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Expression Pattern of Major Heat Shock Protein Genes in Diploid and
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Basal and heat shock-induced mRNA expression patterns of major heat shock protein (HSP) genes, including those
encoding heat shock protein (HSP) 90, HSP70, HSP70-12A, heat shock inducible protein 70 (HSIP70), heat shock
binding protein 1 (HSPBP1), HSP60, and HSP40 were examined in the gill and hepatopancreas of 1-year-old diploid
and triploid abalone Haliotis discus hannai juveniles. Under non-stimulated conditions at 19°C, triploid abalones
displayed, in general, higher mRNA levels of various HSPs (HSP70, HSIP70, HSPBP1, HSP70-12A, and HSP60
in the gill and HSIP70, HSPBP1, and HSP60 in the hepatopancreas) than did communally cultured diploids. Con-
versely, only the hepatopancreatic expression of HSP70-12A was higher in diploids than in triploids. However, the
fold changes in gene expression in response to an acute thermal challenge (elevation from 19 to 30°C) were gener-
ally greater in diploids than in triploids, such that the difference in basal expression was diminished, weakened, or
even reversed after heat shock treatment. However, unlike other HSP genes, the basal expression of HSP60 (higher
in 3N) was more pronounced after heat shock treatment. Collectively, the results of this study suggest that triploid
abalones have different capacities for not only basal expression but also the heat-induced expression of HSPs in an
HSP member-dependent manner.
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*J 7HRE] A Y] 0182 T PAMAA W FH 4 EE FER T glon, fifo 142 4 B 142 =F
o] ool ut glth(Park and Kim, 2013). 12t 23 5] of thgt 52 A2 vi-g-ofl that £4F wlAUES olsfst] 9
A FE P B Aol w2 AEE At U RN AY gk ofg] AtEo] o] o2 L Qltk(Chen et al., 2019; Kyeong
S U A Ao 9] B F YA A ABHE DL etal, 2020). 53], e e F Fm A3 A A L SR &
= A olH, ofofl A=) GFA A ANAlS sl A &% }‘é}@u}ﬂ =9 a3} o5l dizt Td 542 siAs] A
& HAIBke] ofE] 55 dgtEol AL 9l 1 deho = A g AgtEo] A4 T ol Fojx v glom, T 8
AHA| B o] J Al Al (triploidy) Z5-2] 7t A % AR g2 G54 S f 3 A (heat shock protein
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genes) ¥ gl [ X2E0]| gt dtEo] s MeE AL 9l
CH(Wan et al., 2012; Sun and Hu, 2016; Shin et al., 2017; Park
etal., 2018; Kyeong et al., 2020).

Heat shock protein (HSP) gene family+= & 52 of 2|3+ 4| 3£
) TR o] B S5 F 7152 2 3+ molecular chaperone &
B2 opefet 2] 3718 2= o7 5572 HSP member
=(HSP90, HSP70, HSP60, HSP40 & —1 ] *] 52} HSPs)2
3E3Fst, ZF HSP member WollA = A& Fof whet A= of
2 thet isoformso] A5k A o= deA Qth(Kregel,
2002; Kampinga et al., 2009). o2& U5 HSP members2]
785 URFA Q1 AE 2| A Wk 12K general stress response fac-
tor)= A5k o 2 114 22 9]of| AkSHA A E 8|2 (oxida-
tive stress) 2 7+ (infection) 5l thot A|3Z o] 7|59 ©
R 2 A 71 ek 43)sto| B 1% ¢lth(Brokordt et al.,
2015; Dubey et al., 2015).

&9 4 AA] < whole genome assembly2} 112 wF
9 transcripts 52| & Wa A E-E B84l oFeFg HSP mem-
berE} isoform=o| Y=g He}t Ao 9Jsf A% v 9L
O 1}H(Nam et al., 2017; Kyeong et al., 2020), ©}-%] Z ] HSP
members2] isoform=o] tfgt Wy U E3A A (nomencla-
ture)i= Fit 2 0 &2 QM E| o] QlA| = gk A ol Tt sFA| e, A
EFE XS oy HAIETES S & 495 HSP &
Az o] et o 2] Ad AFES 5 U e A=of| of
3j| A HSP member/isoform E-o| & ¢l 25 2 S vpehn, 1
s E2 Aol tigh f-= HE ] vittE, A
Ao FA U A, A5 T i 8 24 SolA e F
B0k ofy e} AlE Foll Al L &pol 7}t o] Hare Bl Qlrk
(Cheng et al., 2007; Wang et al., 2011; Shiel et al., 2014).

