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Abstract : The opsin family of light sensitive proteins family makes up are the universal photoreceptor
molecules of all visual systems in the vertebrates including teleosts. They can change their conformation
from a resting state to a signaling state upon light absorption, which activates the G-protein coupled
receptor, thereby resulting in a signaling cascade that produces physiological responses. However, this
species is poorly characterized at molecular level due to little sequence information available in public
databases. We have investigated the opsin family of nocturnal cutlass fish using the whole transcriptome
sequencing method. The opsin genes were cloned and its expression in the tissues and organs were
examined by qPCR. We cloned 6 opsin genes (RRH, Opn4, Rhl1, Rh2, VA-opsin, and Opn3) in retina and
brain tissue. It contained the seven presumed transmembrane domains that are characteristic of the G-
protein-coupled receptor family. However, short wavelength sensitive pigment (SWS) and long wavelength
sensitive pigment (LWS) were not detected in this study. The mRNA expression of the 6 photoreceptor
genes were detected in retina and peripheral tissue. Our studies will lead to further investigation of the
photic entrainment mechanism at molecular and cellular levels in cutlass fish and can be used in
comparative studies of other fishes.
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TS F71ket] Al FEA71a At Ed S e
Wit S 2% Y] =& ol A Ae A 22 Al
o] gtc}(Benoit 1978; Campbell et al. 2001; Falcén et al.
2007). ZAFE] A5 w2 dete] AFJAEL} IPAE
off F&A|7F AL o] Tl WS QIX|st. URky
ol F58Ae] @A F2E G-protein coupled receptor
family 2 seven transmembrane domain e <] 28]
o] ThH(Terakita 2005). &<78A ¢ &+ ZA Al Zt-opsin
(visual-opsin)@} H]A]ZF-opsin(non-visual-opsin) A2 2 1}
ol Xtk AlZt-opsin A|G 9] Fr&4l= Yol 7| aL 3
© A5 Z Yl 3, dlo] A7), Wlo] Waks QIAIstaL,
H|A|Z}-opsin A|B 9] F-8A= Wo| F71/dE QIA|5t]
AW AT 5 Alojgthal Birskgith(Tada et al.
2009). A Zt-opsin®] FFE= M-S QA= cone-opsin}
S A= rhodopsinl(Rh1)o] €214 3L, cone-
opsine Ultraviolet-blue ¥l & ZA] 3= SWSI(short-
wave sensitive 1 pigment), T3 FAvje] JUAES
A 8= SWS2(short-wave sensitive 2 pigment), =213
A& A= Rh2/MWS(thodopsin2/middle-wave
sensitive pigment) Z&] 1 FuPgtie] HAMA LS 71#]| s}
£ LWS(long-wave sensitive pigment)Z T3 ATH
(Yokoyama 2000). H]A]| Zt-opsin®] %7+ Encephalopsin
(Opn3), Melanopsin(Opn4), Neuropsin(Opn5), Vertebrate
ancient opsin(VA-opnsin), Retinal
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G-protein  coupled
receptor(RGR), Peropsin(RRH), pinopsin, exo-rhodopsin
ol ERF, 27, olFdA FZ=EATHGuido et al.
2010). 2= A B2}T 4], Danio rerioS T4 S 2 H]
Al Zt-opsindl] theh EAEE A M EAET HES F
& Cryptochrome, Period, aryl hydrocarbon receptor
nuclear translocator-like(Amntl) 2] A|AlfAAkele] 2HE
714 A7t R8P =L Tth(Davies et al. 2015).

