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Abstract 33 
To cope with seasonal environmental changes, animals adapt their physiology and 34 
behavior in response to photoperiod. However, the molecular mechanisms underlying 35 
these adaptive changes are not completely understood. Here we show using 36 
genome-wide expression analysis that an uncharacterized long non-coding RNA 37 
(lncRNA), LDAIR, is strongly regulated by photoperiod in medaka fish (Oryzias latipes). 38 
Numerous transcripts and signaling pathways are activated during the transition from 39 
short day (SD) to long day (LD) conditions, but LDAIR is one of the first genes to be 40 
induced, and its expression shows a robust daily rhythm in LD. Transcriptome analysis 41 
of LDAIR knockout (KO) fish reveals that the LDAIR locus regulates a gene 42 
neighborhood, including corticotropin releasing hormone receptor 2 (CRHR2), which is 43 
involved in the stress response. Behavioral analysis of LDAIR KO fish demonstrates 44 
that LDAIR affects self-protective behaviors under LD conditions. We therefore propose 45 
that photoperiodic regulation of CRHR2 by LDAIR modulates adaptive behaviors to 46 
seasonal environmental changes. 47 
 48 
During the breeding season, animals show stress responses, such as self-protective and 49 
escape behaviors1, when confronted with potentially dangerous situations (e.g., predation, 50 
interspecific competition, and harsh weather). These behaviors are critical for animals to 51 
survive the changing environment. Photoperiod is the most reliable indicator of the 52 
forthcoming season, and seasonal regulation of various physiological and behavioral 53 
processes by photoperiod (so-called photoperiodism) has been known for decades2, 3. 54 
However, the molecular mechanisms underlying seasonal adaptive strategies are not well 55 
understood. Japanese medaka fish (Oryzias latipes) serve as an excellent model to study the 56 
mechanism of seasonal adaptation, because of their highly sophisticated seasonal responses 57 
and the recent availability of genomic information and genome-editing tools4-9. Interestingly, 58 
we recently demonstrated that dynamic seasonal changes in color perception alters breeding 59 
behavior in medaka8. To further understand the molecular basis of seasonal adaptation in 60 
medaka, we performed genome-wide transcriptome analysis during the transition from short 61 
day (SD) to long day (LD) conditions and identified several photoperiodically-regulated 62 
genes and signaling pathways. Among these, we focused on a novel, long non-coding RNA 63 
(lncRNA, LDAIR), whose robust rhythmic expression was induced only under LD conditions. 64 
Transcriptome analysis of LDAIR knockout (KO) fish reveals differential expression of a 65 
number of genes close to the LDAIR locus, including corticotropin releasing hormone 66 
receptor 2 (CRHR2), which is known to be involved in the stress response10, 11. Behavioral 67 



analysis of LDAIR KO medaka suggests that LDAIR affects stress-associated protective 68 
behaviors. These results indicate that photoperiodic regulation of CRHR2 by the LDAIR locus 69 
may modulate risk-sensitivity and increase animal fitness to changing environments. 70 
 71 
Results 72 
Identification of photoperiodically-regulated transcripts and signaling pathways. 73 
To characterize the transcriptional landscape during the transition from SD to LD, we 74 
performed genome-wide expression analysis using customized medaka DNA microarrays 75 
(Agilent Technologies). We transferred female medaka kept under SD (10 h light / 14 h dark; 76 
26°C) to LD (16 h light / 8 h dark; 26°C) conditions. The brain region containing the 77 
hypothalamus and pituitary were collected from six fish every 4 h for three days during this 78 
transition (Supplementary Fig. 1a). For each time point, biotinylated antisense RNAs 79 
(cRNAs) prepared from pooled brain samples from three animals were hybridized to 80 
duplicate sets of arrays to minimize experimental error (n = 2). One-way ANOVA analysis (P 81 
< 0.01, Tukey HSD (Honest Significant Difference) post-hoc test, and Benjamini Hochberg 82 
FDR (False Discovery Rate), P < 0.01) with a 2-fold cut-off and hierarchical cluster analysis 83 
were performed. This analysis identified 1,249 transcripts that were differentially expressed 84 
(Fig. 1a, Supplementary Data 1). Among these, expression of 143 transcripts were reduced 85 
(designated as down-regulated genes) and 758 were increased (designated as up-regulated 86 
genes) during the transition to LD (Fig. 1b). To identify photoperiodically-regulated signal 87 
transduction pathways, we also performed Ingenuity Pathway Analysis (IPA) based on the 88 
microarray data. This canonical pathway analysis detected up-regulation of FXR/RXR and 89 
LXR/RXR nuclear receptor signaling, ubiquinol-10 and cholesterol biosynthesis, and 90 
down-regulation of acute phase response signaling by LD (Fig. 1c). 91 