= 3ulA|(triploidy)= AURHAQ1 28 A (diploidy)oll B]3H
A 1.58] 71 genome A7) E 2t s AAH JHAZ A 2u)
Ao} =] 3701 9] A9 A 4| S(homologous chromosomes) 1
oA E B2 A2 D (meiosis D)ol A A5 A A7
& o] ofF7] wZof] o] A A Eim A w2 4
9 =Y & (sterility effect)?] =¥ Ch(Piferrer et al., 2009;
Dheilly et al,, 2014). tj2o] 3uj%] S% 7|42 2o a7}
B3 FIHAQl A AL A HES fFEsHA Ql91A S
2 T S5 Al T AT AT A Ao
(reproductive confinement) 2O 24 11 7HsAS 91wkl
Utk SEARE QI A 0= el 3ujA| o] A, = =4 A
£ (sterility) 75 ol = Al AL 9 ] S A ook
3} H]3E 4] & A (non-intended traits) ol A= o]l A<} 2}o] &
LeRd o= Ql=T, o] = vt 5 o] 24 0= {4 #9](locus)
H 2% 7hst di g3 Kallele) o] =7t S7Fe ek oby 2t
genome A A|3Z 27]9] F7LE QI AlZZEE, Al 5 E A
3E thAle] 2pole 7] elskc(Piferrer et al., 2009; Van de Pol et
al., 2020).
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CRR=EE |
ofo] £ 1t WA AR 3142 ol that el uhg
=42 ey 913 7ol Ao 2 Aol A] wHEE ) o)
0 HSP G AAHES thARo.2 v 2uhA) 2w 3up)
A2 X o] 4 7] 2 8 3142 Aol e 0 5
2 2AshaA shiet.

HE U Y
A3 xi=

Ao AR A AlSA4 HE JAE S5 F-=5 34
A (1A 24 6.5+ 1.0 em)T} 5 w2 RE] AYAHE
Y A oA A (2 6.2+1.2 cm)y=O|th(Park et al.,
2018; Kim et al., 2019). 0] 5 A 52 =4 AF8H] 8591
AIE](Geoje, Korea)ol| 4] &Y ARSA|ABI oA ARSEE A1
B2A, 7|2 WE 3 B SEAFAE of| A AR F21 7HA|
= A A&t 4 245 RSk W A2 A
2] A 0] -9 55 A E of| A R e gkal Akt g} 4=

HE&O|FO R o]F & 2 19 1°Co

S G US4
A 157k 7] 3 58 He] o] AHgakaict.

S~

248 I8l Agl HSP 314452 %145 genome draft=+*
g A8 A5 5ol g Bf Qli= A= 2 M, heat shock
protein 90 (HSP90) 171 isoform, HSP70 membero]| 4] 37} iso-
forms [HSP70 & heat shock inducible protein 70 (HSIP70)
2 HSP70-12A], heat shock binding protein -1 (HSPBP1), 71
2] HSP60 ¥ HSP40 memberof| A Z+ 1719] isoform#] A1t
5] Z 771 9] HSP genes&-& -4 & HAof| 0]-8-519]
(Kyeong et al., 2020). ZF 3-7#+2] Gene ID ¥ & G-HAE
Z235}7] 93t RT-PCR-& primer pair:= Table 1°f] YR 31ch.

22 X3 Ml Y A xE 42

A, 2604 ettt 3uRA| 159 HSP-dAE<] 712 2
Fol glof RS 2 o F-E AR flelA F U ARSAIL
& ol A AHANE A 4] & 018, 191 1°Cofl A E3Aks
(communal culture)a-<1 2u A2} 36 A4S 24| &2 Adstol(

& 3 6714l o7l E 2ol A R SHAL Qli= ZF HSP -
WA HE s AR & 3WHE O] &S 56 2
iAo} 3u Aol A o] 7] 2 W S vl wskgiet 4, 114
A i AL 2814 s 3EA] gl A Al
5= HSP #3229 7 9 2 HSP 304k 2 57kl
A= ol As Edo] BHEHEA oS AR s A
A} a2 A= A2 s AAISHATE 7] T D ARAILE W
19+0.5°Cofl A ARSI Qs 7HAES o= 7iA14
H ARF S ol88ko] frAket 719 264 H 36| FHAlE
o Addsle] & 67119 A3 4=2(100 L; 19+0.5°C)2 Akst