7374 (photosensitivity)ol] gt A+= AH o] v EHF
FrollA Hlo] m)ite] EAehs Fr&AlR A dLEH o]
S WS Itk B 7SI T Oshima 2001). B3 %
FolM= Mol FEAsl= pinopsin, VA-opsin(Soni and
Foster 1997)3} o} Follxe ABeAH, D. reriodl X 43}
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Fe 1] 28 T2 EEstke AL k2400 h)ol
0.01%2] 2-phenoxyethnol(Sigma-Aldrich, St. Louis, MO,
USAYIA w13 & A3 AFS S7931al w, A4, =
SPA, ol |, A1, 7h, B, Asld, SRS, A4
< AHE3ItHn = 10). ST AEL T -80°Ce
Al Bsigith Ageie] BE ot slFE 20 Lux ©]3)
°] LED HAG o]galed alea] At

Total RNA 5% 3! ¢DNA 34

Total RNA+= RNAiso(TaKaRa-Bio, Otsu, Japan)E ©]
g3t Bt w2l¥ total RNAE A7195
spectrometers ©|-&-3to] A A A3} Genomic
DNA contaminationE ] &}7] ¢]3] DNase I(Promega,
Madison, WI, USA)E A2]3I5{th. ¢DNA 3732 1000 ng
o] total RNAS F3S=Z Transcriptor High Fidelity
cDNA Synthesis kit(Roche-diagnostics, Indianapolis, IN,
USA)E ©]&3l Hdstiet.

RNA-Seq ¥4

RNA-Seq %418 F7H1200 h)Z} ©}7H2400 h)oll ==t
I H¥ oA FZ3 total RNAE E§3t] ARE-SHTE
Total RNAE TruSeq® Stranded Total RNA Sample
Preparation Guide(Illumina)®] “RiboZero Delete and
Fragment RNA procedures”® 2 ribosomal RNAE A| 7
3F 3L, ribosomal RNA7} A A% total RNA 500 ng->
Ilumina TruSeq™ RNA sample preparation kitS AH&-3}
o] cDNA Aol A1-8-3FAth. cDNA 342 Random
primere} S AA} & 4 (Super-Script IS ©]-&-3le] FH]H
total RNAS F 71t 2 38t o, 49 cDNA
+ library 015 918t ARSEHAT. golHele] A4S
9ste] A E o]F7l cDNAE Illumina TruSeq™
RNA sample preparation kits ©]-8-sfed 0]} t). 2Ho]
vygle] 84 A= DropSense96(Trinean) =
Ribogreen(Invitrogen, Santa Clara, CA, USA)S.Z &S
el on, T3k gfolHejE]e] QCx= Agilent 2100
Bioanalyzer(Agilent Technologies, Santa Clara, CA, USA)
o=z gRIsidtt. A AARA AME FA2 Illumina
NextSeq500 FHEFS AHE-3F] 2 x 150 bp= A1 Zo] off
ste] FH A 50M reads o2 AT

De Novo Transcriptome Assembly

A7 AAA A E 24 eJste] BA3E raw sequencing
data®] <¥] FZ-2 FastQC v.0.11.3 application(http:/
www.bioinformatics.babraham.ac.uk/projects/fastqc/)S %
ste] 518 FH9 reads S5t FAEAUTE o H
AAE 915ke], Cutadapt Python package(Chen et al.

2014)S A3 AL, oJAET]= o€ cleaned readsE 7}
A|3L Trinity 22 23 (Grabherr et al. 2011)& A3}
A3 et oJAE2]+= transrate software(Smith-Unna et
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3t3Ath. Gene prediction XA Eol| A o] {17} o
Z 2321 AUGUSTUS software(Stanke and Morgenstern
2005)2 ORF Aol g A& dAl ¥, BlastxS}
Blastn €322]5 (Altschul et al. 1990)2 AFE-&lo] 7|0
R 3¥ rhodopsin family §-2 AL E3} v F-4 35}
7= wek 9 dy] 22 9] thodopsin family F+AAHS 3
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HFsEw e ofnt 4719 FEsdE Tt &
Zro] §-7A12] phylogenetic tree %432 MEGAS software
9] pairwise sequence comparisons(pairwise deletion of
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Table 1. Primer information for in this study

Gene ID Oligo ID Sequence (5'-3") Product size (bp)