In addition to seasonally regulated genes, we detected 348 transcripts that showed a 92 
daily rhythm, including the circadian clock genes ARNTL1A, NPAS2-4, PER1-3, CRY1, 93 
NR1D2, RORB/C, and DEC1 (referred to as cycling genes) (Fig. 1b). Furthermore, we 94 
noticed that expression of one transcript named olvl28m13 (National Bio-Resource Project 95 
Medaka database, accession number DK236042) was induced and strongly rhythmic only 96 
under LD conditions (red bold line in Fig. 1b). Notably, the timing of its induction was much 97 
earlier than nearly all up-regulated genes.  98 
 99 
Photoperiodically-regulated, cycling transcript olvl28m13 is a lncRNA. 100 
According to the National Center for Biotechnology Information (NCBI) database, 101 
olvl28m13 is an uncharacterized lncRNA (GeneID: 105356286). To examine olvl28m13 102 



further, we next performed strand-specific RNA-seq analysis and confirmed higher 103 
expression under LD than SD conditions (Fig. 2a). This RNA was transcribed from the 104 
intronic region of the LIPIN2 (LPIN2) gene (between exon 1 and 2) located on medaka 105 
chromosome 17 in the opposite direction of LPIN2. Although intronic lncRNAs are often 106 
reported to regulate overlapping protein coding genes12, 13, olvl28m13 did not overlap with 107 
the LPIN2 transcript, and there was no significant difference in LPIN2 expression in SD 108 
compared to LD (Fig. 2a). To determine the protein-coding potential of this transcript, we 109 
next performed ribosomal profiling analysis (Ribo-seq)14. RNAs that are translated into 110 
protein are associated with ribosomes, whereas those that function as RNAs, such as some 111 
lncRNAs, are not. Ribo-seq involves the isolation and sequencing of ribosome-associated 112 
RNAs, which then determines the protein coding potential of RNAs. To compare RNA-seq 113 
and Ribo-seq directly, we prepared libraries from the same samples. When we analyzed the 114 
positive control beta-actin, reads from RNA-seq were mapped to the open reading frame 115 
(ORF) and untranslated region (UTR), while those from Ribo-seq were mapped only to the 116 
ORF, as expected (Fig. 2b). We then examined reads from the negative control, CYRANO, 117 
one of the few conserved lncRNAs among vertebrates15. Almost no reads were mapped from 118 
Ribo-seq (Fig. 2b), while many reads were obtained from RNA-seq. These results clearly 119 
demonstrate that we can obtain reads from ribosome-protected RNA fragments using 120 
Ribo-seq and therefore distinguish between protein-coding and non-protein coding RNAs. 121 
We then examined olvl28m13. Similar to CYRANO, many reads were obtained using 122 
RNA-seq, but no reads were detected by Ribo-seq (Fig. 2b) (note that the results from 123 
RNA-seq of olvl28m13 in Figs. 2a and 2b are not identical; this is because the data in Fig. 2a 124 
is from strand-specific RNA-seq, while that in Fig. 2b is the result of RNA-seq from both 125 
strands.) Taken together, these findings indicate that the transcript olvl28m13 is not 126 
associated with ribosomes and most likely not translated into protein. We therefore categorize 127 
olvl28m13 as a lncRNA that functions as a RNA. Accordingly, we designate this novel 128 
lncRNA long day induced antisense intronic RNA, LDAIR.  129 
 130 
LDAIR locus regulates a gene neighborhood. 131 
Many lncRNAs have been reported to regulate the expression of nearby genes, often referred 132 
to as a gene neighborhood16-18. To examine this possibility for LDAIR, we generated KO 133 
medaka using the CRISPR/Cas9 system. The LDAIR locus was deleted using two different 134 
guide RNAs (Fig. 3a). We crossed an injected G0 founder with a wild type (WT) fish to 135 
obtain F1 heterozygotes (+/-) and then crossed F1 heterozygotes to generate F2 KO (-/-) and 136 
WT (+/+) siblings (Fig. 3b; Supplementary Fig. 2). Genome-wide expression analysis using 137 



