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Effect of Water Temperature on the Expression of Stress
Related Genes in Atlantic Salmon (Salmo salar) Fry
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Abstract - The warming of water as a result of climate change affects fish habitat. Variations in
water temperature affect fish physiology almost totally. The rise in water temperature due to cli-
mate change leads to hypoxia following decreased oxygen solubility and decreased binding capaci-
ty of oxygen-carrying hemoglobin. This study was conducted to evaluate the health status of Atlan-
tic salmon (Salmo salar) fry at elevated water temperatures (20°C) compared with optimum water
temperature (15°C). The method facilitated the detection of biomarker genes using NGS RNAseq
analysis and evaluation of their expression pattern using RT-qPCR analysis. The biomarker genes
included interferon alpha-inducible protein 27-like protein 2A transcript variant X3, protein
L-Myc-1b-like, placenta growth factor-like transcript variant X1, fibroblast growth factor recep-
tor-like 1 transcript variant X1, transferrin, intelectin, thioredoxin-like, c-type lectin lectoxin-
Thr1-like, ladderlectin-like and calponin-1. The selected biomarker genes were sensitive to changes
in water temperature based on NGS RNAseq analysis. The expression patterns of these genes based
on RT-qPCR were similar to those of NGS RNAseq analysis.
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=
2006; Crossin et al. 2008). o]&3t 34 Q2
o AAst= AEHT o} ¢

A3 W L A ol el Y AsHE Aot
I B3 E Itk (Wedemyer and McLeay 1981; Chapple et al.
1998; Kang et al. 2007; Kang et al. 2008; Choi et al. 2009).

Aolg o 3 AFOIH 2L o)%F, 23 (smolifi-
cation), A 47 2 ) GFL vAkn LeiA g
ouf, 27] WABRHNH 29 WS woke] 4E L §
2 34 5ol %S A= A= ¢HA Itk (McCormick
et al. 1999; Swansburg et al. 2002; Crossin et al. 2008; Elliott
and Elliott 2010; Somero 2010; Burt et al. 2012; Hevrgy et
al. 2012; Morita and Nakashima 2015). $22] HE 2 o|&
BEIY AL BE R 9 AL AoR FeA 9
th(Somero 2004). 7] FH3}of &Jsf of7jE 4= Q= 29
A% WBHE Abh S 7AW AL oul
=24 (hemoglobin)®] A 5] Fag FI Attad
(hypoxia)S F&E <= JTH(Quinn er al. 2011a).

520 4% 9% ARAZT Bt $8% T Wt
of WA AFE0] Hdo](Somero 2004; Evans et al. 2011;
Quinn et al. 2011a,b), A2 &g = A 2] ©]& (Thorne et
al.2010; Windisch et al. 2011) ¥ ¢ (Kassahn et al. 2007;
Healy et al. 2010; Logan and Somero 2011: Liu et al. 2013)°]]
A BaEdch AFAY #L29 Aol wet offoll A g
Aol Boist= FAAEY A5 Tl UEkT tE3]
© & heat shock proteins (Healy et al. 2010; Evans et al. 2011;
Logan and Somero 2011; Quinn et al. 2011a), cell growth (Kas-
sahn et al. 2007), cell cycle arrest and apoptosis (Logan and

Somero 2011), inflammatory response (Thorne et al. 2010) 2
oxidative stress (Thorne et al. 2010) 5-°|t}.

H 1= AoJE (Salmoniformes), ¥ o]} (Salmonidae) ©]
F9l A Ao (Atlantic salmon, Salmo salar) 015 T4}
o8 A AL ETY & A2 XojoA ujA]= &
Ef AR Q3 A% AHE Brlsks Y SR A
AERA (biomarker gene)®] W FAHE O18F H7bol
A4S Fu A BFARY EE E F7HE skl
A ESTH TS 58 A= AEAY SHAFEE
Astal gt o o] A2 =Fo HHES AlFst

Ut 74 8 219] Hale] W2 {HA LY Hils A=
Aol A% AeE B7eke H dolA {83 e ol
 RBAANEFHAE o83 F7he ABGL= A1&5HA I
Aol FHE B 4 A Aol ok AR BHHALY
HE2E fJste] AAHFHA LA (NGS; Next Generation
Sequencing) RNA-seq o]-gaho] tae o] o] HAL]
AR I 2l @ 2 At AHAH o2 ddst= A
A el 9 AEg &, £28st 2 AEYA Y
RT-qPCR W12 o] 8510] §22 2al P42 BIstgct.

