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Abstract 19 

The klotho gene encodes a transmembrane protein aKlotho that interacts with a fibroblast 20 

growth factor receptor in renal tubular epithelial cells and functions as a co-receptor for 21 

FGF23, which is an osteocytes-derived hormone. It is known that this bone-to-kidney 22 

signal promotes urinary phosphate excretion. Interestingly, aKlotho-deficient mice show 23 

accelerated aging and shortened life span in addition to dysregulation of serum 24 

phosphorus. However, physiological basis of aging-related function of aklotho and its 25 

generality in animals remain unclear. The aklotho-deficient vertebrate animals other than 26 

mice have been awaited as an alternative premature aging model. We here employed 27 

zebrafish in our aklotho study and revealed that aklotho mutant zebrafish appear to be 28 

normal at 3 months postfertilization (mpf) in young adults but eventually undergo 29 

premature death by 9 mpf, while normal zebrafish is known to survive for 42 months. We 30 

also assessed motor ability of zebrafish in a forced swimming assay and found that 31 

aklotho mutant zebrafish displayed reduced swimming performance before their survival 32 

declined. A recent study also reported a similar finding that aklotho-deficient zebrafish 33 

exhibited short life span and reduced spontaneous movements. Taken together, these 34 

results suggest that aKlotho mutant zebrafish show premature aging and are useful to 35 

investigate aging in vertebrates. 36 

  37 
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Introduction 38 

Aging is a process of becoming older. In human, a number of physiological decline of 39 

biological functions such as skin wrinkling, soft tissue calcification, neural degeneration, 40 

muscle weakness and motor deterioration occur over time 1. Numerous aging-related 41 

disorders and premature aging diseases have been pathologically identified in human. 42 

Although it has been suggested that aging is triggered by an accumulation of DNA/cell 43 

damage or by a genetic limitation of cell proliferation, the physiological basis and causes 44 

of aging are still largely unknown 1. To investigate aging-related genes and to fight against 45 

aging, several animal models such as mouse, fruit fly and C. elegans have been used to 46 

assay longevity and premature death 2-5. Zebrafish (Danio rerio), which is an emerging 47 

alternative vertebrate model, has also been used to study progressive deterioration of 48 

biological function in aging 6,7. 49 

The klotho (kl) gene was originally identified as an aging-suppressor in mutant mice 50 

that show accelerated aging and short lifespan 8. The kl gene encodes a single-pass 51 

transmembrane protein aklotho and is predominantly expressed in the distal convoluted 52 

tubules. The aklotho protein binds to fibroblast growth factor (FGF) receptors and 53 

functions as a co-receptor for FGF23, which is secreted from osteocytes in bone 9. This 54 

bone-to-kidney signal is activated by an increase of serum phosphorus, promoting 55 

phosphate discharge from blood to urine 10. The aklotho-deficient mice as well as FGF23 56 

knockout mice exhibited increased blood phosphate that results in arteriosclerosis and 57 

vascular calcification 11,12. In addition to these blood vessel disorders, multiple aging 58 

phenotypes such as skin atrophy, auditory disturbance, osteopenia, sarcopenia and 59 

premature death has been reported in these mutant mice 13. Conversely, transgenic mice 60 

that overexpress aklotho displayed longevity compared to normal mice 14. Thus, one 61 

important contributing factor to aklotho-mediated suppression of aging appears to be the 62 

regulation of phosphate levels. But how phosphate homeostasis determines the life span 63 

remains unclear 15. The aklotho-deficient vertebrate animals other than mice would 64 

contribute toward understanding aging. 65 

 In this study, we employed zebrafish for an aklotho study and found that aklotho 66 

mutant zebrafish (Y306X) showed shortened lifespan. A recent study reported the same 67 

finding that aklotho-deficient zebrafish (S179frameshift) undergo premature death 16. We 68 

also assessed swimming performance of zebrafish in forced swimming assay using a 69 

swimmill and demonstrated that aklotho mutant zebrafish display reduced swimming 70 

ability before their survival declined. 71 

 72 

Results 73 
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Zebrafish klotho gene and klotho mutation 74 