AR ou) A L U o)A F8 HSP SAE ] g S17

o 16 AR 3 3007 2 8 A AL £ 585
2 B70] H8517] 9150 4841759k 19 1°Ce

S7IE AR & 00 A 2 T 3 2E A

2 SR AL, 1420 2 A 30°Ce] =2 3 30+0.5°C
oA 2447t 20 & FA|SFGITE ojuf] 2 sl o3t 8-
Abas AZtel AE wiAIAI71 7] 1A A7 |4k T 7] E o
2310 19°C 94 thx 1}t 30°C 42 & 2] o] 24k
£ 6.0+0.5 ppm e & AT AP W 29| =23
SEAes A AY A 7)2bEe i AR HA e = S785
of ZIsHTE a2 A= A A B F=7 Ao A 2 ut
& A2 e 204 6n] 2 3uA| 6v|E AlEFste] of
7halef 2ol Al 9] HSP -84} W 322 £415H3T o]
off 2 74| 9 wHiE(mantle)®] U 225 A& 5EO] A
A (flow cytometry) E3l vl (ploidy level)S 253}
A ch(Park et al., 2018).

siitEE| AMAL 2 RT-gPCR assay

A of7ta] W 7 22 0 2L total RNAS w25}
7] $J3ll 4] Tri-Reagent (Invitrogen) ©|-&, A|2A] A1 &
ol T} total RNAZ $E3}94L, o]0} 2% total RNA /|
H+= RNeasy plus mini kit (Qiagen, Hilden, Germany)2- ©|
glo] DNA 274 342 T3kt 2ore] 99 AH 22
total RNA A &5 8F235}19t) 7} total RNA A| 25 TjAto 2
Nano Drop (ND-1000; Thermo Fisher Scientific, Waltham,

MA, USA)Z 0]-83}] 260 nm, 280 nm 2! 230 nmoi| 4] 3%
w2 2435]0] 1.9 0]449] 260/280 nm % 260/230 nm F3 %

£& 2= total RNA samplesThe AlEste] AR BHS-
S5kt JHAL HES-2 QiagenAle] Omniscript RT kit
g3le] AzAbe] AL oligo-d(T),, Zebolnis}
random nonamer Z2to|HE 9:1 H]&2 2315}0] cDNA TH4d
5 2stgict. GAE cDNAL it ZF4S ol 510l 104
B4 3 2} FES G 2 pLA L FH 02 o] gfelrk AT
PCR ®1-5-2 Light Cycler 480 A]2#l(Roche Applied Science,
Penzberg, Germany) ¥ 2X SYBR mater mix (Roche)E ©]
&oto] FAAF S 40 B5-2 45 cyclesoll 24 HE513
o, o] % melting curve FARE FollA FAANE ©Y S
rHEo] BolA o g FHEYS-S 216ttt cDNAY serial
log-dilution A4&-5 0188t 35 A (standard curve) 2Hd-&
ol 2t 7 x}F Sl AHE-E primer paire] PCR efficiency
7} 90-105% W floll &3+ HF5kaL, ZF F-84H9] PCR ef-
ficiency 7t} threshold cycle (Ct) gk o]-8-1o] AT A TF 4]
(delta CT ¥ delta-delta CT)S AA|3FAtt. 2F 22] Y HSP &
HAVS7E AR e 0] W] 9 7 HSP AA}e] 2 4
= Ao w2 2b5 WH S vasy] QA A7) 3Rt
cDNA %52 0|83}, reference-f- 31 housekeeping
AAEE YA S 2 geNorm software package (Hallemans et
al., 2007) 22t =& Hg/d-& B 7t A3, normalization &
7} 7P 93k al WA H ribosomal protein L7 (RPL7) 7
ZAH(Lee and Nam, 2016; Lee et al., 2019)E- reference -4 A}
2 AAsto] ZF cDNA sample ' HSP -0A=9] W =58

il
o

o]
g o

Table 1. Information on the HSP genes selected and PCR primers for RT-qPCR assay used in this study

Gene symbol Gene ID/Scaffold Primer sequence (5'-to-3")

FW: TTGACGAGTACTGTGTCCAG
HSP90 HDSC00143CG00040/ HDSC00143

RV: ACCAGACGATTGGAAACCAC

FW: GGATCGACCCGTATTCCTAA
HSP70 HDSC00042CG00040/ HDSC00042

RV: TCCTGCTGTCTCAATGCCAA

FW: AGAAAGCTCTGCGAGATGCT
HSIP70 HDSC00653CG00030/ HDSC00653

RV: CAGAACATCCTTGATGGCGT

FW: TTGGCATGATTGACCAGCTG
HSPBP1 HDSC02831CG00020/ HDSC02831

RV: ACCTTCACAGACTCACCTGA

FW: GAGTCAGCCACATTGCAGTA
HSP70-12A HDSC06051CG00020/ HDSC06051

RV: AGCTTACTGGATGGATGACG

FW: AACCCCTTCTCATCATCGCT
HSP60 HDSC04352CG00030/ HDSC04352

RV: GATGTCCTCCAGCTTGTACA

FW: TTTCGGAGGTCCAAGTATGC
HSP40 HDSC01574CG00060/ HDSC01574

RV: CAAGTGACACCTGTAGGTCT

HSP, heat shock protein; PCR, polymerase chain reaction; FW, forward primer; RV, reverse primer. Gene IDs/Scaffolds annotated from the
Haliotis discus hannai genome assembly are referred to Nam et al. (2017) and Kyeong et al. (2020). HSPBP1 gene is also referred to Park

etal. (2018).
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normalization 3} CHSchmittgen and Livak, 2008). cDNAH
technical replication & 2 A 3WHE 2 A1¢-& £3] median Ct
= Fote] X EE B of o]-8-51 4Tt