H Ao HAANREGHAAZE FHrlo] AAH interferon

alpha-inducible protein 27-like protein 2A transcript variant

=]
o
=]
o
al

X3, protein L-Myc-1b-like, placenta growth factor-like tran-
script variant X1, fibroblast growth factor receptor-like 1 tran-
script variant X1, transferrin, intelectin, thioredoxin-like, c-
type lectin lectoxin-Thr1-like, ladderlectin-like, calponin-1
59 AR B dof Ho] I4e wE ANE thi
©2 NGS RNAseq 47 5382 53 228 vhro] 9474
ZAA BANEGAAR oS $43 TS 7|t o
4 7H §AAFEolTh

Mz Y HitH

ag

1L.A85E

thA ek do] 2o] (11.9~13.5cm)= 2017¢ ZY= 9K

Fig. 1. Image of Atlantic salmon (Salmo salar) fry.
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Table 1. Analysis of blood characteristics for the selection of experi-
mental fishes

Control group Experimental group

Z
o

Cortisol Glucose Cortisol Glucose

(ngmL™)  (mgL)  (ngmL)  (mgL™)
1 37.22 190 67.29 237
2 42.67 227 66.87 263
3 3748 202 69.53 259
4 4420 248 59.04 288
5 36.09 175 71.58 218
6 42.16 171 69.59 202
7 44.82 231 56.02 267

o AT AR SE gl FAst 4 A
Sl Asste] Adshith (Fig. ). M F dolef 4%
2 5t AA 28 15°CE ¢ A 9t (Nuez-Ortin et al.
EA 2 o] Aol hAE Aol Aofl
A A s SEHAE Gotiy] Y% A=A dol X[oi9
2 2T (15°C) B AT (20°C)0llA] 34|
2 ABSAT 2 ABFHE 10912 HolE wBAL T,
dHYY BAS Adstel 2EF A A2 A cortisol
9 glucose FEE 2314 212te] ARToIH Aol
AL 232 F$ cortisol ¥ glucose FE=2] X7} 4
Aoz w2 A AdAstien, 42 ddFolA = cor-
tisol & glucose F&=2 F27F AH oz 2 A& AA
R EEERIE EC IR
Zre] AAE 1,2,3,4,5,6 9 79 A A
ol AF&-3SATh (Table 1), AHE AH ool
TR Fof] HAALE o] &3t FZE *i‘]ﬂ z -8
2AE Y5 sttt

2.Total RNA &

Total RNA %2 GeneAll RiboEx kit (GeneAll Biotech-
nology Co., LTD, Seoul, Korea)& A8ttt A 52 &
25 ZAARE grinderZ U|AISHA] Ztt. RiboEx £ (1
mL/100 mg)y& 220 Y 2 T33k & A0 A 5275
101-"113]- Chloroform 0.2 mLE g@o]F3l T3 & A2 4]

2 LA YR AP AFAL e
tube°ﬂ %7 ©3l isopropyl alcohol 0.5 mLE Yo 1083
Ao A WA s AAEEE Aldste] A5He AA
8l3l 75% EtOHZ A|A3%t & DEPC-water2 %9 —80°C
ZAL WEa0] B35ttt RNA quality 1S AgilentAt
9] Bioanalyzer RiboPico 6000 chip2 ©|-83}¢] 18S/28S ‘3]
£ 9 RIN(RNA Integration Number)& ZASITH gj=
D AP 747+ Aol A FEFE total RNAE ‘%‘Eok‘é‘ A

ot

stol el gt

rlo
ok

)

