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ABSTRACT

The olive flounder (Paralichthys olivaceus) is one of the most economically important fish species in South Korea’s aquaculture
industry. However, Edwardsiellosis, caused by Edwardsiella tarda (E. tarda), poses a significant threat to this industry, resulting in
high mortality rates and economic losses. The aim of this study is to identify genetic loci associated with Edwardsiellosis resistance
in olive flounder using a genome-wide association study (GWAS). A challenge experiment was conducted, infecting 2,939 flounders
with E. tarda and recording survival traits. Genotyping was performed using a 60K SNP array, followed by statistical genetic analysis
using SPACox software, which identified four significant SNPs on chromosomes 10, 13, 18, and 21. These SNPs were located in or
near positional candidate genes for inflammation and immune responses, such as STXBP5L, MEF2D, and HOMERI, indicating their
potential involvement in bacterial defense mechanisms. Biological pathway analysis revealed several significant pathways, including
Apelin signaling, ECM-receptor interaction, Calcium signaling, and PI3K-Akt signaling, which are known to regulate immune cell
activity and inflammation. These findings provide important insights into the genetic mechanisms of disease resistance in olive
flounder and offer valuable resources for future selective breeding programs aimed at enhancing Edwardsiellosis resistance.
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St AR HA o FELT Q) 2 Toll= 54 Aol tist W3S AEtetr] el 544 v ZEE
o] TAEHA, A Mool §57} of| S9] 4l=|/Ado] =2 AT Tsai et al, 2016; Yoshida et al, 2018). 7734 A< (genomic
selection)2t U & A1 (marker-assisted selection)= ~345}7] YlaliAl= HA % A T4 £4(genome-wide association
study, GWAS)= &ofl @2 ®o]e} /& Hol= {44 Hol|& F4slof 3t} dvbd o 2 3g2lo] oA (ol HA} = &)
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whEhA], 2 At d] Aol A o =l =rof tigh U dS td 22 GWASE 435to] 4 @4 219(quantitative trait locus,
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MATERIALS AND METHODS
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2. Edwardsiella tarda challenge experiment and phenotype collection
=gy AFS 98] Yol 2 MeE RS 20| 23 £ 05°CR GAY 1B 9 £22 $744 Ao ol &=k 4
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to death, DTD)2 2| =|2ith A% % HAFe 703 2] SUR 2He 002, AJZ3 /A= 12 AAEglom, Y&7) 7k that AF 52
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3. Development of the 60K SNP array

1007121 9] @x|o A FZ3F genomic DNAS ©]-85}%] TruSeq DNA PCR-Free Kit (Illumina, USA)S ARE-3l A|EA] 2to] B2
2| & A2kt o] % Mllumina NovaSeq 6000 (Illumina, USA) 2 HE-S 55l pair-end BEZ % 4] A/ (whole-genome
sequencing, WGS)& 1845131t AlAAE UA] Ho]El= SOAPnuke ZE 1S B3 Mx]2|sto] 1EZ Hlo|e|E AHsich
(Chen et al, 2018). BWA ZZ 134 version 0.7.172 AF&5F0] 22 84 A|of 2| =5 A5} (L, 2013), ©]F SAMtools version 1.6 4>
T EQJo]Z o] &3l SNP Ho| S EHAISIITHL et al, 2009). GATK CombineGVCF =715 AF8-5to] .E A= 0] 07 Ho| Hlo|E &
315191 .2 (Van der Auwera and O'Connor, 2020), VCF SelectVariants =7-5 53l 2 122 Ho|ukS AE3}iT) o] 2Hgoj|A
T -k bi-allelic)O] 2L 2|4 thid A} Bl E (minor allele frequency, MAF)7} 0.03 ©]/¢?1 ¥o], 5HT]-HIRIH| 2 3. ¥ (Hardy-
Weinberg equilibrium, HWE) p-valueZ} 1 X 107 ©]/3<] ®0], genotyping rate®] 95% ©|’&<] #10]5 VCFtools version 0.1.16 2L ES]
o] = & J oA THDanecek et al, 2011). A8 SNP 7 A% =78 % (linkage disequilibrium, LD)Z 7|RFC 2 o] R4 R & 7}
5ko ™, 50bp Uloll ¥HE- G o] §lal MAFZL 7HY =2 SNPE 414 0 & Hestqi). npx|ato 2 el E SNPoj| that probe T
2FQ1 G892 755 5 Affymetrix®] Axiom Custom SNP 60K chip= 7H&-5} T