SAHXzZ

HSP §-41259] 22 W & 42 7 2 26[A-3u A7t
HSP 9 AAE 0] 18] 222 o]0 tiat W71 Student t-test
4] B= One-way ANOVA 415 0]-8-P=0.05 =0l A
o4 AL 423319131, ANOVA 4] ZA1}e] % Duncan’s
multiple range testE °]-8-5F01 Bt 4ho] 2|5 AAISHTh

2 o

2HiAQE 3HXIZE HSP RTXISS 7| 2ol +&

Normalization control® ARE-gF WA} 54} RPL7 4%}
O] g 42 26 A2} 3ufAIZE A’ Afol7t dEEA|
QFQktH(data not shown). 19°C 42 A of| A AE&J3H 26l A
9] opztmjof Al HSP HAAH=9] 712 I 55 B7Ist 4
I}, HSP90©| 7HY w2 WalsFS 12| 1l o]ojx HSP700| &+
HA R =2 HAgES YRSl A 350l ¢
HSP70-12A, HSP40 %! HSP60 <=0 & 1Ig 3eo] Hahe] gl
11, HSPBP1 ¥ HSIP70 4345 0] 7P W2 HawkS Yel
WATHP<0.05). 3ujA[ol A= A7) 2ufA ol A19] & sfd v}
AR 7ok vrer of 3uljA| of7he| 22] W HSP -39
A AT = 9loll= Aol 7 gl A S & I 24, 3u)
Alol| A% S A] HSP90©] 714 =2 Wl ekS “12]1 HSPBPI
4 HSIP700] 7H¢ W2 Wd & Bt} 18y 2 HSP
AP 264 9 38 A LE2E RS vlal Al 24 774
HSP §-AAHE B0l A 3ujA|7F =2 ' & Yehl =74
TS H o, o]F HSPI0 U HSP40-2 A| £]8t 57) HSP -4
AZ ol A 5AI A Q1 ZFo] 7F A= QI TH(P<0.05). A A -2 2}
7} Q178 == 571 9] HSP - A A2 28l 4| 2] Hf 2k} v oL Al
3ufAl o A 9] 1.3-2.68 A UrEbgtaL, o] 5 HSP60of| A 2HHA]
oF 3uA|IZE 71 & 2tol & H IThFig. 1A).

7ol A 2] HSP G429 a4 A}, oA 2] 7
- 1Al HSP90 9 HSP70°] gt 2] © & t}-2 HSP 31 A=<]l
3l E58] =2 WS Uehdlitk= 4, 12al ol F
AL o] o] Al HSP70-12A7} 2 0@ =33 Helok= Hofl
A ofztmlof A o] W Aute} fAlsEIc W, th2 HSP
AAEE] 75, o7t ek &g 7H1A ol A= HSIP70 -7 247}
HSP40, HSP60 2! HSPBP1}X t} §-2]% 0 & =0 dl5 S 1}e}
e 2o 7F = QUEH(P<0.05). 38 A 7H178 Wi HSP #7334k
59 7]& rd Z3F 94| HSPOO/HSP700] vl-9- =& Hd-2,
1)1 HSPBP1, HSP40, HSP600]| A AT 4 0. & who- uia o
Helth= HollA 2ufA|of| A o] Autel FAsEH S L, 26)A| <}
cha) 3ujjH| 2] - HSIP702] 5%} 9H& o] HSP70-12A K.t}
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Fig. 1. Basal mRNA expression levels of selected heat shock re-
sponse genes at 19°C in the gill (A) and hepatopancreas (B) of dip-
loid and triploid abalone Haliotis discus hannai juveniles. Within
a given ploidy group, means with different letters (a-g in 2N and
u-zin 3N) are significantly different based on ANOVA followed by
Duncan’s multiple range tests at P<0.05. Also within a given HSP
gene, statistical difference between diploid and triploid groups is
indicated by asterisk based on student’s ttest at P<0.05. HSP, heat
shock protein.