AR g

J2T(15°C) 2 ABTQ0°CNA AU 7 ZYol A
2273l total RNAE DNase ¥ Ribo-zero rRNA remove kit
(Illumina, San Diego, CA, USA)S ©]-83}] mRNA ¥ non-
coding RNAE Z &3t total RNAE AASHATH FAIE RNA
+ short read2 sequencingd}”7] ]3] random3d}A| fragmen-
tation AlY] &, AL A& F3 cDNAS T/ttt &
A%t cDNA fragment %% Lo A2 t2 adapters &£9!
&, ligation A|FAT}. 22 2 sequencinge $J35}] PCR $&
& B ¥E TEA &3l 200~
400 bpY] insert sizeE &2 3+ TS, paired-end sequencingS-
2 cDNA fragment®] %% Lo 2 EE read?] length?H&
sequencing A 33} . SequencingS F3 A7 raw reads
9] quality control 241& 33t} AH 22l read?] quality
9} total bases, total reads, GC (%) 5 7|2 A XS A4St
Aok 24 279 biasE £°]7] HOH low-qualityE 7} A
W adaptor sequence, contaminant DNA, PCR duplicates2}
22 artifacts& A AsH= AA 2 S FYstith DA 2
AL AR readsSS PO E spliceS L3+ HISAT2
Z IS 0]-83}9 reference genome®] mapping?t &, align-
ed readsS A Al F T}, Reference 7|5} aligned reads®] paired
ARE o] &3} StringTie T2 IS 3t transcript ©J4l
E9E Agstct iz @ A 24249 7 24 tran-
script quantifications $3l 42 WHFS transcript length
9 depth of coverageS 123t normalization ZL22 A A3}
Att. FPKM (Fragments Per Kilobase of transcript per Mil-
lion mapped reads)@ 2.2 within normalizations 72335}
expression profilesr F&3tth HagS A2 7H44
%2 5359 A WEsts G} B transcriptsE A9
sto] AN EZRHAAE Ak

3.NGS RNAseq H|°|E| & o] &3 WA A E-H

71 &, size selection} A2

4. AN Z AL AH-S (RT-qPCR)

cDNATHS ¢33t A A} HES-(RT; Reverse Transcription)
2 iScript cDNA synthesis kit (Biorad Co., Ltd., CA, USA)S
o] 83} t}. Total RNA 1 pg, iScript 5XMaster mix 4 pL,
iScript reverse transcriptase 1 uL. @ DEPC-water& 20| 2%
WS-8 20 uL& BHF=0] 42°Cof| A 1A)7F ¥Hg-3}of cDNA
£ s AATE SRS AHEHS (realtime-qPCR)-Z
iQ SYBR Green Supermix kit(BioRad Co., Ltd., CA, USA)
£ 0|83} £33t cDNA 1 uL, primer Z+Z+ 1 pL, iQ
SYBR Green Supermix (2X) 10 uL ¥ DEPC-water& g



134 Hee Woong Kang, Kwang Il Kim, Hyun Jeong Lim and Han Seung Kang

Table 2. PCR assays, including primers sequences and amplicon sizes

Gene Forward primer Reverse primer é:rzlgl(lgg)n
transferrin 5-TGCTCCTGGATCTGAGGTGG-3 5-ACTGCTCTTCAGACCTGGCT-3 104 bp
intelectin 5-TTCTGCGACATGACCACTGC-3 5-CTGTTGGCCCAGTTCCCATC-3 155bp
thioredoxin-like 5-AGAATCCCTCGTGGTGTCGT-3 5-ACAGCGTCAGTGCAGATGTG-3 132bp
c-type lectin lectoxin-thrl-like 5-CTCTGGGCCGATGGGTCTAA-3 5-ACCGAGCCAGTTCATCTCCA-3 99 bp
ladderlectin-like 5-ACGCTGCAAGTGAGAAGCTC-3  5-GGTGAGCTGCAGTGAGTGAC-3 175bp
calponin-1 5-GTCTCACTGCAGATGGGCAC-3 5-CTTGAGAGGAGGGGACTGGG-3 198 bp