EF1-alpha Forward TCACCCTGGGAGTAAAGCAG 230
Reverse TCCATCCCTTGAACCAGGAC

RRH Forward GGCTGGATACCTCATCACCG 294
Reverse GTGAGGTAGCGGTCTATGGC

Opn4 Forward TGGAGCTCGTACATCCCTGA 259
Reverse TCGCCAACTTCCACTCACTC

Rhl Forward GGTGAAGACCAAGCCCATGA 280
Reverse GTGATTCTCGGTGAAGCGGA

Rh2 Forward CTGGTGGTCACAGCTCAGAA 320
Reverse GGACTCCAATTCCTGCATGT

VA-opsin Forward AGACTCGCGCCTTGTAAACA 290
Reverse AGGCTACTTGCTTGGCTGAG

Opn3 Forward GCTTCTGCAACAACGTCGTT 257
Reverse GTAGCGCTCATAGGCCAGAG

Table 2. Sequencing and de novo assembly statistics

Raw data

Number of paired-end reads

Length of paired-end reads (bp)

47,124,713
151

Number of bases (bp) 14,231,663,326
Raw sequences after QC Number of paired-end reads 47,121,571

Length of paired-end reads (bp) 15-151

Number of bases (bp) 13,997,307,632
De novo assembly Number of assembled contigs 756,390

Number of bases (bp) 461,402,669

Smallest contig (bp) 224

Largest contig (bp) 22,103

Average length (bp) 610.01

Median length (bp) 385

N50 (bp) 743

21 o] 83 HAKA A71ME B4 151 bpe] ZHelE 7t
7 read’} & 47,124,71370(14,231,663,326 bp)2] paired-
end read5S AJYOH, ol readEEF-El adapter
trimming 23} 47,121,57171(13,997,307,632 bp)2] 714
& paired-end readES LA °lE F 47,121,571
paired-end readS-2 trinity program AR5l de novo
assemblyS 33t A3} F 756,39071 (461,402,669 bp)<]
contigES LN H, o= contig 5 F 4 contig Ao|=
224 bpRoH, 7 contig?] Zo]E 22,103 bptt. T
o]& contig®] B+t Aol= ¢F 610 bp= 1= U TH(Table
2). NGSE 53l &Rlel 24| 3584 A= T 652
2 2%7F°] AlZt-opsin AE FF83<Q0 Rhi(1,065bp;
355aa; GenBank Accession Number, LC 223133), Rh2

(Rh2; 1,068 bp; 356aa; LC 223134)3} 4%7F2] HIA|Z}-
opsin AlE 3584191 RRH(1,011 bp; 337aa; LC_223136),
Opn4(1,680 bp; 560aa; LC 223137), VA-opsin(1,146 bp;
382aa; LC 223138), Opn3(1,218 bp; 406aa; LC 223135)
7} A=At o] Aol A= RNA-seq transcriptome
Me olgdtel & 65 FYSAT o4 FAA olF B
FEA o A3 Aol M BaE S g GIAAY)
Q1 SWS1, 2 Z12]3 Fudt 9 (HAAID) Lwse] &
A o] FollA SAHA skt

A2 ool B4gAo] Ba ATE M A T2
I Fedd HE EAske FedAle TRV 2L o
2 A E AR B 7EH TH(Stenkamp 2011). Y
ko g F34 ojFolA cone-opsin AlE2] LWS,
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SWS1, 2, RH29] &2+ A|E2td4], D. rerio(Chinen et
al. 2003), 5A12], O. latipes(Matsumoto et al. 2006) 35
%, Chrysiptera cyanea(Takeuchi et al. 2011), winter
flounder, Pleuronectes americanus(Mader and Cameron &
2004)°0A BIE S v 2 E
2o, SAM, HgE] A9 g LwsrE A4 A
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Fig. 1. Phylogenetic tree of photoreceptors in cutlass fish, Trichiurus lepturus. Lengths of horizontal lines indicate the
genetic distance. One thousand bootstrap repetitions were performed, and values are shown at the inner nodes.
Analysis was performed with multiple alignments from the amino acid sequences by using the ClustalW

program
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Table 3. Comparison of the deduced amino acid sequences
of the cutlass fish photoreceptors and other