To study aklotho in zebrafish, we first retrieved gene information of zebrafish aklotho 75 

from NCBI database. An amino acid alignment of aklotho protein showed that aklotho 76 

is conserved among vertebrates from zebrafish to human, especially in two glycosidase 77 

domains (Supplemental Fig. 1). Although amino acid residues of the transmembrane 78 

domain at the C-terminus of aklotho appeared to be less conserved in chicken, frog and 79 

zebrafish, online prediction tools of the protein secondary structure such as PredictProtein 80 

and SOSUI suggested that this region is a putative membrane-spanning domain in these 81 

non-mammalian animals, verifying that aklotho is overall conserved among vertebrates. 82 

To investigate physiological function of aklotho in zebrafish, we next obtained an 83 

aklotho mutant allele klsa18644, which was identified by a targeting induced local lesions 84 

in genomes (TILLING) project in zebrafish 17. This allele harbors a T to A base 85 

substitution that generates a premature nonsense codon (Y306X) in the middle of the first 86 

glycosidase domain (Fig. 1a). This mutation also generated an MseI restriction site that 87 

enabled genotyping by a restriction enzyme digestion of the genomic PCR products (Fig. 88 

1b, c).  89 

 90 

Zebrafish klotho mutants exhibit short life span 91 

By crossing heterozygous kl mutant carrier fish (kl+/-), we obtained homozygous kl 92 

mutants (kl-/-). The kl-/- mutant embryos showed no apparent defects and grew up to 93 

become adults. The ratio of kl-/- mutants in a progeny of a heterozygous carrier cross was 94 

about one quarter (23%, 23/100) at 4 months postfertilization (mpf), indicating that the 95 

loss of kl does not affect development or survival of zebrafish until they become young 96 

adults (Fig. 2a-c) as reported recently 16. Although the skin of the previously reported kl-97 

deficient zebrafish appeared to be pale at 5 mph 16, we did not see apparent reduction of 98 

skin tone in kl-/- compared to kl+/+ or kl+/- fish at any age. Intriguingly, we noticed that 99 

some mutant female displayed protruding eye (30%, 6/20) just like telescope goldfish 100 

(Fig. 2d-f). This malformation of the eye was not seen in mutant male fish (n = 30). The 101 

same eye phenotype in female fish was also reported in the other kl mutant allele 16. We 102 

also recapitulated that our kl-/- fish become thinner after 5 months of age and die within 9 103 

months (Fig. 2g-i). To detail the short life span of kl-/- zebrafish, we monitored the survival 104 

of our kl+/+, kl+/- and kl-/- fish from 2 mpf (Fig. 2j). We found that all of the kl-/- fish (n = 105 

28) died between 4 and 9 mpf, whereas all kl+/+ (n = 32) and most kl+/- (n = 86) fish kept 106 

living after 9 mpf. It has been reported that the mean life span of zebrafish is 42 months 107 
18. These results indicate that kl-/- zebrafish undergo premature aging and death, just like 108 

aklotho-deficient mice exhibit progeroid phenotypes 8. 109 
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 110 

Zebrafish klotho mutants show reduced motor ability 111 

Since aging affects the integrity of motor system 19, we addressed whether motor ability 112 

is impaired in kl-/- zebrafish before they initiate to show premature aging. As swimming 113 

ability of adult zebrafish is governed by body size especially by caudal fin length 20, we 114 

began with a physical measurement. We measured standard length and caudal fin length 115 

defined as the length from the head to the root of the caudal fin and from the root of the 116 

caudal fin to the edge of the fin, respectively 21. Both standard length and caudal fin length 117 

at 4 mpf were comparable between kl+/+ (standard length 2.86 ± 0.04 cm, caudal fin length 118 

0.67 ± 0.02 cm; n = 19; Fig. 3a), kl+/- (standard length 2.71 ± 0.06 cm, caudal fin length 119 