& =] Leh 2ol 7F k. @k, ZF HSP -4k 26 A 2f
3ulAIRE 712 R e vlaRt 23, 24T 7709 A
Z op7tulof A ef 7 FA = HSP9O W HSP40o]| A &= 2] 4]
Q1 2po]7} §1213L(P>0.05), 71 ©] 714 ©. 2 HSP70 414+ &
A ZEPelI A = S AR A2 I = A] A THP>0.05).
U 2] 47 -2} 5 HSIP70, HSPBP1 2 HSP60)| 4|+ 3uf
A7t 2 A ol H8f 3.6-6.31 2 7|2 WH pES e
1, HSP70-12A8] 7-%- 26|17} 3ufjA|ofl Hsf 10 o] w2
7|2 S HERH /ITH(P<0.05) (Fig. 1B).

Ot7tOlofl M 28HAMI2 3EHMISZt 4= XI=20f CHet
HSP FHAE2| Xts e

28 A L 38| o) A =2 2= A 2] of| ofsf] HSP -7
ARE9] theFeh e ' o] W= 9l o, ZF HSP /-4 Ak
HE2 5mdre o] W7k 9l fold change Zholl 2 Alo]& WERY
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Fig. 2. Differential expression of HSP genes in response to acute
thermal challenge (elevation of water temperature from 19°C to
30°C) in the gill of diploid and triploid abalone Haliotis discus han-
nai juveniles. (A) Fold changes of induced expression at the end
of heat shock treatment relative to 19°C-control group. (B) Rela-
tive end-point expression levels normalized. In (A) and (B), aster-
isks indicate the statistical difference between diploid and triploid
groups based on Student’s t-test at P<0.05. In (B), within a given
ploidy group, means with different letters (a-ein 2N and v-zin 3N)
are significantly different based on ANOVA followed by Duncan’s
multiple range tests at P<0.05. HSP, heat shock protein.

Qich 2uljA1 9] 749 RPL7 normalization2 B2 19°C 5]
0] A9 b4 Al 7| 2 WE o W7k} Bl aA] HSP
AR 0] oAl 2 A I oA 2 2ol E YE
WA oottt ¥HA 30°Ce 2 A5 159 B9 19°C &=
R o] B] 34 HSP G- AR 2 thopsl Z o] 9 rmulg 2220|
TEEQ=Y] 30°C/19°C fold change 72 715 Al, HSIP70
(> 80-fold)oll A 7 -2 W37} =] 9laL, o]ojA] HSP9O
(22.5-fold) 2 HSP70 (17.8-fold)ol| 4] Br-& 1kl 2=220] w5}/
WEE ATHP<0.05). Y 2] HSP40, HSP70-12A % HSPBP1
GARFe] A9 1.5-foldo] 4] 4.0-folde] H]iE 2Eo] GH}
T S7H e Lo H(P<0.05), THE HSP A ve
o] HSP602] 745 o] ofrbulof 4] 1142 <] ©J3F &
O Q1 A o] S4B A] GFATHP>0.05) (Fig. 2A).

3ufA| 9] 49 1142 2H=of| o]af HSIP70, HSP90 @ HSP70
o] th2 HSP friAtEe] vlsl diacz ge 29| fold
change W3}7} HHE ths SHol|A] 26 Aol A &] U4l wfEl
I FARSFATHP<0.05). ZLefLt 3ulA| o] 79 2uf Ao A 114
2o W3 o] F7H5 vrERd v Q= HSP70-12A7} 3ujA] o) A
= 288 Wo| Fates AuE Helths 1(P<0.05), 12
AL 26 Aol A= a2 Aol HEl o] W3k} ¢li= HSP6O
A7 3 Ao M = Y a2 Aol thsfiA dufjofl Zhrtke:
T S7FHe vEbd the FolA 2uiA| 2k =317 2bolE Hal
tHP<0.05) (Fig. 2A).

2} HSP {7044 fold change groll ek 2642} 3uA|7E =}
o] & n]w g 7S HSP90, HSPBP1 18] 31 HSP400]| 4= -2
2] o] z}o] 7} §1gl 2L} HSP70 (2N vs 3N=18-fold vs. 10-fold)
2 HSIP70 (89-fold vs. 32-fold)oll A 2ulA|7} 3ufA|of |5}
FolFer w2 f= 0d =S UER SITh(P<0.05). ©f
of 712 Wd oS HhFRt A Al Al 2 H Yend-
point expression level)2 HSP A A &2 26 4 £} 3ui A& B]
w3 A9, oA HSP90, HSPBP1 1] 11 HSP40o]| A= 114
& A= o] % 20l A 9} 3uiAI 7} ARG i o] mEShe
Ao & Vel ow(P>0.05), HSP70 (2N/3N ratio=1.4-fold),
HSIP70 (1.8-fold) & HSP70-12A (4.6-fold)ol| A= 14~ 2}
=oll oJal 2uf A1 71 3uf Aol vl o &2 IS 2 UEt
WIthP<0.05). BHH HSP60S] 7% 3ujA7} 7| 2Wd 423
o] 2ufjA|ef sl B s=3kEoll e (2.6-fold) Eokal a1 A}
A 3EA] Sl A 9l HEEES LR S =4 Al 2] o
5 2uf A 2F 3uf A7 0] Apol= v AekE QITHGN2N
ratio=9.5-fold) (P<0.05) (Fig. 2B).

