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Skin Transcriptome Profiling of the Blass Bloched Rockfish (Sebastes pachycephalus) with Different
Body Color Patterns by Yo-Soon Jang* (East Sea Environment Research Center, Korea Institute of Ocean Science &
Technology, Uljin 36315, Republic of Korea)

ABSTRACT The body color pattern in fish is a distinctive feature for species identification. The blass
bloched rockfish Sebastes pachycephalus is a commercially important marine fish species, distributed
in the central and southern parts of Korea and south Hokkaido of Japan. It has a morphological
feature divided into four subspecies according to with or lacking distinct spots on the body surface,
and to the location of markings on the body surface. However, the genetic basis of body color pattern
of S. pachycephalus is still unknown. Thus we analyzed the transcriptome of S. pachycephalus skin
samples using RNA-seq analysis to investigate functional genes related to body color patterns. The
experimental skin samples were prepared by classified into ‘Wild type’ (lacking distinct spots and
markings) and ‘Color type’ (with distinct spots and marking). Two skin sample transcriptomes were
compared pairwise and the results revealed that were 164 differentially expressed unigenes in the
skin samples of ‘Wild type’ and ‘Color type’. Gene Ontology analysis of 164 differentially expressed
unigenes showed that these genes were included in the functional group of molecular function (2
genes), biological process (46 genes), and cellular component (6 genes). There were several genes that
body color type skin specific expression and the genes were CTL (Galactose-specific lectin nattectin),
CUL1 (Cullin-1), CMAS (N-acylneuraminate cytidylyltransferase), NMRK2 (Nicotinamide riboside
kinase 2), ALOXE3 (Hydroperoxide isomerase ALOXE3), SLC4A7 (sodium bicarbonate cotransporter
3). Our study is the first attempt to search for functional genes involved in the formation of body color
patterns in S. pachycephalus. The differentially expressed unigenes obtained in this study can be used
as candidate genes for functional gene study related to body coloration of fish.

Key words: Transcriptome, body color, RNA-seq, differentially expressed gene, Sebastes pachycephalus

M = HS £ AR RE L 0]-&3t} (Hubbard et al., 2010). FE2)
YA M= FEjeha] Hastel Aejsha Wt os) whEoid

AX T} A s E-e 73%“— EoA okt vetus & ok HA FEjsh W3te R A20) P, v, WE U 4
AP T x| 9F ;151 3|9)5}7] 95te] <l&slA A3 (chromatophore)®] HZof wet 7] Aoz 2 F &5
UoEE A B A }01 A&s 24t 715840 8 Qboll AA wlw HHS] APE L, A &H o) FrjHez

ST AN BEo] AW TSR Aol AN B QS 7T W elshy Wk MBAT e TRy
pigment vesicle®] €540 T2 YA A vrgoz dul 7+

2L 29 Aee@A71Ed) o 3lAgolo RAR ] d3koz ol 12} MaEA BB
*Corresponding author: Yo-Soon Jang Tel: 82-54-780-5326, == ‘_—4 __] 459 9o == ¥ gE] o LQ—Q—]—
Fax: 82-54-780-5349, E-mail: jangys@kiost.ac kr HA AR 22 (adrenocorticotropic hormone, ACTH)©|

— 117 — http://www.fishkorea.or.kr



118 e

H>

U dtd A AZAS $ 2 2 (alpha-melanocyte-stimulating
hormone, a-MSH) 5ol 23t A7 2 W& 2H=Z <l 2%}
AgstA Wal2 JLE3SIT)(Rodionov et al., 2003).

FEY ez B ALY HYof w2t S AZ (mel-
anophore, M ~ZA), ZMAXE (erythrophore, Z A~
A XAy, A AL (xanthophore, FFEM~ LAY SN AE
(iridophore, metallic iridescent / A &A1 =2 Ay - al
A 4 X (leucophore, B2 / S|BL A Ay H M A F (cyanophore,
FEME LA, HFFEY M A sfdof st
= 15078 oo §-AA7F B Atk (Leclercq et al., 2010).
Hoekstra (2006)2} Protas and Patel (2008)-2 AFS-F et} ofAd
Ao 2AIO] HEFEIM LM Ty 2 AN o
g Ao w3k AR 7 2e WET|ZS Husgit). F
Zolle AEY A2 F) Hoste AR 715 AT
o] oo MAIT +E7HA AFHA7E eiEieH, HEF
9 o8 ERTE QAR g dFolA A BH 7
SR AN §A W 24 4TS BIHE Ao B
& %tk (Hubbard ef al., 2010).

BEOFY AN A2 et wste}t FEjed Walrh 23,
AE, 4%, A Foll Fa3%t 94 Zg3517] wjio, X3t
g (evolutionary pressure)©| 7}2ste] QF 379 FAT W
Blof| Aot W} o2 It o] Fo| Xt} (Leclercq et al.,
2010). ATOIFE BULT, AL, PULE, FULT,
WYLE HULEE v|Est] 67] o1E MAATE 7
I oW, matp, ocad, soxl10, kit, ednrbl, slc24a5 5 H2 &
AAEo| AME TEE Ao Tttt (Kelsh ef al., 1996;
Kelsh e al., 2004; Parichy, 2006). &&}9] $4:9] @] A&
2] & (orange-blotch, OB) A HHL o9 A AA SHA}
o WHsHA THE Pax7 H-AAS] EHHolof gt FAE
¥ 2 YT (Roberts ef al., 2009), 27} 17] (Stickleback
fish, Gasterosteus aculeatus)®] o}7}u] Ay} #] HA H3l=
Kit 2]7tE (KITLG) +-8A+e] W@ s 2to] 2 vrepuhm] (Miller
et al., 2007), A|E.2+1] 4] (Danio rerio)?] golden mutant+= &
2 E (melanosomes) 2] 7i4=, 7] 2 U= 9| W3kel o]
= Ao 2 B EQch(Lamason ef al., 2005).