DNA microarrays were performed to compare transcripts in brain samples containing 138 
hypothalamus and pituitary (Supplementary Fig. 1a) between WT and KO medaka. 139 
Biotinylated cRNAs prepared from pooled samples from three fish (total 9 fish for each 140 
genotype) were hybridized to triplicate sets of arrays (n = 3). Moderate t-test analysis (P < 141 
0.05, Tukey HSD post-hoc test, and Benjamini Hochberg FDR, P < 0.1) with a 2-fold cut-off 142 
identified 33 probes that represented 26 differentially expressed transcripts (Fig. 3c). 143 
Interestingly, 10 of the 26 transcripts were located on the same chromosome as LDAIR (Chr 144 
17) (Fig. 3d, Supplementary Data 2). Differential expression of 7 of the 10 transcripts was 145 
validated by qPCR assay (Supplementary Fig. 3), and these 7 transcripts were located within 146 
a range of 1.8 Mb of LDAIR (Fig. 3e), suggesting that the LDAIR locus might regulate a gene 147 
neighborhood. Among these 7 transcripts, 4 transcripts were up-regulated and 3 transcripts 148 
(including LDAIR) were down-regulated in KO medaka. When we examined the expression 149 
of these neighboring genes, CRHR2 and ROCK1 were photoperiodically-regulated (P < 0.05, 150 
t-test; n = 6) (Supplementary Fig. 4). Although CCDC13 and ADCYAP1R1 were weakly 151 
photoperiodic, statistical differences were not observed in other neighboring genes (P > 0.05, 152 
t-test; n = 6) (Supplementary Fig. 4). We then focused our studies on CRHR2 (Fig. 3e), 153 
because CRHR2 is known to be involved in the stress response in mouse10, 11, and we wanted 154 
to test the hypothesis whether LDAIR may regulate stress-related behaviors in medaka fish. 155 
 156 
LDAIR KO fish show a decrease in self-protective behaviors. 157 
Hyperactivation of the hypothalamic-pituitary-adrenal (HPA) axis and/or extremely high 158 
levels of stress hormones are known to inhibit reproduction. By contrast, moderately elevated 159 
levels of stress hormones actually facilitate reproduction, and stress responses are typically 160 
increased during the breeding season1, 19. The HPA axis can function to mediate diverse 161 
responses to various stressors and its behavioral effects include promotion of protective and 162 
escape behaviors20. Thus, stress responses may also eliminate or reduce the impact of 163 
potential stressors and hence promote animal survival21. When we measured whole-body 164 
cortisol levels, an increase in baseline cortisol levels was observed under LD breeding 165 
conditions (P < 0.05, t-test; n = 4) (Fig. 4a).  166 

The novel tank test presents a motivational conflict between the ‘protective’ diving 167 
behavior and vertical ‘exploration’ behavior22 (Fig. 4b). When we performed the novel tank 168 
test using fish kept under SD conditions (when LDAIR expression is suppressed), there were 169 
no significant differences in the behaviors between WT and KO medaka (Fig. 4c top). In 170 
contrast, WT medaka showed lower vertical exploration and longer freezing duration than 171 
KO medaka under LD conditions (when LDAIR is expressed) (P < 0.01, t-test; n = 16) (Fig. 172 



4c bottom). In general, fish avoid brightly lit areas to avoid detection by other animals22. 173 
When we performed the light-dark tank test (Fig. 4d), no significant changes were observed 174 
between WT and KO medaka under SD conditions (Fig. 4e top), as in the case of the novel 175 
tank test. Interestingly, however, WT medaka showed more light avoidance behavior than KO 176 
medaka under LD conditions (P < 0.05, t-test; n = 20) (Fig. 4e bottom). These results suggest 177 
that WT medaka are more sensitive and avoid potentially dangerous situations more than 178 
LDAIR KO medaka under LD conditions. 179 

We also examined the effects of LDAIR KO on seasonal reproduction, and LDAIR 180 
KO medaka were fertile, similar to WT, and no significant differences were observed for the 181 
photoperiodic regulation of the gonads (Supplementary Fig. 5). 182 
 183 
Discussion 184 
In non-tropical areas, organisms are exposed to seasonal changes in the environment. To cope 185 
with these changes, animals often adapt their behavior. Although Aristotle described seasonal 186 
changes in animal behavior in his ‘Historia Animalium,’ its underlying mechanisms remain 187 
unclear. To better understand this mechanism, we performed transcriptome analysis and 188 
identified multiple signal transduction pathways that are regulated by changing photoperiod. 189 
For example, pathways related to cholesterol metabolism, such as nuclear receptors 190 
FXR/RXR and LXR/RXR and cholesterol biosynthesis, were activated by LD. Cholesterol 191 
within the brain is an essential component of synapses and required for dendrite formation23, 192 
24 and axonal guidance25. Therefore, it seems possible that activation of pathways related to 193 
cholesterol metabolism may modulate neuronal plasticity to prepare for the coming spring. 194 