4, Genomic DNA extraction, genotyping, and quality control

|| 12 A =2ju] 2ol A Z2,93970] 2] genomic DNAE- Chelex 100 (Bio-Rad, USA)= ©|-8-3l| &5t} 2] X =2{n| Al
Z-2 5% Chelex 100 (Bio-Rad, USA)Z} 0.02% Protase K (Roche, Swiss)S ZE3H5F 150 ul 8ol B7tom, o] EFHE-2 Thermocycler
(Bio-Rad, USA)0I|A] 55°Col|lA] 1417, ©]o1A] 100°Col|A] 1027 B dF=] itk =% genomic DNAE 4°Col|l A A= 1t & 2,939
7NAJol] thal 60K SNP Affymetrix® Axiom® myDesign™ Genotyping Array S AM&-5F0] G242 BA1S A A5FIT} SNP quality
control ZHY ol Al MAF7}0.05 B]THo] ALt 3224 F2hE0] .18 Z3F5H= SNP+= PLINK version 1.9 (Chang et al, 2015)E- ©]-85
of A7k, 2 F4 2 & 54,305702] A SNPrEA7ZL A of| AFE-E] LTt

5. Statistical analysis

|| A W §847 25 okelstr] 98l PLINK version 1.9 (Chang et al, 2015)S &-&5fo] A& X (principal component
analysis, PCAy& #3853l on, 22 A2 JY 7125 BA5H= tof] o] &=t

x| ol A o= =8 Ui /dol] J3F2 n|xl= fA4 29l E Alds7] flolf Aol x|t 54,305712] SNP BFAE T
© 2 SPACox AZ E9||o]E o] &3} GWASE £33+t (Bi et al, 2020). A7 54 A -2 Aol thgt U A| 42]+= Bonferroni 14
£ 0]-&3}0] ufA 42(n=54,305)2 0.052 Uhe 7491 9.21E-07°.2 A E| It GWAS A Al ZFSHS- 9]3]| R version 4.2.32] CMplot 1
7|12 & Argote] 253 44735 tH(Yin et al, 2021).

SPACox version 0.1.25 AF8-3}9] time-to-event B0 E] & 7|HFO 2 SF GWASES A A|5H3 S H(Bi et al, 2020), ©] AL E Qo= Cox
proportional hazard (Cox PH) 282 A gA17] &, martingale 2H2F2] empirical cumulant generating function (CGF)E 575} saddle
point approximatione 4-25}+0] p-valueE B S}, Ak 120 2$t confounders SAI5H7| Sl 257]9] 4 2-S FHFOE AL
85t3ltt. GWASOI| AFS-¥ Cox PH 37 232 oh2-3 )

AEXs Gy=2olt) exp(Xia+ GB)

A7) At;X;, Giy= A1 ol A12] proportional hazard, A«(f)+= baseline hazard function, X~= iF1#] 7§x12] AH 1} 25719 FAHERS X
st 3 HE, G -2 71420, 1 == 2)E YERH, f= ool 2 5424 S35 Lpehdct
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o= =X WA} wE sNee] ek FRetel] flsl fof 4o By HddS Eol= SNPE hazard ratioE 5
7g5tiet. AL tlo|B1 S £A1510] Kaplan-Meier & =415 Ad51aL, 95% A1 2| 77HE E 2R hazard ratios 37 5F2{Th. Cox PH
o7} 242 25719 FAHEE oS "R 2Aste] sl om, s 42 SAS/STAT® version 9.45 ARE-5Ho] A= et

(Statistical Analysis Software User's Guide Version 9.4. Cary, NC SAS Institute, Inc.).

6. Positional candidate gene identification and biological pathway analysis

o= =ry W /Ada} Td/dE Hol= SNPEY| ¥%| SH -5 2F= National Center for Biotechnology Information (NCBI)2] Basic
Local Alignment Search Tool (BLAST)E- ©]-8-5t01 SNP2} 7P 7] 91218 5 4F=2 2|45kl

p-value”t A% G 594 A = FA BRI Y ®ojof] FF2 vl 4= = ¥1o|E(p-value<0.05)2] £1.5kb Ul
A5t FHAEE0] 7] 55t A28 7 25 Enrichr |0 E]#] 0] A2] Kyoto Encyclopedia of Genes and Genomes (KEGG) 2F0] 2.
28] = A&3}o] 8915} th(Kanehisa and Goto, 2000; Xie et al, 2021).

RESULTS AND DISCUSSION
1. Edwardsiella tarda®i| Cist =S

B 4g70A, B 4970 A 2R E AYAHE 2,939012]9] WX S E. tardaoll FHAIA 15 U YZES BASH A}, W Y= 77k
1325¢0] o, =2 o 2 939n}a] 7} AY&5}o] 3204,9] AYEE-S LFEFITHFig. 1A).
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Figure 1. (A) Cumulative mortality rate (black) and number of dead fish (red) during the E. tarda challenge
experiment, and (B) Kaplan-Meier survival curve showing overall survival probability during the E. tarda challenge.