A (transcriptome)+= AH AR 7} DNAoJA RNAZ A
ZE HALE (transcript) ] F8E 9Ju]sta, AAHES mRNA,
tRNA 2 non-coding RNA 5 RNAS & A& E35tH, A
ARA Z2utd2 RNAS g7 ES 25 ¢lojul= RNA-
seq (RNA sequencing) 24 H-& o]-83}o] &H3ITE RNA-seq
2 high-throughput sequencing W& 53}o] AAES 53
I 7S FAlO AL 5 A3, oFsHA AL 5+ QU=
RNA-seq A&} 2490] &4 Sloh. 28y EA7HA]
£ RNA-seqe o8 Y& & 4 J= HY £4 gol
Zalo] glof, ATt BEY EAAT A+ Fxof wat o
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3 A &afoF st Aol 24A7E A A
Z8t7]ole 83| ofFeol U
Aol Fost= A4 FAA B AF7E DA
$Zo|A $YEYPOH, Wang er al. (2014)2 o] Oujiang
color % (RB; red with big black spots, WW; whole white,
CC; gynogenic common carp)®] I8 HAAS 43} color
pattern-specific SNP markerE X3} T}, Jiang et al. (2014)
2 Qo w3 MaAA B A SAAE 7] U
o] Xingguo red carp (XGC)%} Yellow River carp (YRC) strain
22| AAAE v £A45t0] Z-5TH {32 (Differentially
expressed gene, DEG)S AT A59d A4S e
W (HALe] dEE= pheomelanin AT TR o] QUL E3]
agouti signaling protein (ASIP) -4 Z}¢} cysteine/glutamate
transporter (xCT/SLC7all) AR+ XGC (Xingguo red carp)
strainof| 4] 38f o] Wd o] STkt AL SISttt
NEets EYolE FEHY ol 7= = TF 2 58
T 4 Zrbo| gE Hithol| Rxst= FRH oFE 23|
AzA ol AR AESS A2 Zlol9t A4 Ao w
A4 ] ol of, PP A EFA EAC=E 2
ERoHH o2 g5o] W& Folth(Kai et al., 2011). M
o] B4 /MESS vH (spot) o] AT} bl (marking)
B3z Yo whe}t Sebastes pachycephalus pachycephalus
sRol 24 Wl Yo, St TR vl ¢,
Sebastes pachycephalus nigricans (B3} 5ol F313t WHg o]
U o7& ¢, Sebastes pachycephalus nudus (E5-oll+ F
23t gbgolut mprjo] GAINE, Sofl FRE A uplo] gl
2), Sebastes pachycephalus chalcogrammus (B-5-° 33t
o] glov, 5ol 244 mt7)o] U39t o] 4714 ofF
o8 FESATH(Matsubara, 1943; Kai er al., 2011914 A<l
4). Kai et al. (2011)& 471 oFF 748 {347 ztol5 &<lst
7] 94ste] v EZEE] o} DNAY D-loop ¥9& #4532
W, fou|gt Aol THSHA] ZSHTh. Nakabo (2002)= 7
232}, Sebastes pachycephaluss 5 (dorsum)®] QA= 4 o}
5 5 7HA] (dorsal spine) ot &= Hl=9 G5
A2 Matsubara (1943)7} L2t 47]19) o}&S 2719 &
TS 5 Aok A FsHEITE Nakabo (2002)0] w2
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S. pachycephalus nudus®} S. pachycephalus chalcogrammus
= ol =dtojyt AHZ4A mpy)o] QL ISHA E= 1 H
£9] 5 7HA] otdfjof F& Hl=0] Q1eH, S. p. pachycephalus
o} 8. p. nigricans Foll o] AR, G A =2n| HA|
7HA] & ofafjof &2 H]E0] It} Kai and Nakabo (2013)=
Sebastes pachycephalus complexS E-F38H 02 AHAES}Y §.
pachycephalus®} S. nudusZ HH3F I, Yu and Kim (2014)2
o|A AL 71F uke} B7F3 Sebastes pachycephalusE THA]
B X3} S. pachycephalus®t S. nudus2 F-823F 3, S. nudus
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Fig. 1. Two skin color types of blass bloched rockfish (Sebastes pachycephalus) for RNA-seq analysis. (A) Wild type (Bbrf-Wt), No spots and No

marking; (B) Color type (Bbrf-Ct), Above 2/3 scattered red spot of all skin.
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1. M3z

E Ao A3 FfEZ (Sebastes pachycephalus)S U
FFRE AR dE5)0lA FHsHRL, AA BrE A9
Azt & AR Qe WD ) §5E 71202 Wild
type (23} B30] 8] §:8) = Color type (& AA|] #
2 Bhgo] 9la uj FEo] nplo] 9L)o g FE3I (Fig. 1)
spwsieleh, BAR R4S 93t Adol AA Eelue 7
I7HAIE ARSI T Wild type &2 A= 1] HIZ o}
g B zZ oA 3L, Color type EL SX =] o}
WEd T} o}7)o] E3ahA ekt mnz ol akele e
ZAL 10ecmx1.0cmx02 cm (VI xAZxTH) 2712 &
wole] Bl o Uu% ARE EPSES ABYsEon,
AN e 7} 57 221100 me)& Asho] HAjol A}
et

2. Total RNA 22| & XX

Age AN S NEEy BES 100med FHstel &
w4 ALgste] RSttt BAEE A=l TRIzol®

Reagent (Invitrogen, USA) 1 mL& ¥o] SE3] =2 & 200
uLe] 222X ES H7H8lY Vortex Mixer (Vortex-Genie®
)2 ZFsHA AUt d2olA 5& S vAR £, AR
g|5lo] 3|3t AFEN-S isopropyl alcoholZ A A|A total
RNAE £33}t £2)3t total RNAE MiniBEST Universal
RNA Extraction Kit (TaKaRa Bio Inc., Japan)QJ RNA Spin
Columng ARg3ste] AAILAHLS AZ &, Next Generation
Sequencing (NGS) 2 E A4S $35lo] RNA 242 A}
st Th FAS total RNA 22 BioAnalyzer 2100 system
(Agilent Technologies, CA, USA)S ©]&3}l% HX(>5 ug),
28S/18S &A%k (=1.0) 2 RIN (RNA Integrity Number) %}
(27)% SI5HT RNA-seq 241 750128 29sheleh