0.69 ± 0.07 cm; n = 21) and kl-/- (standard length 2.74 ± 0.06 cm; P = 0.13 for kl+/+, P = 120 

0.79 for kl+/-; caudal fin length 0.63 ± 0.06 cm; P = 0.53 for kl+/+, P = 0.44 for kl+/-; n = 121 

12). These data confirm that kl-/- fish are indistinguishable from kl+/+ and kl+/- fish by body 122 

size at 4 mpf. 123 

To quantify swimming performance of adult zebrafish, we then employed a swimmill, 124 

which is a treadmill for aquatic animals 20. A zebrafish was put in a swimming chamber, 125 

where water flow is generated by a voltage-controlled spinning propeller. Since zebrafish 126 

instinctively swim against water flow to maintain the position, fish is compelled to swim 127 

at the water velocity. The water velocity was initially set to 10 cm/s for 1 min successively 128 

followed by 15 cm/s for 1 min. Eventually, the water velocity increased 1 cm/s every 1 129 

min. Zebrafish kept swimming until the water velocity went above the swimming ability 130 

of the fish. The water velocity at when zebrafish can no longer keep swimming was 131 

defined as critical swimming speed (Ucrit) as described previously 22. The Ucrit of kl-/- 132 

zebrafish (17.6 ± 0.9 cm/s; n = 12; Fig. 3b) was significantly lower than that of kl+/+ (26.7 133 

± 0.6 cm/s; P < 0.001; n = 19) and kl+/- fish (28.6 ± 1.3 cm/s; P < 0.001; n = 21). These 134 

results demonstrate that kl-/- fish were less capable of swimming at 4 mpf when they do 135 

not exhibit premature death. 136 

 137 

Discussion 138 

In this study, we investigated a nonsense mutant allele of aklotho in zebrafish and found 139 

that kl-/- fish show shortened life span. Recently, Singh and his colleagues have reported 140 

the other kl mutant zebrafish allele, which harbors a CRISPR-mediated 5-bp deletion and 141 

thus carries a frameshift in the first glycosidase domain 16. Although age-related frailty 142 

and premature death in our kl-/- fish were recapitulations of a recent report, we uniquely 143 

examined swimming performance of kl-/- fish using a swimmill and demonstrated that kl-144 
/- fish exhibit a compromised motor ability before they become thinner and undergo 145 
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premature death. Taken together, we conclude that aklotho mutant zebrafish show 146 

premature aging phenotypes and that aklotho-deficient zebrafish can be an alternative 147 

animal model of aging. 148 

 149 

Conservation of aklotho gene 150 

While invertebrate animals use calcium carbohydrate for exoskeleton, vertebrate animals 151 

utilize calcium phosphate for endoskeleton but with a risk of phosphate toxicity 23. Since 152 

aklotho plays an essential role in discharging excess phosphate from blood to prevent 153 

unwanted ectopic calcification, it is reasonable that aklotho function is conserved among 154 

vertebrates 24. Our amino acid alignment confirmed that aklotho proteins have two 155 

putative glycosidase domains that are highly conserved among vertebrates. These 156 

domains share the highest homology with lactase, which hydrolyses lactose to produce 157 

galactose and glucose 25,26. Interestingly however, the catalytic glutamate residues in both 158 

glycosidase domains were substituted to the other residues; i.e. N239 and S872 in human 159 

aklotho, N241 and A874 in mouse aklotho and N208 and A849 in zebrafish aklotho. 160 