In addition to these signaling pathways, we discovered photoperiodic regulation of 195 
the lncRNA LDAIR. Interestingly, induction of LDAIR was time-of-day dependent (Fig. 1). 196 
We therefore searched for circadian clock-controlled DNA sequences (E/E’-box 197 
[CACGT(T/G)], D-box (DBP response element) [TTATG(C/T)AA], and RRE (RevErbA 198 
response element) [(A/T)A(A/T)NT(A/G)GGTCA]) within intron 1 of LPIN2, where LDAIR 199 
is localized. We found one D-box 81 bp upstream of the LDAIR transcription start site (Fig. 200 
2b). Notably, D-boxes have been demonstrated to be important DNA elements regulating 201 
light-inducible genes in zebrafish27. However, enhancers may also be located far from 202 
transcription start sites of genes (e.g., ~1 Mb upstream or downstream). Thus, the regulatory 203 
mechanism of LDAIR expression remains to be determined. Transcriptome and behavioral 204 
analyses of LDAIR KO medaka demonstrated differences in the expression of the nearby 205 
gene CRHR2 and in the stress response. Two CRH receptor sub-types, CRHR1 and CRHR2, 206 
are conserved in a number of vertebrate species28. Even though both receptors are involved in 207 



stress responses, they have opposite functions; CRHR1 increases anxiety29, 30, whereas 208 
CRHR2 has a calming, anxiolytic role10, 11. In the present study, LDAIR KO medaka showed 209 
higher CRHR2 expression and lower sensitivity to stressors (e.g., novel tank and light area). 210 
These behavioral phenotypes of LDAIR KO fish are consistent with previous reports 211 
describing an anxiolytic role for CRHR2. An increase in stress responses during the breeding 212 
season has been reported in a number of animals1. For example, activation of the HPA axis 213 
during the breeding season suppresses territorial behaviors and promotes escape behaviors in 214 
white crowned sparrow20. We speculate that self-protective behaviors observed in medaka 215 
under LD conditions increases risk-sensitivity and hence, fitness during the breeding season. 216 

Recently, lncRNAs have been recognized as important regulators of gene 217 
expression31-34, and some lncRNAs are reported to regulate the expression of nearby 218 
genes16-18. In the present study, we discovered that the LDAIR locus regulates a gene 219 
neighborhood. lncRNAs are known to interact with DNA, other ncRNAs, and proteins, and 220 
they are implicated in a wide range of transcriptional, posttranscriptional, and 221 
posttranslational modifications. They function as guides and decoys, as well as in scaffolding, 222 
splicing, mRNA decay and subcellular localization. lncRNAs may influence chromatin 223 
architecture by interacting with chromatin-modulating proteins (promoting or preventing 224 
recruitment and/or association with chromatin), thereby controlling transcriptional activity; 225 
lncRNAs activate or repress transcription by acting locally (near the sites of their 226 
transcription: cis-regulation) or distally (at sites that are located on other chromosomes: 227 
trans-regulation) through their ability to recruit regulatory factors to the locus and/or 228 
modulate their function; lncRNAs interact with mRNA to regulate splicing, degradation, and 229 
translational efficiency; lncRNAs are involved in gene regulation using DNA elements within 230 
the lncRNA locus separate from the encoded RNA33, 34. To further understand how the LDAIR 231 
locus influences expression of nearby genes, we attempted to knock down the LDAIR 232 
transcript in a dose-dependent manner using morpholino oligonucleotides delivered by 233 
microinjection into the third ventricle. Unfortunately, knockdown of LDAIR was insufficient 234 
(~25% reduction) (data not shown), and we could not obtain a clear result. The mechanism of 235 
how these neighboring genes are regulated by LDAIR should be addressed in future studies. 236 

To our knowledge, this is the first study to report photoperiodically-driven 237 
expression of a lncRNA in vertebrates. In general, lncRNAs are not well-conserved across 238 
species.  However, our homology search analysis suggests that LDAIR is conserved at least 239 
among various medaka populations (e.g., Oryzias latipes, Oryzias curvinotus, Oryzias 240 
luzonensis). Interestingly, several photoperiodically-regulated lncRNAs have recently been 241 
reported in plants to regulate photomorphogenesis, cotyledon greening, and 242 



photoperiod-regulated flowering35-39. Even though the sequences of lncRNAs are not 243 
well-conserved, lncRNAs appear to play an important role across species in the adaptation 244 
mechanism to seasonal changes in the environment. 245 