3. cDNA 2to|=2{2| M=t 2! Sequencing

Total RNA 5 pgS Covaris® system© 2 H&+3}31 (300~500
bp) Bioanalyzer High Sensitivity Kit (Agilent Technologies,
Inc., USA)E I7]E &<Ql3t &, random hexamer® A 1
7}k (first strand) cDNAS A3 A 1712H9] ¢cDNA
£ F3o=Z A 27} (second strand)e] cDNAS A3t &,
TruSeq™ RNA Sample Preparation Kit (Illumina, Inc., USA)

£ AHg3te] B U (bluntend) HHS THET, 7] Am}
(A-talhng) 9 index adapter®] & IS AR FHF

Zsto] G7IME A& SoludHE 47 A2 0}93‘\13}
HO

-l\‘ mio r

rlo_x

7“101 AR go]lBgele] Hr gPCR Yoz =43}
3L, cBot 71715 o]&3te SYHAHE A & (F2H
4+ 300~400K 7]£), HiSeq 2500 (Illumina, Inc., USA) &3
ES AHESHY 71 ES EA8HATH(2 %125 bp paired-end

sequencing).

4. ¥7|1M<E ofMdi=E2| Y unigene &E

9719 B4 3 FastQC (http://www.bioinformatics.babra
ham.ac.uk/projects/fastqc/)2 raw data quality control-& 713}

3} 9 1, paired-end (PE) sequencing H|0|E|= N°] 10% ©]A}
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Table 1. Summary of the sequencing data from blass bloched rockfish (Sebastes pachycephalus)

Sample Number of raw reads Number of clean reads Number of low quality reads
Bbrf-Wt* 78,199,118 73,392,934 (93.9%) 4,806,184 (6.1%)
Bbrf-Ct* 77,946,600 73,454,304 (94.2%) 4,492,296 (5.8%)

Total reads 156,145,718 146,847,238 9,298,480

*Color types of skin sample: Bbrf-Wt, Wild type of blass bloched rockfish; Bbrf-Ct, Color type of blass bloched rockfish

EZ3E read A A, Q20 TR H7]7F 20% ©143 read A A,
Bt qualityZ} Q20 BRI read A| A, A B 9] FEof EAeH=
Q20 "Rt @71E AATH:= 7€ 2 BE P53t

71N E ol EE= 24 MEY read HlolE & 3 HZ FA
Trinity (Grabherr et al., 2011; Hass et al., 2013) T2 1L 0|
&3t sttt =5 H AAA A D9 A3} (clustering)
+= TGICL (Pertea et al., 2003)2 A& o, FEH read}
71wl 2t AARE (transcript)y& A AStY] 2+ HohE tf#sh= A
d& #FRFYEY. 2P F7) A €L TransDecoder (Haas et
al.,2013)¢} GenelD (Blanco et al.,2007) Z2 13 0 2 coding
sequence (CDS)E 9| &3} FHZ319 2™, log-likelihood 23
o7} 02t 2 Z& AE5te] unigene> 2 SHEHTH

A

=~

5. Annotation X XSS MK}

HI

Unigene?] annotation BLASTx @ InterProScan (v5)
S o]&3l9] £33}, RSEM (RNA-Seq by Expectation
Maximization/ Li and Dewey, 2011) Z2IF 02 {H =}
9] 7S AAFSFH 2™, FPKM (Fragment Per Kilobase of
transcripts per Million mapped reads)2.2 W&A7I-E =431
o A5 A F AR B4-2 TCC (Sun et al., 2013) T2 139
DEGES/DESeq W2 &-83l9 20, A3} (normalization)
S 39 WHESHRAL, 71E 32 g-valueE 0.01 o]tz M7
sto] DEGE A4 stqict.

A5HAFARY 715AHE 73oS 93t Gene Ontology
(GO) &AL depthE 12 A A3} 37]9] functional category,
Z biological process, cellular component, molecular function
o2 BR3iqch

2 3z

1. HAH| €7|1MY Sil= 2! read data Fix{2|

B AN SASHS olsfsta WY 2 vpy W

3 BAT S HARE 5] Sdstel AN g A4

NS BH3H%. RNA-seq BHY O HBe B A %
=]

& wbgol] 9lm, v Hie mho] gl Color typed} E

P

)

Table 2. Length distribution of assembled unigenes for use in com-
parative analysis of transcriptome

Length (bp) Number of assembled unigenes
200~500 63,236
501~1,000 20,124

1,001~1,500 7,996

1,501~2,000 4,330

2,001~2,500 2,344

2,501~3,000 1,282

3,001~3,500 766

3,501~4,000 413

4,001~4,500 251

4,501~8,000 348

8,001~18,619 22

Total 101,112

g Wb oy mho] gl Wild typed] 3R HARA H7]A
2 df=stlch AA B 9 F ME9 total RNAZ A
ZFst ¢cDNA ol B8 g E A|HAI5He] 78,199,118 PE read2}
77,946,600 PE readS 2}z 8123t & (Table 1), NCBI2] SRA
database (https://www.ncbi.nlm.nih.gov/sra/)°l 53} th
(PRINA623997).

et AAAE AREFsH] H5t] AL read Tl o] E
£ AAsH: 7%l wet SEPE A, A FE2 Wild
type AZ3} Color type AE& 5 Q20 H[E°] 93% o]Ao|3
ok A A B HAAA Bl B4 o] AHEE PE clean readE
73,392,934 7l (Wild type)®} 73,454,3047H (Color type)S EX
shsiet.