Instead of losing glycosidase activities, these domains might have acquired an affinity to 161 

a calciotropic hormone FGF23, enabling aklotho to function as a coreceptor of FGF 162 

receptors that in turn promotes phosphate excretion from renal tubules 9. These amino 163 

acid substitution might have been critical for aklotho function in vertebrates. An aklotho 164 

homologue gene (klo1) was also found in C. elegans, and klo1-deficient worms showed 165 

short life spans 27,28. The aklotho protein in C. elegans has only one glycosidase domain 166 

with its catalytic residue intriguingly conserved as glutamate, potentially possessing the 167 

glycosidase activity. But how aklotho-mediated suppression of aging takes place in C. 168 

elegans also remains unsolved. 169 

 170 

Decline of motor integrity in aklotho-deficient zebrafish 171 

Previous in situ hybridization analyses revealed that kl gene is expressed by brain, liver, 172 

pancreas and pronephros in embryonic and larval zebrafish and by mesonephric kidney 173 

tubules in adult zebrafish 29. The kl-/- zebrafish did not show any apparent defects during 174 

development and in young adults around 3~4 mpf. But they eventually became thinner 175 

and showed premature death at 5~8 mpf. Singh et al. reported that kl-deficient zebrafish 176 

showed progressive reduction of motor speed during spontaneous free swimming at the 177 

onset of 2 mpf 16. On the other hand, our swimmill assay, which assesses motor 178 

performance in forced swimming, revealed that kl-/- fish exhibited lower Ucrit, which is 179 

the maximum speed of fish swimming, compared to kl+/+ and kl+/- fish at 4 mpf. Reduction 180 

of Ucrit has been reported in aged zebrafish 30, implying that motor deterioration in kl-/- 181 
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fish is a premature aging phenotype. Taken together, the decline of motor integrity is 182 

likely the earliest physiological phenotype of premature aging in kl mutant zebrafish. But 183 

whether this was caused by neuronal dysfunction, muscle weakness or cardiovascular 184 

defects remains obscured. 185 

 186 

Pathology of aklotho 187 

Kuro-o and his colleagues have demonstrated that aklotho mutant mice show several age-188 

related disorders such as increase of serum phosphorus, ectopic calcification and 189 

hypokinesis 8. The life span of the mutant mice was approximately 60 days with no mice 190 

surviving over 100 days. In agreement with this short life span in mutant mice, a 191 

population-based association study suggested that a SNP that generates an F352V 192 

missense variant of human aklotho is implicated in short life span 31. In addition, a 13 193 

years old girl who carries a homozygous H193R missense mutation in aklotho showed 194 

premature tumoral calcinosis with dural and carotid artery calcifications 32. Thus, 195 

physiological symptoms linked to aklotho mutations appear to be common in mammals. 196 

Although pathological studies of aklotho deficiency has only been done in mice, human 197 

and C. elegans until recently, the latest publication of aklotho mutant zebrafish 16 and our 198 

current study demonstrated pathologically-relevant progressive motor deterioration and 199 

premature death in zebrafish kl-/- mutants. Collectively, zebrafish kl-/- mutants provide an 200 

alternative animal model to study aging and progeria in vertebrates. 201 

 202 

Materials and Methods 203 

Animals 204 

Zebrafish (Danio rerio) were reared and maintained in 1.5 L tanks in a recirculating Meito 205 

System (Meito System) under a 14 h light and 10 h dark photoperiod according to the 206 

standard protocol 33. Larvae were fed paramecia and Gemma Micro ZF 75 (Funakoshi) 207 

twice a day from 5 dpf to 20 dpf. Juvenile fish were fed brine shrimp (Tokai Guppy) and 208 

Gemma Micro ZF 75 twice a day. Adults fish were fed brine shrimp and Otohime 209 

B2 (Marubeni Nissin Feed) twice a day. Zebrafish aklotho mutant line (klsa18644) was 210 

purchased from Zebrafish International Resource Center 211 

(https://zebrafish.org/home/guide.php). 212 

 213 

Genotyping 214 

The missense region of kl gene was amplified by genomic PCR using KAPA Taq Extra 215 