 246 
Methods 247 
Animals. 248 
Medaka fish (Oryzias latipes) were obtained from a local dealer (Fuji 3A Project, Nagoya, 249 
Japan). Medaka were kept under SD (short day; 10 h light / 14 h dark; 26°C) conditions or 250 
LD (long day; 16 h light / 8 h dark; 26°C) conditions in a housing system (MEITO system, 251 
Meito Suien; LP-30LED-8CTAR, NK system). Light was provided by a white fluorescent 252 
light (~7,000 lux) (Supplementary Fig. 6). We used only female fish in our experiments. The 253 
timing of sample collection is shown in Supplementary Fig. 1. Animals were treated in 254 
accordance with the guidelines of Nagoya University and the National Institutes of Natural 255 
Sciences. All experimental protocols were approved by the Animal Experiment Committee of 256 
Nagoya University and the National Institutes of Natural Sciences. 257 
 258 
DNA microarray analysis. 259 
A customized medaka DNA microarray (Custom Gene Expression Microarray 4 × 44 K, 260 
Agilent Technologies) containing 31,150 probes was used for this experiment. In the SD to 261 
LD transition experiments, brains were collected from six fish every 4h for three days. In the 262 
experiments using LDAIR-null fish, brains were collected from nine WT and nine KO fish. 263 
Brains were immediately immersed in RNAlater RNA Stabilization Reagent (QIAGEN) for 1 264 
day, and the brain region containing hypothalamus and pituitary (Supplementary Fig. 1a) was 265 
dissected. Total RNA was prepared using an RNeasy Tissue Kit (QIAGEN) and treated with 266 
DNase I (QIAGEN) to remove contaminating DNA. cDNA synthesis and cRNA labeling 267 
reactions were performed with the Low Input Quick Amp Labeling Kit (Agilent 268 
Technologies). Labeled cRNA was purified with RNeasy mini spin columns (QIAGEN) and 269 
hybridized using the Gene Expression Hybridization Kit (Agilent Technologies). After 270 
washing with Gene Expression Wash Buffer (Agilent Technologies), the glass slide was 271 
scanned on a Microarray Scanner (Agilent Technologies). 272 
 273 
Ingenuity pathway analysis. 274 
Ingenuity Pathway Analysis (IPA) 275 
(https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/) was used to 276 
determine which biological processes, pathways and networks were induced or repressed in 277 



LD. Differentially expressed transcripts (1,249) identified in the DNA microarray analysis 278 
were used for this analysis and compared at the noon time point in SD (16 h before the LD 279 
transition) and LD (32 h after the LD transition). Networks were algorithmically generated 280 
based on their connectivity and ranked by Fisher’s exact test enrichment statistics. 281 
Benjamini-Hochberg corrected p-value calculations were then used to identify significantly 282 
changed pathways. 283 
 284 
Strand specific RNA-seq. 285 
Medaka kept under SD conditions were either maintained in SD or transferred into LD 286 
conditions. 16 hours after the transition, brains were collected from six fish for each 287 
condition. Brains were immediately immersed in RNAlater RNA Stabilization Reagent 288 
(QIAGEN) for 1 day, and the brain region containing hypothalamus and pituitary 289 
(Supplementary Fig. 1a) was then dissected and pooled (n = 3). Total RNA was prepared 290 
using an RNeasy Tissue Kit (QIAGEN) and treated with DNase I (QIAGEN) to remove 291 
contaminating DNA. Paired-end libraries were constructed from RNA samples using the 292 
TruSeq Stranded mRNA LT Sample Prep kit (Illumina) according to the manufacturer’s 293 
protocol and then sequenced at a read depth of 60 million at 101 bp paired reads using the 294 
Illumina HiSeq 4,000 system at Macrogen, Japan. Read quality control was checked using 295 
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and sequences were 296 
filtered and trimmed with Trimmomatic40. Reads were subsequently mapped to the medaka 297 
genome using HISAT241. 298 
 299 
Ribosome profiling. 300 
To isolate and obtain ribosome-protected fragments (RPFs) from tissue, we modified the first 301 
homogenization step of Janich et al., 201542. Medaka kept under SD conditions were 302 
transferred into LD conditions and were sacrificed at approximately 16 h after lights on. After 303 
isolating whole brain, the brain region containing hypothalamus and pituitary (Supplementary 304 
Fig. 1a) was immediately dissected on ice. Each sample was homogenized in 300 µl of lysis 305 
buffer (150 mM NaCl, 20 mM Tris-HCI pH 7.4, 5 mM MgCl2, 5 mM DTT, 100 µg/ ml 306 
cycloheximide, 1% Triton X-100, 0.5% sodium deoxycholate, complete EDTA-free protease 307 
inhibitors (Roche) and 40 U/ ml RNasin plus (Promega)), and incubated on ice for 10 min. 308 
The mix was clarified for 3 min at 1,000 g at 4°C, and supernatants were collected, 309 
flash-frozen and stored in liquid nitrogen. Lysed supernatants were divided in two for 310 
preparation of the RPF libraries and the total RNA libraries. 200 µl of lysed supernatants 311 
were incubated with 650 U RNase I (Ambion) and 5 U Turbo DNase (Ambion) for 45 min at 312 