2. JHE2t XA EtelH HAL|2| de novo assembly

NES g7 AAA G g = AN B9 22 clean
readS 3 /N2 &HA de novo assembly W2l o2 s}
o, GAMY 71EL 0942 A3l F7IMLDE S 2EHTY
gto] 39 AEE A5t AFE ¥ unigenes AHSIS
ot 2 Aol A EH3t unigene /HTE 101112702 AA] 2
71= 66,25 Mb (66,252,764 bp)o]| 1L, SAALe] Hit =7



(A)
Bacteria Invertebrates
1% 2%

Vertebrates

24%
Viruses
0%
Rodents
28%

121

(B)

Phages
0%

Plants
2%

5%
2%

[ Biastx and InterProScan (28405)
Blastx Only (5288)

I InterProScan (1789)
No homolog (65630)

65%

Fig. 2. Function annotation of the unigenes. (A) Distribution of the annotated unigenes based on BLAST search; (B) Annotation results of con-

sensus between Blastx and InterProScan (v5).

Table 3. Statistics of functional annotation for the transcriptome of blass bloched rockfish

Blastx & InterProScan Blastn Blastx InterProScan Total
No. No. No. No. No.
Has homologous 28,405 (28.1%) 33,693 (33.3%) 5,288(5.2) 31,063 (53.3%)
No homologous 67,419 (66.7%) 27,191 (46.7%)
All annotated unigenes 35,482
CDS of unigenes 58,254
65,630

No homolog

All unigenes

101,112

£ 665 bpFTt. Unigene?] Zo|¥ E3E (Table 2)5 AHEH,
200~500 bp 27| 7o) 63236702 714 WL, 4.0 kb ©]AF
9] transcripte 6217§ Gt} 71 2 AAR 27]& 18,619 bp
fom, 1 kb 37] o]4e HAAIE 17,752702 ZA| unigene
9] 17.6%°] sgstict.

3. Unigene?| functional annotation

et 7 AAAE ol &2 sto] EH 3t unigene?] 7|5
2 NCBI Nr (Non-redundant protein) o] o] ] #] 0] A 2] BLASTx
A3} InterProScan toolS ©]-&3t functional annotation 2
=2 "o}ttt (Fig. 2, Table 3). BLAST ¥ InterProScan 7
Moz o&%t I AEZ unigene 354827 (35%)9] 7%
£ annotation & 4= 12 th. NCBI Nr DB Blastn 7 (filter
7] e-value < le-10, Best hits) 23}, 33,6937l unigene®]
annotation ¥, 0| & F 294817} (87.5%)= BAF (11,993
N, 36%), ARF (93277, 28%), 2355 (8,1617), 24%)<]
AL A5AdE YEFY T (Fig. 2A). InterProScan A4
o2 % I AP (58,2547H) F 31,0637H (53.3%)= 71

S AE7F EHA A, UHA 27,1917 Vs BEIL 9
5k2] gtk BLASTx®} InterProScang FAlo 243
functional annotation 23| A 7]50] SN =R 2 65,630
7 unigene2 ¥ZF AL A Swiss-Prot, KEGG, COG 52 d
o|El#|o| A5 F7} ZA35Le] annotation 3t3LA} Jtt.

al
=

iy

4. Unigene2| AL 2 A EFUE XISLUSHF XL

el 24

NEE g7 AR 25 E R 3 unigene] HETF2 RSEM
Z2IHE o]&ste] AAFSHETH(Table 4). BHEF oL mhjo] §l
£ Wild type (Bbrf-Wt) T EHZo] A= 85,831702] unigene
o] WAL T, HLA ugS 7} Color type (Bbrf-Ct) |5
AZo| A 84,1987} unigeneo] WHEE AL Slstgich. A
A gl 254§ AAE FPKM (Fragment Per Kilobase of
transcripts per Million mapped reads) Z+< 715 (>1.0)22 A
Asto] 7158 1t A7}, Wild type THEHZ oA L=
AR F 22,504707}F 7)%50] BEA $laL, Color type HFAE
o)X= 21,695717F 7150] Bra Al AT
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Scatter plot (Bbrf-Wt vs Bbrf-Ct)
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Fig. 3. Gene expression of differentially expressed genes in the two skin color types of blass bloched rockfish (Sebastes pachycephalus). (A)

ScatterpPlot; (B) Volcano plot; (C) MA plot; (D) Clustering Heatmap.

Table 4. Expression information of unigenes derived from blass bloched rockfish by skin color types

Gene Gene (> fpkm 1.0)
Sample Expressed Expressed
Unexpressed Unexpressed
Known Novel Known Novel
Bbrf-Wt 32,094 53,737 (15,281) 22,504 33,004 4,611)
Bbrf-Ct 31,226 52,972 (16,914) 21,695 31,804 (6,620)

*Color types of skin sample: Bbrf-Wt, Wild type of Blass bloched rockfish; Bbrf-Ct, Color type of Blass bloched rockfish

ME AN FAgof| Toists FAAE FH35H7] H5to
FPKM %f©] 1.0 ©]A4F2] unigeneRt A 8islo] A2 El¢lE u|
AAA S HEEAY B4S APttt Asdd FER{FHAR
£ d@wko] 2u) o] (llogFC| > 1)Q1 AAAIE Adsigl,
FDR (False Discover Rate) 5% (FDR <0.5)& %] 83}o] A3}
et

MEete] AN Eelof met TEF oS UEhd 916719
AAA £ 1647058 TCC Z2IHL &8 (Cutoff: g-value<
0.0D3td AA etld A5EdFAAZ 2F AAsHeh 2}
SLARAAE B4517] 3 AA B AApA o HA S
4 R A, eI AueA BEE Fig 39 UEY
ek AA B o7 A 9] AL Scatter plot (Fig.
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Fig. 4. Gene ontology classification of skin color types differentially expressed genes of blass bloched rockfish.

