation. Same analysis were conducted on p53 deficient medaka testis 

as well, similar spermatogenesis process presented by both non-irradiated and irradiated 

medaka testis confirmed that p53 deficient does not affect the regular spermatogenesis, 

however, acceleration of spermatogenesis induced by the irradiation was not present in 

irradiated p53 deficient medaka testis, indicating that this irradiation induced acceleration 

has a p53 dependency. Since it is reported that testis-ova can be induced in gamma-ray 

irradiated p53 deficient medaka testis, and some early oogenesis marker genes were used 

as testis-ova marker, those markers were used for searching testis-ova in this study. The 

expression profiles indicated that testis-ova were differentiated from type A 

spermatogonia, and surprisingly, testis-ova not only induced in irradiated p53 deficient 

medaka testis, but also non-irradiated p53 deficient medaka testis and even Hd-rR medaka 

testis. Thus, here I hypotheses that type A spermatogonia is constantly differentiating into 

testis-ova in Hd-rR strain medaka testis, and this process used to be terminated by p53 

dependent apoptosis, with induction of irradiation of p53 deficiency, this process 
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continues to progress so that can be detected by histological examinations. 

 

In this study, responses after low dose irradiation in medaka were analyzed by NGS 

techniques. Some results are consistent with the histological experiment results in 

previous studies, however, new discoveries are also made while they might be difficult to 

notice by histological examinations. These new discoveries prove that NGS techniques 

as a powerful tool for revealing slight variations, like the physiological responses after 

low dose irradiation, compared to responses of high dose irradiation. However, this 

technique still has its limitations, such as, the subtle alteration can be overlapped by other 

variations between experiment batches, even between samples. More powerful statistic 

tools and much larger sample pool might be need. As for low dose irradiation research, 

the responses related to irradiation dose and dose rate is also ambiguous, results can differ 

between studies with similar conditions, which indicated more experiments data is 

necessary. With the accessibility of public data and advancements in technology, I am 

optimistic that the effects of low dose irradiation and potential countermeasures will 

become clearer in near future. This will contribute to improving human lives and 

ecosystems under radiation impacts and may also allow people to respond more 

effectively in handling radioactive materials and dealing with accidents. 
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