vertebrates
. Homology .
Photoreceptors Species (%) Accession no.
RRH Human 67 NP _006574
Mouse 62 NP 033128
Rabbit 68  XP 002717232
Chicken 77  NP_001073227
Zebrafish 83  NP_001004654
Atlantic herring 83  XP_012688455
Yellow croaker 91 XP_ 010755153
Tiger puffer 75 XP_003978640
Damsel fish 81 XP_ 008289436
Opn4 Pigeon 36 EMC82594
Zebrafish 33 NP 001122233
Damselfish 80  XP_008287708
Yellow croaker 81 XP 010730783
Tiger puffer 75 XP_ 003974868
Rhl Human 72 NP_000530
Mouse 72 NP _254276
Rabbit 72 NP_001075818
Chicken 76 NP_001025777
Zebrafish 83 NP_571159
Gold fish 83  AAA49191
Tiger puffer 89  NP_001072099
Yellow croaker 81 KKF22060
Olive flounder 87 ADQ38361
Sand goby 87  CAA44275
Rh2 Human 41 P04001
Mouse 38 035476
Rabbit 36 018910
Budgerigar 68  AAC41246
Zebrafish 78 BAC24132
Gold fish 77  AAA49168
Pinecone fish 84 AHJ08689
Flounder 80 AATT72124
Bluefin tuna 87 BAG14284
Anchovy 78  BAM72014
VA-opsin  Chicken 63  ABMO66817
Zebrafish 73 BAA94289
Gold fish 72 BAG68692
Damselfish 88 BAK19957
Atlantic halibut 90  AIH04932
Opn3 Human 59  NP_055137
Mouse 56 NP 001178862
Rabbit 57  XP_008266452
Chicken 64  XP 426139
Zebrafish 77  NP_001104634
Tiger puffer 84  XP 003963715
Atlantic herring 82  XP_012672463
Yellow croaker 89  XP 010732894
Damselfish 90  XP_008278391

FAL o]F¢l Scabbard fish, Lepidopus fitchi® 735,
SWS1o] UV gte] s AL o] & HM JA)
o] spgo g ¢1XEthy B sl Qltk(Tada et al. 2009).
TS Kim et al. (2016)> 334 F=31 ABey<l= 7H
A E} AFPA| 2] 750l FElsHl =R of
Ay FE2 Fe P 99 A ske dFF AETH
[k PEsks M3 AR 71%S = F35kE9)
Tl Hsiith, o] A3 st oz 4lo] Hlw A 712
A (A 100 m o)helx] A2ehe of{u okl o F
o] A§ vl FAlo] ke X AAEls 84 o
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AR FEA Y oAt A7 G e A E
o] e RRHCOIF 72-90%, 27 77%, 12|32 &
7 62-68%), Opnd(°]F 33-80% L2]3L X7 36%),
Rh1(©]F 83-89%, &7/ 76% L] EHF 72%), Rh2
()5 78-87%, 25 68% 128]3 EHF 36-41%), VA-
opsin(®1 57 72-90%, ZF 63%), Opn3(15F 77-90%, =
F 64%, L7 56-59%) otH| =4t Q7MY BT o) R
o} HlwA =2 A4S HATHFig. 1, Table 3). ¥ 6%
o] FFgA 9 opv|=Ait @714 82 7 transmembrane
domainT-32] G-protein coupled receptors Z3Hstal Q1
ATHFig. 2). =38t chromophore®} Schiff base linkageES
8= lysine residue(Wang et al. 1980) ZZ2] 2L protonated
Schiff base?! glutamic acids(Sakmar et al. 1989; Zhukovsky
and Oprian 1989)¢} disulfide bandE /33l cysteine
residues(Karnik et al. 1988)5 2£3st 71552 opsin T4
AR FRI=ScHFig. 2). ol2dt Aoh= thE o] /uh Ef
oA B F-8A 47 9 opr =ik L3 fA
s Ao RE Y|ttt ALE E ti(Terakita 2005;
Collin et al. 2009).
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SMEPEKAHTQ-~-SSFFQKVDVSDHVHY IVAVFVFVIGTLG
——————————————————— MGIVPGVNSSDDVIPYGGKSAFTQLEHNIVAGYLITAGVIS
------------------- MNPANETRAERST---EQ-YLFAVGTYKLLAFTIGTIGVFG
--MDTLSLSVN----AVSY-TVAAELSATDDPFNAPV-RNVAPWNFTILAVLMFVVTMLS
————————— MNGTEGPYFYVPMINTTGIVRSPYEYPQYYLVNPAAYAALGAYMFFLILVG
MGWDGGAGEPNGTEGKNFYIPISNRTGIVRSPYEYPQYYLADPTMFKMMAAYMFFLMATG
T™ |
VTGNALVIFAVYSNKSLRNLPNYFIVNLAVSDFLMAFTQSPIFFINCLNKEWVFGEMGCK
LSSNIVVLLMEVKFKELRTATNFIIINLALTDIGVAGIGYPMSAASDLHGSWKIFGYTGCO
FCNNVVVIALYCKFKRLRTPTNLLLVNISLSDLLVSLFGINFTFASCVKGGWIWNQATCT
LSENFLVMEFVTFKFKOLROPLNYIIVNLATIADFLVSMTGGLISFLTNARGY FFLGKWACY
FPINFLTLYVTIEHKKLRTPLNYILLNLAVADLFMVEGGFTTTMYTSMHGY FVLGRLGCN
FPINALTLVVTAONKKLOQPLNFILVNLAVAGLVMVCFGFTLTFVTALNGY FIFGP 'I‘M:A