3A)2.2 31314, Wild type I FAE2] normalized data
(log2)%} Color type TFAIZ2] normalized data (log2)S X3
I YEo| 22t AT AN APA ofef mhebd HE
Fefo] 2uf o)A Tagt FHAEC FetaL, AN AP 9
WA HE 28 o] FUH fAAEl sttt Volcano
plot (Fig. 3B)2 Scatter plot®] 7|53 A9 Fd3st1, ZF 3
Z}9] log2 Fold Change®} p-values £4317] ¢35t AMEH
= AoE Ao nfA JLo 2uf o]Af A% S|,
QEZ WA HL 2uf o} FUK fRAE, 29 2
A 9]+ p-value 0.05 ©]3}¢] GARHE0]t}. MA plot (Fig. 3C)
< FARY] LEZGT p-value?] FHHAE Eelstr] Sl
ARgom, A Bl i AAAY fAMI-S Clustering
Heatmap (Fig. 3D) 2.2 &13} %t}

5. &|AMH EFQYE mEAN XISESsH=

Ontology enrichment £

FTXIe| Gene

ANEZ A etdd gRoA Lz} Zpol & Vet 25
E AR} 1647] F Color typeol A W& FFo] F7tst= A
837§, WA o] FHadte AL 81I7/AATh A B Y 5]
Ao 2 Color type HFAAT L&Hst= {2 51719 Wild
type HFAA T HAF= FHA 68715 FolstH e, o]
£ % 7970 (Color type 3570, Wild type 3371)7} 7]%&°] &3
A §AR | st Table 5= AN ebyd F50d
Axpe] WEFF 2tolE 7|1Eo R AY 2070 P &
A5 HEbdH Zlolth. Color type T oA W@ ko] 154] o]/
Z7V8t QAR = MYH7, CULI, ZNF106, FAM73A, MYOT,
TOMM7, CTL, VMA21, B2M, ISCAI, EMILINI, CACIS,
LGALS9, CMAS, WDR33, ASCC3, ANXA6, SAMHDI, MRPG63,
ACOTII 5] Jith. ¥HH Color type T Fol A w&To] 15

s

flo o

2 do

o~

v o)A} ZHAd AR = NMRK2, FLNC, ACADM, GM129,
SLC38A2, PCBP2, ETNKI, RNF213, FOS, BAG4, MURC,
MRPLIS, HRSPI12, RBMI2B, SCEL, UBE2L3, SLC4A7,
DCAF11, MST4, Ppan 5°] 1t}

MEe AM B gRox A5H ez ddsh= FH4
o] tf8}* Gene ontology enrichment ¥4 23} (Fig. 4), A3t
A A wet LESe EAeENAY 7] binding
(52.03%), catalytic activity (28.46%), structural molecule
activity (6.50%)9] £A 2 BEsIch. B3 YR hat
T 9] HEo]| wE LR A= cellular process (15.10%),
single-organism process (13.27%), metabolic process (12.36%)
A2 YeRga, A2 9] A 2 4 (Cellular component)©]] @
gt 72 Ffolle HE(22.14%), AIE T (22.14%), A1 Z
2713 (16.55%)9 A= EE5te Ae st

2w

INEE} (Sebastes pachycephalus)S =2 FH 9 2 3
A3t A9 Z7to|= F& vitho] 223}, A4 oot A
4] Zravo] whet A|A ) WHo 7} Ashe] theFstal ERRE AA
€& R oIt} Matsubara (1943; Kai er al., 201194 2 21-g)
A% A fdE 7H AESE 7 AA 23 5t
A3} v e 1202 47)9 o}EOR TEMOL, Nakabo
(2002)= 7HEZE S (dorsum)ol] Y= ML 712l np7) ol 91
9} % 7}A] (dorsal spine) oFfo] Q= ¥lEe] H5 7]&o] o}
g 27fo] Fov FEE 4 ok Hustgith

W2 AEolA AT A fhde BE L W7 e d
#d 593t FHFAZ (Protas and Patel, 2008; Rodgers et
al., 2010), AW (coloration)> F= A4 3 (chromatopore)L:

rr
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Table 5. Top 20 up-regulated and down-regulated DEGs in the Color type skin

Gene ID Gene name Description Fold changes
Up-regulated genes

Bbrf14060 MYH7 Myosin-7 184
Bbrf24777 CULLI Cullin-1 17.5
Bbrf28904 ZNF106 Zinc finger protein 106 174
Bbrf26698 FAMT73A Protein FAM73A 174
Bbrf30393 MYOT Myotilin 173
Bbrf04388 TOMM?7 Mitochondrial import receptor subunit TOM7 homolog 17.3
Bbrf27220 CTL Galactose-specific lectin nattectin 17.0
Bbrf10316 VMA21 Vacuolar ATPase assembly integral membrane protein vma21 17.0
Bbrf29784 B2M Beta-2-microglobulin 169
Bbrf17755 ISCA1 Iron-sulfur cluster assembly 1 homolog, mitochondrial 16.9
Bbrf28527 EMILINI EMILIN-1 16.5
Bbrf25183 CACI1S Dihydropyridine-sensitive L-type skeletal muscle calcium channel subunit alpha-1 16.5
Bbrf19960 LGALS9 Galectin-9 16.5
Bbrf23658 CMAS N-acylneuraminate cytidylyltransferase 16.3
Bbrf10202 WDR33 pre-mRNA 3’ end processing protein WDR33 16.1
Bbrf26224 ASCC3 Activating signal cointegrator 1 complex subunit 3 159
Bbrf21247 ANXA6 Annexin A6 15.8
Bbrf28776 SAMHD1 Deoxynucleoside triphosphate triphosphohydrolase SAMHD1 15.7
Bbrf11844 MRP63 Ribosomal protein 63, mitochondrial 15.7
Bbrf28488 ACOT11 Acyl-coenzyme A thioesterase 11 154
Down-regulated genes