PCR Kit (Kapa Biosystems) in ProFlex PCR System (Thermo Fisher Scientific). 216 

Following program was used for amplification: 94 oC 2 min; 94 oC 10 sec, 63 oC 20 sec, 217 
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72 oC 30 sec, 35 cycles; 72 oC 1 min; 4 oC forever. Following primers were used; kl 218 

genotyping forward: CTCTGGGATCTCACTGGATC; kl genotyping reverse: 219 

AACTAAGAGCAGGTCCATGAGAC. PCR products were digested with MseI 220 

restriction enzyme (Takara) and separated by 15% polyacrylamide gel electrophoresis at 221 

300 V for 90 min as described previously 34. The gel images were captured using the 222 

Printgraph AE-6933FXCF (Atto). 223 

 224 

Image capture 225 

Zebrafish were anesthetized in 0.004% Tricaine (MS-222, Sigma-Aldrich) for 1 min. 226 

Images of zebrafish were captured using a digital camera SONY a5000. 227 

 228 

Survival 229 

Adult zebrafish obtained by a cross of kl+/- fish were maintained in the regular care. 230 

Genotyping was done at 2 mpf. Zebrafish that keep floating at water surface or sinking at 231 

the bottom either without swimming were judged as reaching the end point and subjected 232 

to euthanasia. Number of zebrafish reaching the end point was counted. 233 

 234 

Swimmill analysis  235 

Motor ability of zebrafish was quantified using a swimmill system Swim tunnel 236 

respirometer 170 ml (Loligo System) as described previously 20. In brief, an adult 237 

zebrafish was put under a propeller-driven water flow in a chamber, and fish was 238 

compelled to swim in the water flow. The water velocity increased 1 cm/s every 1 min 239 

after initial warming up of 10 cm/s flow for 1 min and successive 15 cm/s flow for 1 min. 240 

Zebrafish swam at the speed of water flow until the water velocity reach the maximum 241 

swimming capability of the fish. The water velocity at when zebrafish can no longer keep 242 

swimming was defined as critical swimming speed Ucrit. The standard and caudal fin 243 

lengths were measured by analyzing frames of swimming movies as described previously 244 
20. 245 

 246 

Statistics 247 

Quantitative data were given as mean ± SEM. All error bars in graphs represent the SEM 248 

values. The sample numbers are indicated in Figure legends. Quantitative data were tested 249 

for normality by Shapiro-Wilk test (P < 0.05). Statistical significance was determined 250 

using the two-tailed Student’s t test.  251 

 252 
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 9 

This study was approved by Animal Care and Use Committee of Aoyama Gakuin 254 

University (A9/2020) and carried out according to the Aoyama Gakuin University 255 

Animal Care and Use Guideline. 256 

 257 

Acknowledgments 258 

We thank Hirata Lab members for fish care. This work was supported by KAKENHI 259 

(Grant-in-Aid for Scientific Research B from the MEXT, Japan: 19H03329), the Takeda 260 

Science Foundation, the Naito Foundation. 261 

 262 

Author contributions 263 

H.H. designed research; Y.O., K.U. and Y.W. performed research and analyzed data; Y.O. 264 

and H.H. wrote the manuscript. 265 

 266 

Competing interests 267 

The authors declare no competing interests. 268 

  269 



 10 

References 270 

1 Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The 271 

hallmarks of aging. Cell 153, 1194-1217, doi:10.1016/j.cell.2013.05.039 (2013). 272 

2 Clancy, D. J. et al. Extension of life-span by loss of CHICO, a Drosophila insulin 273 

receptor substrate protein. Science 292, 104-106, doi:10.1126/science.1057991 274 

(2001). 275 

3 Festing, M. F. & Blackmore, D. K. Life span of specified-pathogen-free (MRC 276 

category 4) mice and rats. Lab Anim 5, 179-192, 277 

doi:10.1258/002367771781006564 (1971). 278 

4 Kenyon, C., Chang, J., Gensch, E., Rudner, A. & Tabtiang, R. A C. elegans mutant 279 

that lives twice as long as wild type. Nature 366, 461-464, doi:10.1038/366461a0 280 