interferon alpha-inducible protein 27-like
protein 2A, transcript variant X3

protein L-Myc-1b-like

placenta growth factor-like, transcript
variant X1

fibroblast growth factor receptor-like 1,
transcript variant X1

ACTB 5-CCAAAGCCAACAGGGAGAA-3

5-GTAGCAGTGTTCATGGCCCC-3
5-CTTCGCTGGGGGACAAACTC-3
5-TGTTCAAGGAGGTGTGGGGT-3

5-ACACCAAGCCACCCATCACC-3

5-GCCACAGCTGCAGAAGACAT-3 107 bp
5-CCCCGACAACTTTCTCCAGC-3 180 bp
5-TTCTCATCGCCACAGCAACC-3 148 bp

5-CTCTGGCAGAACCACAGCAG-3 127 bp
5-AGGGACAACACTGCCTGGAT-3 102 bp

HZ dr-g-gdo] 20 uLo] H=E W& Fo real-time PCR
machine (CFX96, Biorad Co., Ltd., CA, USA)E o] &3}o] &
EZ3l1 LS BASAT. SARE ZZA]7]7] Y3 8
2 2L 95°Co||A] 387 44|, 0]F 95°Co A 30%, 60°C
ol A 30%, 72°CollA 30%E 35 cyclesE HHESIg om0}
Zako @ 72°Co) A 587F §-A 85 Th Melting curve ] 54
2 0.5°C A 22 60°ColAFE 95°C7HA] 5 A7, ©]
T 30°CollA 527+ fFAsHT. AiA el A dEFo
AA-2 274 8 (comparative Ct method) S ©]4-3te] G4
A+9] WS B WA BEFHA2 = house keep-
ing A}l B-actin (ACTB)Z AE-3lo] T&EFS normali-
zationA| Fth. Zetolw H7|AEL th33 Zth(Table 2).
AN FRa AR 53] vhE A sk

221 AP 219 5994 AAL Student’s t-testZ H]
Eeksiom, p7t 005 3 001 ols}el He folt Aoz B
et

27 Y o

NGS RNAseq #41& 53] 15°C 4% oA Qo] Ao
7+ 2204 18,919,0207) reads7t A H gl om, & Zo]o]
32 1.9G bpE AYAFE QIEl. GC content (%)7} 48.64%%9_
‘:‘1, &7 F4 A 30 o) 2= 8719 H&(Q30, %)<
4.66%°] ATt E3F 20°C AR A g o] Ao 7k 2379

Table 3. Statistics of raw and mapped data

Sample  Totalreads GC'(%) Q30%(%) Mapfzi/‘j)reads
15°C liver 18919020 4864  94.66 96.91
20°Cliver 17603894 4939 9489 96.70

'GC (%): GC content ratio
2Q30 (%): Ratio with Phred quality score > 30

A1 17,603,89478 reads7} A= Row, F Aol k2 1.8G
bpE AYAFEQITE GC content (%)7} 49.39% G oH, §7] &
A A 30 oS 2= F719 HIE(Q30, %) 94.89%°1
ot 15°C 9 20°C A o] X|of 7+ 2204 HAdd A
AHA| mapping &2 Z+ZF 96.91% 9 96.7%E 2 T} (Table
3). A% o] X|o]E A2 2 NGS RNAseq £4] A9
BAHE 20 Mot Bk A& Holn, AP ¥ %a%
AR SAAE T BRe 1 FoA AR EGAR
= A5k o Aol 9k HakA NGS RNAseq A
24 dlojeg g ¥, 44(15°0) L 1HL20°0) F 4
72 A TS GARE A8 bl [fe] > =2
27& BE3H= 4% 1336705 EHlsta, 2§47 F
oAl 15°C AHE A Qo] X|of thH] 20°C AFS A} <
of Ajofoll A9 F7h T H fdAt 88070, a4 A {4
A+ 486705 EA431AT. o] FollA @ interferon alpha-indu-
cible protein 27-like protein 2A transcript variant X3, @ pro-
tein L-Myc-1b-like, ® placenta growth factor-like transcript
variant X1, @ fibroblast growth factor receptor-like 1 transcript
variant X1, ® transferrin, ® intelectin, @ thioredoxin-like,
c-type lectin lectoxin-Thrl-like, @ ladderlectin-like,
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Table 4. Expression of biomarker genes via NGS RNAseq and RT-qPCR analysis