ZHIEOIA 280H|QF 3EASZE D2 K=ol ChSt
HSP REXI=2 xts Ed

of7Hu|of| A oF mpRb7 A = Al Ap=5o]| ofs 7H ol A =
HSP 244} 8 vt fold change 4ol =] 2151 HSP#7
Ap F5roll whek 2ufAof 3uiA|ITE f= A O] viE W a4
2 A= A F 2F =Y A gl Ato|7F kel
oF. 2ul A HP0] 7 AL Ak=ol] o sl 71 2 9] fold
changeZ YEhH 42 41= HSIP70 (30°C/19°C ratio=1,200-
fold)2#] F43t Wd S7P7F s %lal, HSIP709] o]of
HSPBP1 94| 1142 Z2]of oJsff 3008 o)/de] Hd 57t
7F HAE I Th(P<0.05). ©]E F HSP f+x#ke]ell HSP90
HSP700]14] ¢F 18-folde]| 4] 20-fold2] W& Z717}F W= gle
] HSP40 % HSP609] 79 717} 1.4-fold '@ 2.8-fold2] -4
2 4y 2712 YRR QI THP<0.05). ¥HH HSP70-12A00 A=
Al Aol ofs 259 Wao] sk AVE LEhof
of7tulof| A 8] Ao} 2to| & H Y tHP<0.05). 38 A ] 7 <
A] HSIP70 9 HSPBP1oj| A & =S vehfiglent 1
fold change 1] 57} o] 264 of] w]sfA] e 2| o= Wk
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Fig. 3. Differential expression of HSP genes in response to acute
thermal challenge (elevation of water temperature from 19°C to
30°C) in the hepatopancreas of diploid and triploid abalone Hali-
otis discus hannai juveniles. (A) Fold changes of induced expres-
sion at the end of heat shock treatment relative to 19°C-control
group. (B) Relative end-point expression levels normalized. In
(A) and (B), asterisks indicate the statistical difference between
diploid and triploid groups based on Student’s t-test at P<0.05. In
(B), within a given ploidy group, means with different letters (a-e
in 2N and v-z in 3N) are significantly different based on ANOVA
followed by Duncan’s multiple range tests at P<0.05. HSP, heat
shock protein.

(HSIP70 119-fold & HSPBP1 127-fold), 26 &} u}37}7] &
HSP70-12A2] 79~ 3ufjA|o| A &= a2 Rp=of| o3 W o]
Haste 3329 2aE UEhSiek L € HSP90, HSP70
9l HSP402] 73-9- 2ul A o A 2 fold change gt=3} F-AF
e e Hof 5914 Ql 2ol 7} it sHAIRE HSP60 2]
73-%- 2l A ol A= 2.84l1 ] fold change 57} X &2 3042
29 1400 o439 02wl 2718 Uil wa Eotet
Zpo] 7k HAE A TH(P<0.05) (Fig. 3A).

of7hu] ol A&} upRZFA| & 7RO A & 34 A A
L= HSP G-3RI -3 2ufA| 9 3ufA|7F vl g
2, HSP90 ¥ HSP402] 749 1142 A= A] end-point &
of uijpA| ol whE 212 ¢l 2ol glATHP>0.05). WHH,
HSP70 2 HSPBP12] 7% end-point 2 2Fo]| gJojA] 3ulj]

X
i

ot oM. o

ke
=

o

e

o
Rus

7k 2uA o H]Bl 1319 =2 U =S Yehfglon, vt
o 22 HSIP709] 74-¢- 2647} 3u Al of] vl af 1.68H9] =2 &
2kS %3519 CHP<0.05). BHH HSP70-12A9] 49 11422 7}
ol o]af 26 A L 3ufAo A B ARG T4 E(fold
change)2 EAAITH ¢ 7% vhel 4=2=0] 26| 7} 3ulj A of| H]
3w =9k7] el XF g2 A= o] F WA A 2
A7 3efA| 2o 108 o]4de] 2 W ES YER oI
(P<0.05). mFA|aF0 & HSP602] 73--, 3uA|7} 2uf Hlof] v]al] 5
ff o]4fe] 7|2 g Bolon 14 Aol ofF] 3ul
Ao A BRI 29 fold change”} f-5= of] wheh 25 A
oA 26 A eke] 2to] 7} B8 A3l = TS UERl Al
(3N/2N ratio=270-fold) (P<0.05) (Fig. 3B).