MYAFCGAFFGITSMINLLAITIDRYVVITKP LQ]IM\T{IS IS KRETKMAILMVWLYSFAWSVA
IYAAINIFFGMASIGLLTVVAIDRYLTICRPDIGOKMTM-RSYNLLILAAWLNAVFWSSM
WDGFSNSLFGIVSIMSLAALAYERY [RVVHAQV==-VDF-PWWRAIAHIWLYSLAWTGA
LEGFAVTFFGIVALWSLAVLSFERFFVICRPLGNIRLOA-KHAMLGLLFVWTFSFFWTFP
IEGFFATHGGQIALWSLVVLAIERWIVVCKPISNFRFTE-NHAIMGLVETWIMALTCSVP
VEGFMATLGGEVALWSLVVLAVERY [VVCKPMGSFKEFTG-THAGIGVLFTWIMALACAAP
4 TM™M 1l 4 ™ IV
PLLGWSSYIPEGLMTSCTWDYVTY=-~TKSNRSYTMMLCCFVFFIPLGIIFYCYTVMFLATL
PVAGWAGYAPDPTGATCTINWRKN--DASFVSYTMAVIAVNFVVPLSVMEYCYYNVSVTT
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Fig. 2. Comparison of the deduced amino acid sequence of the photoreceptor in cutlass fish, Trichiurus lepturus. The
alignment was generated by ClustalW. The seven presumed transmembrane domains (I-VII) are over line.
Amino acid residues involved in disulfide bond formation (m Opn4, C120 and C180; RRH, C100 and C177;

Opn3, C9% and C170; VA-opsin, Cl111and C188; Rh1, C110 and C187;
the protonated Schiff base (A Opn3, E120; VA-opsin, E114 and E135;

Rh2, C119 and C196), Counter-ion of
Rhl, E113 and E134; Rh2, E122 and

E153), and lysine residue binding a chromophore (e Opn4, K298; RRH, K286; Opn3, K281; VA-opsin, K293;
Rh1, K296; Rh2, K305) are indicated by symbol, respectively
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Fig. 3. Distribution of 6 photoreceptors mRNA expressions in the organ and tissue (E, eye; B, brain; Pt, pituitary; Gi,
gill; Ki, kidney; S, spleen; Li, liver; Dt, digestive tract; Mu, muscle; G, gonad) of cutlass fish, Thunnus
orientalis. Organ and tissue samples were collected from the fish (n =10). The mRNA expression of Elongation

factor 1-alpha (EFla) mRNA was used as reference
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