(1993). 281 

5 Tatar, M. et al. A mutant Drosophila insulin receptor homolog that extends life-282 

span and impairs neuroendocrine function. Science 292, 107-110, 283 

doi:10.1126/science.1057987 (2001). 284 

6 Gerhard, G. S. & Cheng, K. C. A call to fins! Zebrafish as a gerontological model. 285 

Aging Cell 1, 104-111, doi:10.1046/j.1474-9728.2002.00012.x (2002). 286 

7 Grunwald, D. J. & Eisen, J. S. Headwaters of the zebrafish -- emergence of a new 287 

model vertebrate. Nat Rev Genet 3, 717-724, doi:10.1038/nrg892 (2002). 288 

8 Kuro-o, M. et al. Mutation of the mouse klotho gene leads to a syndrome 289 

resembling ageing. Nature 390, 45-51, doi:10.1038/36285 (1997). 290 

9 Kurosu, H. et al. Regulation of fibroblast growth factor-23 signaling by klotho. J 291 

Biol Chem 281, 6120-6123, doi:10.1074/jbc.C500457200 (2006). 292 

10 Kuro-o, M. Klotho, phosphate and FGF-23 in ageing and disturbed mineral 293 

metabolism. Nat Rev Nephrol 9, 650-660, doi:10.1038/nrneph.2013.111 (2013). 294 

11 Shimada, T. et al. Targeted ablation of Fgf23 demonstrates an essential 295 

physiological role of FGF23 in phosphate and vitamin D metabolism. J Clin Invest 296 

113, 561-568, doi:10.1172/JCI19081 (2004). 297 

12 Sitara, D. et al. Homozygous ablation of fibroblast growth factor-23 results in 298 

hyperphosphatemia and impaired skeletogenesis, and reverses hypophosphatemia 299 

in Phex-deficient mice. Matrix Biol 23, 421-432, 300 

doi:10.1016/j.matbio.2004.09.007 (2004). 301 

13 Edmonston, D. & Wolf, M. FGF23 at the crossroads of phosphate, iron economy 302 

and erythropoiesis. Nat Rev Nephrol 16, 7-19, doi:10.1038/s41581-019-0189-5 303 

(2020). 304 

14 Kurosu, H. et al. Suppression of aging in mice by the hormone Klotho. Science 305 



 11 

309, 1829-1833, doi:10.1126/science.1112766 (2005). 306 

15 Kuro-o, M. The Klotho proteins in health and disease. Nat Rev Nephrol 15, 27-44, 307 

doi:10.1038/s41581-018-0078-3 (2019). 308 

16 Singh, A. P. et al. alphaKlotho Regulates Age-Associated Vascular Calcification 309 

and Lifespan in Zebrafish. Cell Rep 28, 2767-2776 e2765, 310 

doi:10.1016/j.celrep.2019.08.013 (2019). 311 

17 Kettleborough, R. N. et al. A systematic genome-wide analysis of zebrafish 312 

protein-coding gene function. Nature 496, 494-497, doi:10.1038/nature11992 313 

(2013). 314 

18 Gerhard, G. S. et al. Life spans and senescent phenotypes in two strains of 315 

Zebrafish (Danio rerio). Exp Gerontol 37, 1055-1068, doi:10.1016/s0531-316 

5565(02)00088-8 (2002). 317 

19 Brunet, A. Old and new models for the study of human ageing. Nat Rev Mol Cell 318 

Biol, doi:10.1038/s41580-020-0266-4 (2020). 319 

20 Wakamatsu, Y., Ogino, K. & Hirata, H. Swimming capability of zebrafish is 320 

governed by water temperature, caudal fin length and genetic background. Sci Rep 321 