Gene name Fold change Fold change

(NGS RNAseq) (RT-gPCR)
interferon alpha-inducible protein 27-like protein 2A, transcript variant X3 3.19 481
protein L-Myc-1b-like 3.73 2.12
placenta growth factor-like, transcript variant X1 10.20 5.12
fibroblast growth factor receptor-like 1, transcript variant X1 335 3.81
transferrin 2.80 3.78
intelectin 15.0 24.20
thioredoxin-like 26.50 15.10
c-type lectin lectoxin-Thrl-like -9.0 —-3.71
ladderlectin-like —17.60 =375
calponin-1 —3.60 —3.42

calponin-1 FAAEE BAANFRFAAZ AX8HTH(Table
4). A E RS =29 w3t o wzstA whg-st
el o ddo] foHo=

L RAAEE S8 F7hat
SR st §ARE o, olE AAEL F2 W
Auhgo] Holsh fAAEoITh £ AFe Bae B
A FoA A SenTt B 29 Wit G2 AEd
2o o3 WA Hse hAGF Aol Hofe] e EE A
AAEGHA] B P ol §3hed HAsHE o irt.

[e]
o
AR TR B ARNAEGARY A 2AL BH
‘?r_
&

olF FAAE RT-qPCR BHg-& 5o Id s Afi
73} NGS RNAseq 24& B3 2rd b3} o) 4117
e T (Table 4, Fig. 2). @& fold change gt Z}o|7}F Q)
ot f94 371 L wae] L fASH Uehget.
&2 AT AR ERHAAE &
712 & g A lou, 2 dEA A &
golct. 53] dolg vl olFolAE A7t uloket
AAolth wtebd B4R 2 44 HHAEY 715 B9 &
A9 7]5& AHEH o33 2. Interferon alpha-indu-
cible protein 27 (IF27)= UEHHE ¢ F= dwid= 3
R2A] WYl Rgje] 45 F4 U TN o] 3
st Ao orelA % o] AAAER AT ek
(Suomela et al. 2004). Protein L-MYC2 MYCL 33X} S
2 Botul AARIARA oAl BRI Este, vot
2 7] Aol Bojdtrta & A QlTh(Soucek er al. 2008;
Schick et al. 2017). Placenta growth factor (PIGF)= @34
SAEAR AR W 4% © B3 e SUA)E
mitogen©|H, ¢F B4 Al BHFAHURE LA doH, A
AtAZo0] PIGF 23S S=3tth &3 A th(Green et al.
2001). Fibroblast growth factor receptor-like 1= FGFRL1Z

ox.

™ol o 1o

B, et 2R A N2 F4 4 BIE 24T
T G A Q1A 29| grass carp (Ctenopharyngodon idella)
£ ez AT A wjobdA 7|3 A AL 71 &
O|AQl WE AE HojFo] 7|TF Aol Bojdtriar U
A Tk (Lin et al. 2015). TransferrinS TFZ sl x|, &
2 2% PRUAz S0 4F 2 242 AT,
Ao ziy HESE sy, AANZR stofg F&
&5 A7 Y AEor Hedd AE AY e
sttt g A Q). o Fol A+ Nile tilapia (Oreochromis

niloticus)E &L= Aot el tgh &5 o 28 4
ZHoll A o] £3-8 SI5FATH(Yin er al. 2018). Intelectin
2 XAAA WY WS- (innate immune response), &AL ©
Z71ujopdA el Fad 9T st= AR dHA jlor,
ERSEY] FAFo= 2 € 7T Fol & €A U
U o] Fo A= & g8A YA &L St Blunt snout bream
(Megalobrama amblycephala)©l| A intelectine 7Fol| A d&d
o] =i, A A 3% o] 7Pt wrhal g A
Q1T (Ding et al. 2017). Zebrafish (Danio rerio)s AL 2
e AFE AR A3t zebrafish Ao A= FollA] T
o] 71 Erhe A+ A2T}E AUTH(Chen er al. 2016). HH-g
A A4 (ROS; Reactive oxygen species)< BFARA, F4:A4F
3t 2 B A4E Foll Yl A==t ROSY otk A
Ao M EZAIEZ o]ojRA Tt & A Qlth. Thioredoxine ¥
3 g A AYE BRA BAEHE dA2A ROSY &
Axd a4z yostEos e Fasitty dEA Ut
(Liyanage et al. 2018). C-type lectine Alato] ot AHH
o 9 HIHYY 7]5& 7HAM, c-type lectin®] AF &
2 2 Ak ol FRb A RS RET L 4
] 91tk (Brown et al. 2018). Ladderlectin ©]Fol| A intelec-
inh AP Seleoht Bgo] 79 8L 8o
Ho vh-gof Bojsttt A3 A Qloh(Reid et al. 2011). Cal-
ponin-1-2 54 SHAZ A ndYe] 95 FuAF Aol
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Fig. 2. Verification and evaluation of biomarker genes via RT-qPCR. A: interferon alpha-inducible protein 27-like protein 2A transcript vari-
ant X3; B: protein L-Myc-1b-like; C: fibroblast growth factor receptor-like 1 transcript variant X1; D: placenta growth factor-like
transcript variant X1; E: transferrin; F: intelectin; G: thioredoxin-like; H: C-type lectin lectoxin-Thrl-like; I: ladderlectin-like; J: cal-
ponin-1. 15: 15°C, 20: 20°C. *Significant difference from control based on Student’s #-test (*p <0.05, **p <0.01).