room temperature with gentle mixing. Nuclease digestion was stopped with 8.7 µl of 313 
Superase In (Ambion). Lysates were purified on sephacryl S-400 HR spin columns (GE 314 
Healthcare Life Sciences). The flow-through was immediately mixed with 1 ml QIAzol Lysis 315 
Reagent (QIAGEN) and purified again using the miRNeasy Mini Kit (QIAGEN). The 316 
remaining lysed supernatants were also purified using the miRNeasy Mini Kit (QIAGEN) 317 
without RNase treatment for the total RNA libraries. Both samples of ribosomal RNA were 318 
subtracted using the Ribo-Zero Magnetic Kit (Human/Mouse/Rat) (Illumina), according to 319 
the manufacturer’s instructions, omitting the 50°C incubation step. RPFs were separated in a 320 
15% urea-polyacrylamide gel, and the region from 28-30 nucleotides was excised and 321 
purified by ethanol precipitation. RPF libraries and total RNA libraries were prepared from 322 
above RNAs using the TruSeq Ribo Profile Mammalian Library Prep Kit (Illumina) 323 
following the manufacturer’s protocols. Libraries were sequenced at a read depth of 80 324 
million at 101 bp reads using Illumina HiSeq 2,500 system at Hokkaido System Science Co., 325 
Ltd. Read quality control was checked using FastQC 326 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and sequences were filtered and 327 
trimmed with a FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html). Reads 328 
were subsequently mapped to the medaka genome using TopHat43. 329 
 330 
Genome editing using the CRISPR/Cas9 system. 331 
The single guide RNA (sgRNA) expression vector (pDR274; Addgene plasmid 42,250) was 332 
linearized with BsaI and purified using NucleoSpin Gel and PCR Clean-up (Takara Bio). 333 
Appropriately designed oligonucleotides were synthesized with oligonucleotide purification 334 
cartridge (OPC) purification at Eurofins Genomics. A pair of complementary 335 
oligonucleotides were annealed by heating at 95°C for 2 min and then cooling slowly to 25°C 336 
in 30 min. Annealed oligonucleotides were ligated into the linearized pDR274 vector. 337 
Following linearization of the oligonucleotide-inserted pDR274 vector and the Cas9 338 
expression vector (hCas9; gifted by Prof. Zhang of Massachusetts Institute of Technology) 339 
with DraI and NotI respectively, the sgRNAs and the capped Cas9 mRNA were synthesized 340 
by using the AmpliScribe T7-Flash Transcription Kit (Epicentre) and the mMESSAGE 341 
mMACHINE SP6 Transcription Kit (Thermo Fisher Scientific) respectively. Both RNAs 342 
were purified using the RNeasy Mini Kit (QIAGEN). A mixed solution of the sgRNAs (50 343 
ng/ µl) and the Cas9 mRNA (100 ng/ µl) were microinjected into one-cell stage embryos 344 
using a fine glass needle. LDAIR knockout medaka were genotyped using PCR primers 345 
5’-GTGAAATGAAGTGTCCCCAGC-3’ and 5’-TGTCTGGGCTTATTGAAACCT-3’, and 346 
amplicons were analyzed on a microchip electrophoresis system (MCE-202 MultiNA; 347 



Shimazu). Mutant alleles were identified by direct sequencing of the PCR product. 348 
 349 
Quantitative PCR. 350 
Reverse transcription was performed on total RNA (200 ng) using the ReverTra Ace qPCR 351 
RT Kit (Toyobo). Samples contained SYBR Premix Ex Taq II (Takara), 0.4 μM gene-specific 352 
primers (Supplementary Table 1), and 2 µL synthesized cDNA in a 20 µL volume. qPCR was 353 
performed on an Applied Biosystems QuantStudio 3 Real-Time PCR System as follows: 354 
95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 34 s. Housekeeping gene, 355 
RPL7, was used as an internal control. 356 
 357 
Measurement of cortisol by ELISA. 358 
Since cortisol levels change dramatically at light onset and the phase of the circadian clock is 359 
affected by photoperiod, samples were collected in the middle of the day for both LD and SD 360 
conditions (LD: zeitgeber time (ZT) 8; SD: ZT 5). Lipid extraction was performed following 361 
the protocol of Kikuchi et al., 201544. Four fish were used for each condition. Whole bodies 362 
were homogenized in phosphate-buffered saline using Multi-beads shocker (Yasui Kikai 363 
Corporation). Lipids were extracted with chloroform/methanol (2:1 v/v) and purified on a 364 
Sep-Pak C18 cartridge (Waters Corporation). Cortisol levels were measured using the 365 
Cortisol ELISA Kit (Cayman Chemical Company) following the manufacturer’s protocol. 366 
 367 
Behavioral tests. 368 
All behavioral tests were performed just after light onset (ZT 0). For the novel tank test, fish 369 
were introduced into a test tank (100 mm width × 65 mm depth × 142 mm height) filled with 370 
water to a height of 100 mm. Behavior was recorded for 22 min by video cameras (Panasonic 371 
HC-V230M and JVCKENWOOD GZ-F117), with the first and last minutes of recording 372 
excluded from the analysis. Vertical activity and freezing duration were measured using the 373 
behavioral analysis software UMATracker (http://ymnk13.github.io/UMATracker/). 374 
For the light-dark tank test, a plastic container was used (150 mm width × 100 mm depth × 375 
55 mm height) and divided into two sections of equal size by covering the bottom and side 376 
areas with white- or black-colored opaque tape. Fish were placed in the light area and 377 
allowed to move freely between the dark and light areas for 20 min. Time spent in the light 378 
area and the total number of transitions from one area to the other area were measured. 379 
 380 
Statistical analysis. 381 
Data are presented as the mean + SEM. F-tests were used to determine variance. The data 382 