=9 IS EE 7}Zehnlo|o] YR BEAS B BASH A3} E, tarda HY $ 27] 10L97HA = 90% ©]A+e] =2 JZ2 8-S A5
2l o] S HE] FASHHAF AIZFE o 15D A of] 2F 50%2] 2SS B2 WS 4 Qltt o] %, 20471A] HA} A<
79l 25U Mol = X Z2 0 2 3292] AZ8-2 eI THFig 1B)
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Figure 2. Manhattan plot (left) and quantile-quantile plot (right) from genome-wide association study for

Edwardsiellosis resistance of olive flounders.

Table 1. Description of significantly associated SNPs for Edwardsiellosis resistance in the GWAS

CHR SNP Position (bp) MAF p-value HR? (95% CI) Gene?

10 ¢.16484634C>G 16,484,634 0.39 8.15E-07 1.33 (1.15-1.54) STXBP5L

13 ¢.1244349T>C 1,244,349 0.07 4.27E-07 1.45 (1.25-1.69) MEF2D

18 €.6165154A>G 6,165,154 0.26 3.75E-08 1.25 (1.00-1.56) HOMERI
21 c.11772541G>T 11,772,541 0.37 3.31E-07 1.26 (1.14-1.40) LOC109626663

U Hazard ratio (95% confidence interval) of the SNP; ?, nearest gene to the SNP
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108 GAIA]|of] 2|3t ¢.16484634C>G= STXBPSL (Syntaxin-binding protein 5-like) Holl 2™, STXBP5= E3 W] M| 22] 9|3
-85 Aok, a3t 4 A 7l S22 #H]of] To{STHZhu, Q. et al, 2014). S A2 AF ¥H-S 245t
), H Al 2ol 45 28510 7E T3l %“’Jzﬂ 2 A A %= ] 7103 (Wong et al, 2013). ©] 2]t JM O of| o= 1} Zhe M|
AGol| et s322] o] WA YZol|A Fast -2 sy 138 FAAol] YIRSt c.1244349T>C9] $1%] FE {AA} MEF2D=
Z WSS of7lsto] W HRSof 7101°Pt+(8zeto etal, 2024; Lu et al, 2021). 1881 G| Q] c.61651542] 9] 2] & S A9 HOMER!
JA| A HH5-2 53l HY A| Aol Tofdhz A= A2 A QlT(Fei et al, 2022).
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10 10

08 08

z L z
g 06 g L
[-% a
k] k]
% 04 g o4
b
02 02
00 cc cG GG 00 cc TC s
0 10 20 30 40 0 10 20 30 40
Dy Day

© ¢.6165154A>G ®) ¢11772541G>T

10 ﬁ\-L] 10 —_—

g

08 08
z z
% 06 g o EL
[-% ™ a 1
g !, 1
g 04 R ’ o
@ L @ L

L L
02 02
00 — AA AG GG 00 '] GT ™
0 10 20 30 40 o 10 20 30 40
Day Day

Figure 3. Survival curve plots for Edwardsiellosis of (A) c.16484634C>G, (B) ¢.1244349T>C, (C) c.6165154A>G, and
(D) c.11772541G>T.

o] Al $1%] 2 A7 BF el W33} pato] QIrke L o £ =0l ek Aol S8 %2 1A 7Rs e Al
St 3o €78 £ 1% 2 G AT A== Y 17198 AT A 320 IHEATL S S Aol
o=S) =8 ol AL U1 4 9l 917 SR GHAS) BAHA 71 1S GBI f A} Abo]o] 4B AE-S THtIA

NESHY A7 BAat 9 JX} HEQ]T B2AS 28519

=2 T o
9l SNP2Q] 4= 2710709 2™, SNPEZHE] +1.5kb

off 1xI3t FAdAke) = 65970 2 wetE| it 6597H9] A AkE: ©]&5tod
KEGG pathway 412 435 A1} 20719) 52491 A&

C}. SPACox AL E0] S 2-85F GWAS Z 7} nominal p-value”} 0.05 1] TF
|

sk 7

5}

A2 E 2015t 4 Q) 3ITh (Table 2).
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Table 2. Significant pathways for the positional candidate genes located within 1.5kb of SNPs with p-value < 0.05

Term p-value” Genes

Axon guidance <0.001 ITRPC6, NFATC3, PTPN11, MET, SEMA4D, PRKCA et al.
Apelin signaling pathway <0.01 MTOR, PPARGCIA, RYR3, PLCBI, ADCY1 et al.