9, 16307, doi:10.1038/s41598-019-52592-w (2019). 322 

21 Plaut, I. Effects of fin size on swimming performance, swimming behaviour and 323 

routine activity of zebrafish Danio rerio. J Exp Biol 203, 813-820 (2000). 324 

22 Brett, J. R. The Respiratory Metabolism and Swimming Performance of Young 325 

Sockeye Salmon. J Fish Res Board Canada 21, doi:10.1139/f64-103 (1964). 326 

23 Stenvinkel, P. et al. Novel treatment strategies for chronic kidney disease: insights 327 

from the animal kingdom. Nat Rev Nephrol 14, 265-284, 328 

doi:10.1038/nrneph.2017.169 (2018). 329 

24 Kuro, O. M. & Moe, O. W. FGF23-alphaKlotho as a paradigm for a kidney-bone 330 

network. Bone 100, 4-18, doi:10.1016/j.bone.2016.11.013 (2017). 331 

25 Ito, S., Fujimori, T., Hayashizaki, Y. & Nabeshima, Y. Identification of a novel 332 

mouse membrane-bound family 1 glycosidase-like protein, which carries an 333 

atypical active site structure. Biochim Biophys Acta 1576, 341-345, 334 

doi:10.1016/s0167-4781(02)00281-6 (2002). 335 

26 Sugano, Y. & Lardelli, M. Identification and expression analysis of the zebrafish 336 

orthologue of Klotho. Dev Genes Evol 221, 179-186, doi:10.1007/s00427-011-337 

0367-3 (2011). 338 

27 Chateau, M. T., Araiz, C., Descamps, S. & Galas, S. Klotho interferes with a novel 339 

FGF-signalling pathway and insulin/Igf-like signalling to improve longevity and 340 

stress resistance in Caenorhabditis elegans. Aging (Albany NY) 2, 567-581, 341 



 12 

doi:10.18632/aging.100195 (2010). 342 

28 Polanska, U. M., Edwards, E., Fernig, D. G. & Kinnunen, T. K. The cooperation 343 

of FGF receptor and Klotho is involved in excretory canal development and 344 

regulation of metabolic homeostasis in Caenorhabditis elegans. J Biol Chem 286, 345 

5657-5666, doi:10.1074/jbc.M110.173039 (2011). 346 

29 Mangos, S. et al. Expression of fgf23 and alphaklotho in developing embryonic 347 

tissues and adult kidney of the zebrafish, Danio rerio. Nephrol Dial Transplant 27, 348 

4314-4322, doi:10.1093/ndt/gfs335 (2012). 349 

30 Gilbert, M. J. H., Zerulla, T. C. & Tierney, K. B. Zebrafish (Danio rerio) as a 350 

model for the study of aging and exercise: physical ability and trainability 351 

decrease with age. Exp Gerontol 50, 106-113, doi:10.1016/j.exger.2013.11.013 352 

(2014). 353 

31 Arking, D. E. et al. Association of human aging with a functional variant of klotho. 354 

Proc Natl Acad Sci U S A 99, 856-861, doi:10.1073/pnas.022484299 (2002). 355 

32 Ichikawa, S. et al. A homozygous missense mutation in human KLOTHO causes 356 

severe tumoral calcinosis. J Clin Invest 117, 2684-2691, doi:10.1172/JCI31330 357 

(2007). 358 

33 Westerfield, M. The zebrafish book : a guide for the laboratory use of zebrafish 359 

(Danio rerio). 5th ed edn,  (Eugene: University of Oregon, 2007). 360 

34 Ogino, K. et al. RING finger protein 121 facilitates the degradation and membrane 361 

localization of voltage-gated sodium channels. Proc Natl Acad Sci U S A 112, 362 

2859-2864, doi:10.1073/pnas.1414002112 (2015). 363 

  364 



 13 

Figure legends 365 

Figure 1. A nonsense mutation of zebrafish aklotho. 366 

a. The aklotho protein has a signal peptide, two glycosidase domains and a 367 

transmembrane domain. A nonsense mutation caused a truncation in the first glycosidase 368 

domain. b. The T-to-A mutation generated an MseI restriction enzyme site. c. The size of 369 

genomic PCR products was 240 bp. The PCR products amplified from mutant alleles 370 

were digested by MseI to generate two 120-bp fragments. 371 

 372 

Figure 2. Zebrafish aklotho mutants show protruding eyes and short life span. 373 

a-c. The kl+/+ (a), kl+/- (b) and kl-/- (c) zebrafish at 4 mpf. kl-/- fish showed no morphological 374 

defects at this stage. d-f. Lateral and dorsal views of kl+/+ (d), kl+/- (e) and kl-/- (f) head at 375 