with a normal distribution were analyzed by a Student’s t-test between two groups. Where 383 
variance was significantly different between groups, a Welch’s t-test was used. Microarray 384 
data were analyzed using the GeneSpring software (Agilent Technologies). 385 
 386 
Data availability. 387 
The microarray and RNA-seq data are available at NCBI Gene Expression Omnibus 388 
(accession number GSE119905). All other data are available from the authors upon request. 389 
 390 
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Figure legends 509 
Fig. 1 Transcriptional landscape during the transition from SD to LD. 510 
a Hierarchical clustering of 1,249 transcripts in a brain region containing hypothalamus and 511 
pituitary following transfer into LD conditions. Data were normalized to the entire data set. 512 
The color scale represents normalized signal intensity. The colored bar at the right represents 513 
the clustered category. b Expression pattern of down-regulated (top), cycling (middle), and 514 
up-regulated (below) genes in response to LD stimulus. The red bold line in the cycling genes 515 
panel represents the expression pattern of olvl28m13. c Top 5 significantly changed canonical 516 
signaling pathways during the transition to LD. 517 
 518 
Fig. 2 olvl28m13 is a long non-coding RNA. 519 
a Strand-specific RNA-seq identified olvl28m13 in the intronic region of the LPIN2 gene, 520 
which is located on chromosome 17 and transcribed from the opposite strand. The abundance 521 
of reads mapping within the olvl28m13 and LPIN2 genomic loci is shown. The color 522 
corresponds to the DNA strand, with the sense strand in red and antisense strand in blue. The 523 
number on the right represents the range of the read density. b Protein coding potential 524 
revealed by ribosome profiling. Alignment of RNA-seq (black) or Ribo-seq (orange) reads at 525 
the beta-actin, CYRANO, and olvl28m13 (LDAIR) loci. The open black boxes indicate the 526 
predicted untranslated regions of beta-actin. The number on the right represents the range of 527 
the read density. D-box (DBP response element: [TTATGCAA]). 528 
 529 
Fig. 3 The LDAIR locus regulates a gene neighborhood. 530 
a Genomic region targeted and deleted by CRISPR/Cas9 system guide RNAs. Blue bars 531 
represent LDAIR exons. Red bars represent LPIN2 exons. Target sequences of the guide 532 
RNAs (gRNA) are shown above the deleted region. b PCR fragments obtained from genomic 533 
DNA of WT (1,788 bp), heterozygous mutant (1,788 and 318 bp) and KO (318 bp) analyzed 534 
by a microchip electrophoresis system. c Volcano plot of differentially expressed transcripts 535 
between WT and KO medaka detected by microarray. Each point represents the mean 536 
expression level plotted against the fold change. Red points are up-regulated transcripts, and 537 
blue points are down-regulated transcripts (P < 0.05, Tukey HSD post-hoc test, and 538 
Benjamini Hochberg FDR, P < 0.1 with a 2-fold cut-off for fold change) in KO fish. Gray 539 
points show transcripts with no significant change. d Number of differentially expressed 540 
transcripts on each chromosome. All sections without a number indicate only one 541 
differentially expressed gene. e Genomic locus of LDAIR, and neighboring genes that are 542 