=t

a =

2 AFA T, 28 A) A 3ufA| FE 2 o' HAGE o e B 7h
A7 229 FFet A §lo] HSP902 HSP70¢] th& HSP
members°] Bl AH O R =2 7| % W 428 L
l=d, o= dukd o 2 o2 HSP members % HSP703}
HSP90o] 114& A=+ &5 AEH A HES-of tH]St molecular
chaperoneE = A 7 2.3 &8-S 3= F HSP members
A Hargt vl gl ofe] Ad) A Add=3t 24| o= 4] gt
(Kregel, 2002; Cheng et al., 2007; Farcy et al., 2007; Shiel et
al., 2014).

AURFA Q1 AEO ARSI ¥ 9of] Q= = 220l A] 2614
oF 3uA1&] 7] WE S vlagt A, A3 HSP 5412k
S0 A=kl thet Al =] 75 26l A 9 3ulA| 7F F-ARE
Ao UEH I ol= f=% 3uiA| A& 9A|(535], HSP
O Wl =917 20 A 2F 3 A 7} F LR ofrm] ol A) 7122 4
HSP -#dA=2] T A A7} 26 4|9} th= 4] o5 AlAFsHH,
2 A I Aibs HREEC] oA F(FAINS 1)l A 3ul
A =7t arg-gofl gt e 2] kg 2 F AL i WA A
off 2 k8 )% %) PRtk Seo] Qlu e} ool AE
tH(Benfey and Devlin, 2018; Bowden et al., 2018).

SPAIUF HSP 53128 el o] 79, of2] HSP {3 A=0ll
A 3ufA| o] 28 Ao Bls| M¥bA o o & 7|2 Ud
T L A= o] Hof| = o|n] fA|eh= A o2 T
of7}m] 8] 7 == HSP F-- A=l A, 12 it 7H7d2 75
HSP70-12AE A 213t HSP - A5 0l 4] 3uj 4|7} 26 4] <} o
FOAY B v & 712 U S eI & A
9] sl A= 7] of 7 3ufA| ol A (A ol 2} o F) 3uh A7 2K
Aol v]sff A o= w2 HSP 7| 28 d -2 7147 i
of F A% = s a2 2 of] A Ho] 75 3lof 2
s Aol v]sf) At U 4= ek 7182] B aek= vt o] A+
Aito]ti(Saranyan et al., 2017; Sambraus et al., 2018). HSP
O] 7|2 I 320 rhe A& S A% 42 A=l ek &

AP §AI7) ek Gola 5 QIrhe(Z, S0l ek 95 ft

=z =

S EN



A8 oufiA) 9 3o A 2 HSP f21AE2] LA 21

7bH =1L, Ao R 2 HO HSP = UHoRE IQ
St HSP =0 =9 7)) 7129 =28 13 E wf(Saranyan
etal., 2017), AE-0] 72 3uj A7} 2uf A of] v]3f 1142 "}=o]]
tioto] Bt =2 e WA FES BT Q] 73
B7Fol tiek ARt Ao o A o= wekEeh 1y
o ekl Ko Hugt A BE QoA 2 A
Trol| A /-85 54 total RNA % HSP 54} mRNA9| &
2] Bl uLof opz-e] 3uf A HE} 26 A &0 of7|m] AL T f-
AxpE 59 12jal FY oprbu] 22| FA T 3ulA| e 26 4]
kg Az =of et A 7H o] gk o] §HA o] Fol Aok
3} Zlo|ti(Saranyan et al., 2017).