MMP (matrix metalloproteinase)?} 7| Tojsicty &2 A
Stk (Belo et al. 2016).

2 AFolA BARAEFARZ A F
W 2 AW 2EH AR Qg AU A 2
st7] {g 9 FHARERA, =2
a2l o3k AEg Ao WIZsHA wHE-sto] Wd

ZdaQlo] o 9l A B9 A

sApe] o] 2A| Sh= AlZE2 T FA e = o
2t e LEY L0 mE AAAH S #7144 HE2
¢ Sa38te. o7 714 A& AWk =l olA
Au|golo], Wg Ak AT 4 e ALY P2
Axpe] I 24E S otk FEE &2 A
Ql 39 AL BlEEA 0N A7 =2 @Al A+
< AHEES W2 ste e st qlojA= AA A

for Ho

el
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FAAE olg3te] WY U FF WA 5T WY
skt glet.
£ A7E B3l A dof L wsk] HE 2Ega

A ol 7bsd BANEFAAE Sustet. o=
FANEE Aojmat ohe} T2 ofFE Hg 7H5l]
| AFIH o e §-8hele Beksich, A A E AR
Fol B acle g AAA A e 49, Ao
AR AR | WA G WA 2=
9 gojgulols FEEL Fa A FHAY oS
98t Zuk g E Zosith FEAoZE A7) § xu}—
o Aol 23 ojRAe 710 et AT B w]]
a710], ARl g ol AEdA 2 72k A7t
L asie], & A7AN 485 2 8u et AZEt

ol

fle
Ay

2

_ul"‘l

x Q

71% Wt gt 29 A5 olF AR IFS
oAk 9] ¥zl olf A A RE R IS
= Aoz dA St 7|5 WIto| 2 220 A5
2 AbA gajme] 7hA 9 AbA et Il A &
o AR Q) AAUAZTE 2T 4 ok 2 AFE o
X F Aol (Salmo salar) 2| 0] %] A4 (15°C)EL} 1L

T2 (20°0)00 AR5 Al HiA S Aol 2o ef ASEHE 7t
5171 A A=A B7F ¥H2 NGS RNAseq 24 H
< o] &3t BAAEFHAE WLk, RT-qPCR 42
o]-gsto] AAAE[FHAY TAYLE A= Aot
NSt AR EFAAZE
tein 27-like protein 2A transcript variant X3, protein L-Myc-

interferon alpha-inducible pro-

1b-like, placenta growth factor-like transcript variant X1, fibro-
blast growth factor receptor-like 1 transcript variant X1, trans-
ferrin, intelectin, thioredoxin-like, c-type lectin lectoxin-Thr1-
like, ladderlectin-like & calponin-1 5-°|t}. A8 H WA X &
FH A= NGS RNAseq 4 F3 23] U3
HHg FAAEO|H, RT-qPCR 48 53t 0|5 F3A+9]
T 2 NGS RNAseq w4 53 28 g ¢
At ek,

o

[e3

At At

o] EELZ 2018 FYPPATEY AT A LAY
(R2018005)2] A Yoz £3% HFoln, AnH] A Yof| 7
A=Y
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