Bbrf27579 NMRK?2 Nicotinamide riboside kinase 2 —-199
Bbrf26562 FLNC Filamin-C =175
Bbrf17534 ACADM Medium-chain specific acyl-CoA dehydrogenase, mitochondrial -17.1
Bbrf22079 GM129 Uncharacterized protein Clorf51 homolog -169
Bbrf26028 SLC38A2 Sodium-coupled neutral amino acid transporter 2 —16.8
Bbrf20950 PCBP2 Poly(rC)-binding protein 2 —-16.3
Bbrf73667 ETNK1 Ethanolamine kinase 1 -16.2
Bbrf23744 RNF213 E3 ubiquitin-protein ligase RNF213 -16.2
Bbrf13080 FOS Proto-oncogene c-Fos —-16.2
Bbrf25540 BAG4 BAG family molecular chaperone regulator 4 —-162
Bbrf28221 MURC Muscle-related coiled-coil protein —16.1
Bbrf25670 MRPL18 39S ribosomal protein L18, mitochondrial —-16.1
Bbrf08448 HRSP12 Ribonuclease UK114 -16.1
Bbrf21897 RBM12B RNA-binding protein 12B —16.1
Bbrf15845 SCEL Sciellin -16.0
Bbrf17325 UBE2L3 Ubiquitin-conjugating enzyme E2 L3 -16.0
Bbrf27072 SLC4A7 Sodium bicarbonate cotransporter 3 -16.0
Bbrf27793 DCAF11 DDBI1- and CUL4-associated factor 11 -159
Bbrf26119 MST4 Serine/threonine-protein kinase MST4 -158
Bbrf21383 Ppan Suppressor of SWI4 1 homolog —-155

A2 M| 2 (pigment cel)ofl 23 == T 7HA] Aol 2 2014). A3 AL 6 7kHA MaA|zof o3 2HH=

etk o5 MLA|ES Thkshs AE 917, A%A AR Al (Braasch e al., 2007), EF
97 a0l 44 29 @ A8 Aol Y, Wy

AESAQ e AH HRo)

MALL. TlE=

d AZRE FlEY, ERe B

289 WAL Bet

A ANAE FALE

= Wt Jiang et al., 7h gelg W, FEojFolE AN 6 7HA] FE ZE7F



gl (Mellgren and Johnson, 2002; Bagnara et al., 2007,
Braasch et al., 2009).

ool AA YA B §A% HA A7} 2 oi5 A
B & o|8&35lo] AYEQal, MATP, OCA4,SOX10, KIT,
EDNRB, SLC24A55 BIE3 M3 Ao Bojshe 44
o 7} e} Wolo] BEt W&ol et (Kelsh er al.,
1996; Kelsh et al., 2004; Parichy, 2006). =3 8|2 d o] &l
%) o] (common carp)@} FH= "2ty o} (Red tilapia)2] I]F A
B8 o A A A7 U Jol DA 24
T-(Jiang et al., 2014)o| A= AMo] thE F EFAA A5
BEAAE SFRAAT, W] MAYF B Tl
Q §HAQl TYPRI, SILV, ASIP ¥ xCT G4 SaZS
W mahsch. = Dekulob AAA B4 A7 (Zhu e al.. 2016)
SNAL T3 Folsh BT FH FHAS MWL 4HS
Zol A& 4= = SSR uAE FHE}2H, TYR, TYRPI,
SILV, SOX10, SLC24A5, CBS ¥ SLC7AIl §AA}9] W&
< BT ol F g7 9 A ey} HHE RS
W=t &8st7] 93 A7 AP EHJ o, of 7o ohekdt
A Etlof whE IS EAEA 9 A 7] &ol it A
oA REsich fESS AN Y 4 B /34 &
4 Ho| Sof I3t ALZ = Kai et al. (2011)0] R3]
o] ot AEH & AA ) = vbd A4 npl )Xo
mE A B ANES R $HA Holg 2AE
o} AN ST BAY fouE A ol
234}, o|2jo] ABetel chebal Bxke AN sfelzt B
d 2% WOl MR f4 B40] B AT WAL o}y

eltt.

IN 1k 2

2

oo ox. rf

ol
i
)

RNA-seq2 ZAHE (transcript)®] Aol dg st HAA
(transcriptome) S HA5te] a9 Ao|E F¢lstE HHO

2 NGS EHES AH&-stH, tf-83F A4 (high-throughput
sequencing)2 E3to] BAEE HALE FAN AFS F
Aol =egk 4= glo] st At #E T7F Hl
RNA-seq B4 o] &3t A7t AEQ HAA FE
= 913l A3 ZvF HEEHJI (Wang et al., 2009; Ji et al.,
2009; Liao et al., 2013), LA A2 A2 o2 drghgh
Ay et 2L Ay Goudt TdgAx 2
293 A2 Y3t 1A= H 1% cth(Samanta ef al.,
2006; Huan et al., 2012; Liao et al., 2013). £ A7l A= =2
2} (Sebastes pachycephalus)®] ThFsH HA el A
Az gAo] ast 342 ARG FE7] Yste] §Hol
U olo] Ad gl Wild typedt B AA o] £ wbgo] gz
v} B 2o u}7lo] QlE Color type o2 FE3F 7|8 A7
T2 AAAE RNA-seq YHOZ 43519 tH RNA-seq A
2 1 &3F AFAORZ AL read W7t A EFof whet &
o] o g Wwdsls f7A 9 HHF zlo] EAlo| 7H5AE
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aEste] dAstgon, dat £4 14 AA HE A
B ] RojA Asddstes ARt A By ol

oo
ot
>
i
oX,
o
i

she AZebEgl
AT A2

2 wEag 94

M 1o
& Ao
(o o
filo
x
|z of
o
L

K
i)

b 2ol FH, sequencing depth
& AF dARIE S5t 7Hssl
P

=,
T2 3A Asto g@ol ¢o § @2 transcriptE 2o}

UL, AF Ak A= EFE AT (Mortazavi et al.,
2008), YHtA o2 A 9] sequencing depth= F27 3A H
stA] 3, A HAo wet dh2A AT 1 olf+=
sequencing depth7} S5 444 583 FFole FlstA

9k, transcriptional noise®} off-target transcript (2% 9] ZAME)

o] AL 5009 7H2] mapped read2 FE3ITH FA5}HA]
o dE eEo] B §AA W AAES AYstA ARkt
A A 19 79 read7} aslth= T2 A& A= QL
TH(Sims ez al., 2014). A| & 9] EZAdo] A A=z {2t
dEeF B4 BE 1007 readE 0|83t o2 AFS
AA A, HE o] W2 FHR = 5T 7 readE2 FFo] 7t
3o, Axoj= 24t 7] read O RE HIF ZF A AE
£35S FAE £ 3Tt Jaitin et al., 2014).