Focal adhesion <0.01 PRKCA, ITGA1, MET, PIP5K1C, DOCKI, PTK2 et al.
Morphine addiction <0.01 PRKCA, ADCY1, ADCY7, GABRB3, GABBR2, GABRA3 et al.
Glutamatergic synapse <0.01 PRKCA, ADCY1, ADCY7, PLCB1, HOMERI et al.
ECM-receptor interaction <0.01 ITGAL, ITGA1l, RELN, LAMC3, COL9A1, AGRN et al.
Calcium signaling pathway <0.05 PRKCA, MSTIR, ADCY1, RYR3, PLCBI, MET, STIM1 et al.
Citrate cycle (TCA cycle) <0.05 PC, SUCLGI, ACO2, SDHB

Spinocerebellar ataxia <0.05 PRKCA, PLCBI1, MTOR, MAP3K5, ERN1, GRIN2A et al.
Rapl signaling pathway <0.05 PRKCA, ADCY1, PLCB1, MET, RAPGEF6, RASGRP2 et al.
Phospholipase D signaling pathway <0.05 PRKCA, PTPN11, PIP5K1C, ADCY1, PLCB1, MTOR et al.
Retrograde endocannabinoid signaling <0.05 PRKCA, ADCY1, PLCB1, GABRB3, GNG4, NDUFS4 et al.
GABAergic synapse <0.05 PRKCA, ADCY1, GABRB3, GABBR2, GNG4, GABRA3, ADCY7
Non-small cell lung cancer <0.05 PRKCA, MET, CASP9, ALK, CDK4, CASP9

Insulin signaling pathway <0.05 MTOR, RPTOR, RHEB, PPARGCI1A, INPP5A, RPS6, ACACA et al.
Circadian entrainment <0.05 PRKCA, ADCY1, ADCY7, PLCB1, RYR3, GRIN2A, GNG4
Glycine, serine and threonine metabolism <0.05 CHDH, AMT, SARDH, PIPOX

PI3K-Akt signaling pathway <0.05 PRKCA, MTOR, RPTOR, CASP9, ITGA1, MET, RHEB et al.
Thyroid hormone signaling pathway <0.05 CASP9, PRKCA, PLCB1, MTOR, RHEB, MED13, MED24, ESR1
cGMP-PKG signaling pathway <0.05 TRPC6, NFATC3, ADCY1, PLCB1, MEF2A, MEF2C, PDE3A et al.
V. Nominal p-value

20712) oA A=A A2 5 HY 283t wedo] Rl F2E0] thes ARHE|Gl o1, o]olli= Apelin signaling pathway, Focal
adhesion, ECM-receptor interaction, Calcium signaling pathway, Rap] signaling pathway, Phospholipase D signaling pathway, PI3K-Akt
signaling pathway, cGMP-PKG signaling pathway”} ZZSHEI T}, Apelin signaling pathway— &5 BH3- 2! Q] B33} #H2do] Qlom A
T 4 Al 1 Al B/dStol| JoFE E 4 At OIS E. tarda 7Y Aol = Apelin-130] tHA M| B! 7]E} T AaLof| A 5/ 1
At d 7]99e 7Hs & AR 53] Apelin 2127 ROS A/d Al Bl tiAl A= 2 02i9 2 53l A58 &= =
7122 o| =9 EHof| thgt YAl Z7HXZ 4= Q= 231 7| 0 2 2F835) 4= QITH(Xia et al, 2021; Yuan et al, 2022). Focal
adhesion> M| 217 AT 5 Al U2 Hdohe S8 Tl B2, Mo Alao] o] 53} 2/dato] 42|l Heh2 St
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o
o

o

o]

rlr
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3 73HE A= 585 71 o & 2Rgsit) g ECM 2l R ElE) 2 o] I EE SXsHAY A A
] 73stol] 7]o4 & 4= QATth(Vaca et al, 2020; Pfisterer et al, 2021). Calcium signaling= $Z]/ M| £ 2] Ad &

< 245k= d 323 IS o, E5)| thA A2} 224 Aot -2 AlA| 2o A Z-5 bl

o Wh-3-9] AJZ}of| 42 o] THConnolly and Kusner, 2007). ol =9 =8 2] 7 9ol = Zh& Al S
o] Y A ¥hg-S ZEstal YA WS SHA7= 92 & 7ol Ut RaplS H5 ¥H-3-} HY Aj2o] o] 5, H
2L ol A F Q39 ZAAEA, Al 7Hdol| tish SHC}(Jaskiewicz et al, 2018). Phospholipase
42 E5| TAHZ stet HY vk =
Hoj] 2935+ ke stk A8 A Q1O W (Zhu, M. et al, 2018), ©]+= PLD signaling pathway”} E. tarda 7+l thgh o] vh-2of = 3+
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