5 mpf. Note that the eyeball is protruding to the outside in kl-/- fish. g-i. The kl+/+ (g), kl+/- 376 

(h) and kl-/- (i) zebrafish at 6 mpf. kl-/- fish became skinny. g. The kl+/+ (n = 32) and kl+/- 377 

fish (n = 86) kept surviving after 9 mpf. Most of the kl-/- fish (n = 28) underwent premature 378 

death at 5 ~ 8 mpf. 379 

 380 

Figure 3.  381 

a. The standard length and caudal fin length of individual fish at 5 mpf. Note that both 382 

standard length and caudal fin length were comparable among kl+/+ (n = 19), kl+/- (n = 21) 383 

and kl-/- (n = 12). b. The Ucrit of kl+/+ (n = 19), kl+/- (n = 21) and kl-/- (n = 12) zebrafish 384 

were measured by a swimmill. 385 

  386 
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Figure S1. The aKlotho is conserved in vertebrates. 387 

Multiple amino acid sequence alignment of aKlotho protein. Black and grey colors 388 

respectively indicate completely and highly conserved amino acid residues among 389 

vertebrates. The N-terminal signal peptide is highlighted by an orange box. The first and 390 

the second putative glycosidase domains are indicated by blue and magenta boxes, 391 

respectively. The C-terminal transmembrane domain is highlighted by a green box. 392 

Yellow circles indicate putative N-linked glycosylation sites. Two red arrows indicate the 393 

position of frameshift mutation (S179frameshift) in the previous kl mutant study and the 394 

position of protein truncation (Y306X) in our klsa18644 allele. Following NCBI data were 395 

used: human (H. sapines) NP_004786; rhesus monkey (Macaca mulatta) 396 

XP_001101127; mouse (Mus musculus) NP_038851; chicken (Gallus gallus) 397 

XP_417105; tropical clawed frog (Xenopus tropicalis) XP_002934067; zebrafish (Danio 398 

rerio) XP_021335093. 399 













Figures

Figure 1

A nonsense mutation of zebra�sh aklotho. a. The aklotho protein has a signal peptide, two glycosidase
domains and a transmembrane domain. A nonsense mutation caused a truncation in the �rst
glycosidase domain. b. The T-to-A mutation generated an MseI restriction enzyme site. c. The size of
genomic PCR products was 240 bp. The PCR products ampli�ed from mutant alleles were digested by
MseI to generate two 120-bp fragments.



Figure 2

Zebra�sh aklotho mutants show protruding eyes and short life span. a-c. The kl+/+ (a), kl+/- (b) and kl-/-
(c) zebra�sh at 4 mpf. kl-/- �sh showed no morphological defects at this stage. d-f. Lateral and dorsal
views of kl+/+ (d), kl+/- (e) and kl-/- (f) head at 5 mpf. Note that the eyeball is protruding to the outside in
kl-/- �sh. g-i. The kl+/+ (g), kl+/- (h) and kl-/- (i) zebra�sh at 6 mpf. kl-/- �sh became skinny. g. The kl+/+
(n = 32) and kl+/- �sh (n = 86) kept surviving after 9 mpf. Most of the kl-/- �sh (n = 28) underwent
premature death at 5 ~ 8 mpf.



Figure 3

a. The standard length and caudal �n length of individual �sh at 5 mpf. Note that both standard length
and caudal �n length were comparable among kl+/+ (n = 19), kl+/- (n = 21) and kl-/- (n = 12). b. The Ucrit
of kl+/+ (n = 19), kl+/- (n = 21) and kl-/- (n = 12) zebra�sh were measured by a swimmill.
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