2 AolA 7|2 W o RARE T 2 21 54
O] AL ARS 270 Jlffoll g =, = U AR flsl A
Al a2 2SSl A& oA o B 7]
ZE= 2 olti(Kyeong et al., 2020). H] S 3uljA] A &-0] 2uj
Alofl vlshAl of2] HSP f3Al=0l qlof B & 7| Hd &
2 7FA A4, 2142 AF(acute heat challenge)ol] ‘=&E 7
- &2 HSP F-AAE 0l A 28 A= 3ul Aol H] s A] o551
U B T 2 FY 0 BsH Al Al A v dd S
9] fold change)E Hol= A o2 Uepth 142 A= A
Al o}71u) 9] 742 HSP70, HSIP70, 2 HSP70-12A0{ 4], Z1E]
31 7H72) 745 HSIP70 2 HSPBP19j| A} 3ullA] o u] 264
o] vy 27} Zo| Sol¥ o g I/ BAE LY, B Aute A
2 o= W2 HSP A= 9] 7| 2 W d & 2h= 2uA|lE0] oL
T2 A=A Al o] B A& flel At s Tt
A HSP §7A4 A& A14:5] A4lstr] 915 of-§- Heko]
2hal 7T 53] 7|2 o Aol & a1y Al 281412} 3
HIAIZE fARRE 712 i 5E Hol= HSP 42 i+
2142 A= A] 28§ A€} 38R A 7E fold change gk 9 AT AR
HhE 3ufAof vlsl] W2 7| % Hd =5 Hol= o] ¢ HSP &
AAE9] 75 28 A ol A 3ufA 2ot E & Fo) A I
o] dojdti= A JA| ajF 7HdS A o= A A|jhehar &
o Qo A o g2 & Aqtol| A 28 A ek 3ujAIRE 7] 2 o
A O HFGF Aol = A2 Al & o 72 A4 (21 A| 2} 3E) A
AR EA =5), oFRk3uiAlolA H w2 dde A5t
A|gE 71 2po| 7L 7] 2 W o A 9] zpole vl 2A| FolE)
= FHQujA7E 3uA| ol vlsh 25]2 B w2 U ol =
DE e e R Mot = FFs vetliglen, Blg 2270
HSP 2P Zpol= glont opztm| e} ZH1d mamof A 2wt
Q1 e A& A o= ekoth

WAL= e U N EN I e e R S R
T Z2 B T =g v A7) THER AR ER] e
HSP 2217} of7bn| 9f THel A 352 o2 THas| =],
HFE HSP60 +-31212] el gfjglo] o]of st of7fn] &
P B0l A HSP60-> 3uljA|of| 4] 26| ofl w]sl 2] 2
B 2272 U s HoAE, e A= Al 259 3

L

HiAl oA B & 9] f= o] g o mM, 7 2
of| A1 &f 2u]A| &} 3ufA| 7 Zpo] 7} 12 A= 0] F- T 48}
7S UEH Slot whebA] 2 A Ay o2 HSP 44
I} ehe] M=o A sk} B A Al A3t 7] 2 2
TFollA 3ufA] oA EolH o g v g HSP60 4H=o] &
e, 3] 3ufA] AEL] Ao el AE A o
g & AR A ST AlARSEAL Gtk obF] & At}
qko 2= 20 o]l Hlsf 3ufAof 4] HSP602] 8+-io] ~th4]
o8 FoHoz H & o]frof A At 7S =&
L ojdh Oyl £5-5}a1, HSP60o] A3 2]l mitochon-
drial chaperonin®] ¥Fo 2 F2 ALY w&sh ozl
o] m|EZ = glotZ 9] 2 Y re-folding/anti-folding= &5}
(Kol et al., 1992) T-& AEFA 2704 njERE 2o} o
Hi A =0 HAS W] 8= 7]-5-(Martin et al.,, 1992), Al ZAPE
(apoptosis) 2= (Wiechmann et al., 2017) 2 n]EZE=g|o} Al
A=+9] permeabilization (Gosh et al., 2010)°f o gtch= 4
2 118& o], HSP60-2 mitochondrial matrixof| A G-2H=] = 17
T2 AEYAE ZIT TFg AEYA AR} tigl Bl 7]
Zof| ek Hshe, 1 Ago] X 26| Bls] 3ufH|S} &
WA I o] BE SaA] HAS 7HsdE FE e 4 U
o}, el g 3uA) o] 20 Mk vl A] 5]
mitochondrial dosage S z2t=%] ¢ 5(Z A 3£ & mitochondrial
copy number®] 25 o1 1= yral 1 g1} ofof tjg 23 <
7} FHufetol & A o]th(Anderson, 2010).

o] 4Fe] i A Aol A, F-= ¥ 38 A HE-L ofrtm|ef 7H)
ol A PR 0 2 of 2] HSP A=l A 26 A ol vlsl o 3=
272 2SO RN FY IF2 AT s 2
- 26 A of] H] Bl AT o2 2R2 O] HSP fAF W o] ¥
&= A=t SHAL, w|EF=eof ¢l Z o] 22} chaperone
QI HSP602] 7g-- 2uliA ol W]aL A] 7|2 2& Yl Sigof o
o e Rl A 3ufAof A A =2 HA T
= UEHH, ool 2 A+t Ak 3uiA| A &0l 264} B
L A] L2 HEg-of| sl A 2F5-9] FE S vkl 4= ol A
35 AAFSEAL QlTt. ofof] i A4t AtR = Fo ' of W o
Aol &3t ohefRt AE D5 o= FAR AL e Ht

o

rr

% qlekat 7 e,
A A

o] A= Golden Seed Project AFY) GSPARS AT T2
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