AA egdd NEE g7 AAAE @AYt E2
A7|ME delH+ FastQCE quality control< X338}
clean readS X3}t RNA-seq HIo|El= U &3F A|EA
O 2 raw read 85, read 48 ¥ FAA F=FI} RFE A
A gHsty, 7t gA vt E4% WL 85k Hold
o] £4& Aasdof sttt WA raw read?] quality control

2 sequencing error, PCR artifact =+ contamination (2}0] 2

S 49 WA A AE BHoE ArMLel B
Z, GC content, adaptor 5, AUX A E2 k-mer 12|12
duplicated read &4 AF-E HARRITH HAA dlo]g &40
A 385 % duplication, k-mer, GC content &2 A3 2 &
Fol A S40) wet AT, 0|5 e 5 Aglol
Me 2t AEE=E Fdsfortt gtk 2 Ao A+ raw read
9] quality control 2 #1383} PE clean readS Wild type 3] 5
oA 73,392,934709} Color type T 3o A 73,454 304715 Z¢
Z} S (Table 1)3FEL, A BFQIH HAMA| H]LEA o AL
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o] 75 RS BRSHAT. Aol T2 ool WA AT
(Jiang et al., 2014)°| A= 259 7 WES A EAJst B+
33,376,990711 2] PE clean readS &1 5} B Al of A}L314H L
o, Y= datulo} uBA AL (Zhu et al., 2016)°) A& 371
AAF (WP; whole pink, PR; pink with scattered red spots, PB;
pink with scattered black spots) 7§A] Z+z+e] o] MES A|H
A3l 13 PE clean read 42,927 212702 A A e A
AHAE Hla B435F5 .

RNA-seq 42 EZFH7] A E (reference genome) F X
o] go] 7153 AL o reference genome E= reference
transcriptomel] WP sto] HAME-S AlEgth AFEH o] F
Ao] §l+= (unannotated) A 2L AAHE EZo] obd HF 2
Ao FHE & AFole ZE7E HEZ AE F9 reference
transcriptome®]] P} o]¢f Bt = AL AES Alm
Ag JE7} gle Ffols 9A Z readE T 7] contig2 &
A3t transcriptome 2 &2 TSI, 11 thFoll= AHE 95k
Z} readS ©] transcriptome©l ThA] WBITH A== Alm
E7}F obF] WA A ot & AT A= de novo assembly
WAS sttt A et w R AE 7F ela £AE 9
3} clean readS TAA 39 inpute 2 TSI, Trinity
Z2 WL o] 83} transcriptomes ZH3std 101,11270
9] unigenes TR TH(Table 2). Yo FHEA AL (Jiang et
al., 2014)9 A= transcriptome 2F IFS AHA 198,78174
9] unigene F3Uth HE "etujor HRA A (Zhu er al.,
2016014 AR IAANA 97 2N (H, 2%, 2, 3
b, A%, AR, b v, 5 E AEFSHEA, ol AE
£ poolingd}] THE cDNA ol B 2] 17§} 37 strain (WP,
PB, PR)9| ¥ cDNA zto|BEa|g|& Z}Z A|AAste] &
readE oAl &5} 213,396709] unigeneS ER 3} TE. 9]
o 7 APATLY ofF HF AAA EAZ T} A, RNA-
seq 2402 AL reads oA &3t &3l unigene?] 7H
= AEA A AHE-EE cDNA ol B8 2] o] sf=of mat g
S Yol ¥t AS & 5 USH

FAARY 7| sEAS Q% FAAA B4 A+ AEd
FAR BABESH 7)Folv B pathwayE 27] 9
sto] $3st2 2, RNA-seq w4122 gHZE HAH o] of
sto] 283 7|5 4 499 € (functional annotation data)
7} BEE=A] QlojoF sttt Gene Ontology (Ashburner et al.,
2000), Bioconductor (Huber et al., 2015), DAVID (Huang et
al., 2009), Babelomics (Medina et al., 2010) 52| dlo]gH|o]
2ol Yiee] BAYE Fo G 74 dolet T
o] ltt. 23, de novo transcriptome assembly E+= A
4] (reconstruction)& 3 HAT A HAEL 7|5 HE
7} FZ31e] A go]Ejw|o] A%l SwissProt (Bairoch et al.,
2004)%} protein domain H|©]EH|]0]A Q] InterPro (Hunter et

al., 2011)E o]83}e 7]5A ¢l FA] (annotation)S Tt} &
Ao A EH 3 unigene?] 7]5< NCBI Nr (Non-redundant
protein) G o] E]#] o] A2} InterProScan tool& ©]-83to
D& &3 & annotations AP35t ch I Ax}, BLASTh
0]8-2 2 33,6937} (33.3%)7} annotation ¥ 11, InterProScan
& ©]&8}o] 58,2547 (57.6%)° HhEt CDSE FAsHE o (Fig.
2, Table 3). BLASTx®} InterProScan® 2 annotation =X &
2 65,6307] unigene= Swiss-Prot, KEGG, COG 52 d|o|H
Ho]A2E 27} AMS}H annotation E AL E TG o,
e AFE F3Y amnotationS /JstaLzt gt & Het
mjo} u] FA} HAA| £4 A (Zhu er al., 2016)9] %, NCBI
Nr& H]%3 Swiss-Prot, KEGG, COG %5 4719 o] Efso] 2
£ AM3}9] unigene?] 91.75%% function annotation 3} T}.