differentially expressed in KO medaka. Red bars represent up-regulated genes, and blue bars 543 
represent down-regulated genes in KO medaka.  544 
 545 
Fig. 4 LDAIR KO fish show decreased self-protective behaviors in LD conditions. 546 
a Effect of photoperiod on whole body cortisol levels (*P < 0.05, t-test; mean ± SEM, n = 4). 547 
Horizontal bars indicate means, and dot plots indicate individual data points. b Schematic 548 
drawing of the apparatus for the novel tank test. c Results of novel tank test under SD (top) 549 
and LD (bottom) conditions showing total vertical activity (left) and freezing duration (right) 550 
in wild type (WT) and knockout (KO) fish (**P < 0.01, t-test; mean ± SEM, n = 16). 551 
Horizontal bars indicate means, and dot plots indicate individual data points. d Schematic 552 
drawing of the apparatus for the light dark tank test. e Results of light dark tank test under SD 553 
(top) and LD (bottom) conditions showing total time spent in light area (left) and number of 554 
transitions (right) between WT and KO (*P < 0.05, t-test; mean ± SEM, top; n = 16, bottom; 555 
n = 20). Horizontal bars indicate means, and dot plots indicate individual data points. Note, to 556 
compare sufficient numbers of WT and KO fish, we performed LD and SD experiments on 557 
different days, due to experimental limitations. We therefore cannot compare the results of 558 
LD and SD directly.  559 



a

c

Normalized signal intensity (log2)

-3 30

b

N
or

m
al

iz
ed

 s
ig

na
l v

al
ue

 (l
og

2)

U
p 

re
gu

la
te

d 
ge

ne
s

D
ow

n 
re

gu
la

te
d

ge
ne

s
C

yc
lin

g 
ge

ne
s

C
yc

lin
g 

ge
ne

s Ingenuity Canonical Pathways
FXR/RXR Activation
LXR/RXR Activation
Ubiquinol-10 Biosynthesis
Acute Phase Response Signaling
Cholesterol Biosynthesis

P-value
5.2E-05
4.4E-04
6.6E-04
9.3E-04
9.5E-04 

Up regulated genes

-2

4

2

0

-12 0 48 (h)12 24 36

-12 0 48 (h)12 24 36

Down regulated genes
-4

2

0

-2

4

-4

2

0

-2

4

Cycling genes

olvl28m13



a

b

sense

SD

LD

LPIN2

olvl28m13

500 bp

antisense

SD

LD

olvl28m13LPIN2

500 bp

500 bp

5’ -UTR 3’ -UTRbeta-actin

Ribo-seq

RNA-seq

CYRANO

Ribo-seq

RNA-seq

olvl28m13
(LDAIR)

Ribo-seq

RNA-seq

[0 - 262]

[0 - 262]

[0 - 23]

[0 - 23]

[0 - 243]

[0 - 243]

[0 - 8474]

[0 - 22817]

500 bp
olvl28m13

LPIN2

[0 - 66]

[0 - 66]

D-box



LDAIR

c

e

a

d

b

1788 

318 

(bp)+/+ +/- -/-

Chr. 17

IBA57 CCDC13 CRHR2 ROCK1 ODF2 ADCYAP1R1 LDAIR

Chr. 17

Chr. 2

ultracontig

Chr. 1

Chr. 6

Chr. 16

Chr. 3

Chr. 11

Chr. 12

Chr. 15

Chr. 18

Chr. 13

scaffold2
2

3

10

28,100 kb 28,200 kb 28,300 kb 28,900 kb 29,100 kb 29,300 kb

500 bp

LDAIRLPIN2

gRNA1
ATTTTCTAGAAATTTAGACCTGG

gRNA2
ACACTTGTACAACCATGTAGTGG

1470 bp deletion



0

20

40

60

80

100

120

140

SD LD

C
or

tis
ol

 le
ve

l (
pg

/b
od

y 
w

ei
gh

t)

0

10000

20000

30000

40000

WT KO

Ve
rti

ca
l a

ct
iv

ity
 (

m
m

)

0

200

400

600

800

1000

1200

1400

WT KO

Fr
ee

zi
ng

 d
ur

at
io

n 
(s

ec
)

0

200

400

600

800

1000

WT KO
Ti

m
e 

sp
en

t i
n 

lig
ht

 a
re

a 
(s

ec
)

0

10

20

30

40

WT KO

N
um

be
r 

of
 tr

an
si

tio
n

0

5000

10000

15000

20000

25000

30000

35000

WT KO

Ve
rti

ca
l a

ct
iv

ity
 (

m
m

)

0

200

400

600

800

1000

1200

1400

WT KO

Fr
ee

zi
ng

 d
ur

at
io

n 
(s

ec
)

0

100

200

300

400

WT KO

Ti
m

e 
sp

en
t i

n 
lig

ht
 a

re
a 

(s
ec

)

0

10

20

30

40

WT KO
N

um
be

r 
of

 tr
an

si
tio

n

Novel tank test Light dark tank test

a

c

b d
Novel tank test Light dark tank test

Light areaDark area

New
environment

Transfer to 
a test tank

SD SD

LD LD

SD SD

LD LD

*

**
**

*
*

e


	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4