NES AN gyl Solddfia ¢ AsdaARAAE
stREL7] Yot AAAlo] WBH read®] $E 0|8t HAL
A Y] THZE S35t RNA-seq 419 7P dukz¢l 3
8o 94 EX AR WAL 245 F02 ranseript
sequence®] WHE read®] 427} 7] E3Zko|t}. Raw read®] 4= 1
ZA| = transcripte] Zo], AA| read 5, sequencing bias7} 1L
e R orol W@ Hlwo] RAFgstEg ME 7F HA Aol
£ H23}7] A= A 5f8H(normalization) 2FY < sfjoFgttt.
RNA-seq 4] &, A2 Y@L v|wsty] flsto] ohefet 3
HoZ Aslstar, CufflinksQ} TS T2 1S 0|3l &
AR HES SR, vl a e A& E4 5ol W2 bias
o] M3 EARITE EIF FAA o] BAFLS ME HA A
Ak FAAbel gk D@ HIE Hud = Za §lX
CAE HollA f42 43S 2 = 93} (ranking)
393 8 49& 3ot It} Transcript-levelS A5}
A &A317] A% ¢ueEd biasE A= o] A
H3 Rtk (Conesa et al., 2016). 2 AL A= transcriptome
mappingS &3 28-S 5Ast= RSEME AHgstalet,
RSEM< expectation maximization & AME-3to] TPM
e &A= 1Y &£ 22 multi-mapping read® 23 F
transcript®} &t AME W9 sequencing biasE E AT}
(Li and Dewey, 2011). o] 3R] 542 o] HA-t(Jiang
et al., 2014)E RSEM ¢T2=2 A1g3tdon, #c et
ofe] TN I AAA A AT (Zhu er al., 2016)° 4=
Gene Transfer Format (GTF) ©¥ 3} Cufflinks (V2.2.1) T2
I A3} T} Cufflinks (Trapnell et al., 2010)+= TopHat
mapper (expectation-maximization ¥-4] AH&)E mapping?t 2
35 B2 transcript Y@L AAbst=d], o] WS 5
3] non-uniform read X2 QI3 biasE HA3] t}E 4+ 9
t}. Cufflinks®= PE read?] A8-& AHg3817] S8 AAE17
o GTF ZEE 0|83} transcriptE EIstAL HolHE &
3 2| transcriptE FET = Yot £ A= A

2 2 o
S



2 A4 By nR 4So] WAL FPKM ke B85}
of wmstdT, A4 eelo] et A5TASE $H 1

d A A AT Zhu er al., 20164 HHLFE FPKM
e gstol vmatglom, b A4 el T3 A
B golue 148749) AEAAGANE AWt B
P AFE Fotol HRYL pigment) T BA FR 4
Z}Ql tyr (tyrosinases), tyrpl (tyrosinase-related protein 1), silv
(premelanosome protein, pmel/silv), sox10 (sex determining
region Y-box 10), slc24a5 (solute carrier family 24 member
5), cbs (cystathionine beta synthase) ¥ slc7all (solute carrier
family 7 member 11)& SE3}¢ct oJo] gRMO A2 ¥
o] A3t (Jiang et al., 2014)9| A= AW gjglo] t}E 27) strain
(Yellow River carp, Xingguo red carp)ol|lA] ¥&zF 2}o]& Y
EFH tyrpl, silv, asip (agouti signaling protein) 2 xCT (cysteine/
glutamate transporter)S I MAFPA o] Fodl= AR
SRR

2 AzolA Selst 16ae] M B Asard e
(Differentially expressed gene, DEG)% 7|5 A X7} &4& A 79
Aol offe] 9 AlL o] Felshs o= Bud 44
A dapd e 8 fAxZ G137 tyr (tyrosinases)©]
U tyrpl (tyrosinase-related protein 1)0]] 3J@3h= A2 &2l 5
A okerth 28}, Color type ¥ @ Wild type TF Eo]&
oz WEshs §Ae Fazke] A4 HelE 15H) o4
o ZfolE UhEhdl Theol A7 Felslo], o 5L fEe
o A Y FH B BALAY BAS AT TR
2 At FF ATIAE o AFUAFAAY T
ok

BES| F TH o[ AE F
o) AXZA, A7 F S 483 e Yolet A

& FRO PR, AR TR Y& 5o BEshs

= YAl "t 479] ofFor FES= B
< Zteth a8y e ohekst AM e @
A BN I A Hol BE 5 AN YA Bl
A o] B QAFE gl olol et 2 ATeIAE /)
o AA WY #d AR EE d 34 2E SAS
s7) Sfet 712 A2 AN S B AAAE 2
Yoot 7E=HS Wild type (RFE 3 marking $1<)3 Color

F,‘F
At Ho Jo Jn
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type (HE I v 2E Qlg)o =2 FESHRA, B F A
£ RNA-seq ¥ o835t A4t /a2t o7 A}
Ao WAFS vlwsto] A B AFEARFHA 16470
£ FEAH o] AT FHAY 7]5S Gene ontology
(GO) 402 321%t 23}, 27}l= molecular function, 46
7l& biological process, 67§+ cellular component 7|51
Fo &4t A5 EEFAA F CTL (Galactose-specific
lectin nattectin), CUL1 (Cullin-1), CMAS (N-acylneuraminate
cytidylyltransferase), NMRK2 (Nicotinamide riboside kinase
2), ALOXE3 (Hydroperoxide isomerase ALOXE3), SLC4A7
(Sodium bicarbonate cotransporter 3) 5< £4 AA BY &
o) 2e) WHPAS tehyinh. ol A7 ABetel A4 sfe
Faoll Tolohs WAE B R A AT, A4 B4
7l $ES 9% FRANAT ABeel AN 8
8 ASUAGHAE St 2] gol7} ek FRols of
FRGAAe] WHP U 715 Haslo] e B
A ez Bl 7R B4 e 1A B,

P e (il

Al Al

| gaelr| &Y FaArgel gk F S
< 7]8F AT (PE99813)’ 2] AtH] A
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