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KEET MKK EEFKREEEFABLEEREBEAEEYMN
FEEVRHETHRIEDH

MEE™, #HHX>, BRAKR, ®REHXRD, xR
(. Rl RS, g 201306;
2. H [E K =L T AT B B K PR T AT, LR S A e i R T AR s, AR HE 266071;
IARBEFENAEYERSBEEMHESLRE, LR FH 266071;
4. R EDKFERIEH B, dbE 100141)

WE: hTHEHAZEF2ZEEE G5 % 5% (mitogen-activated protein kinase kinases,
MAPKKSs = MKKs) £ F Rk £2 £  fo e =y S gk S e AE R, ARSLIe B @ AW
BTk K 8 MKK 2 F Rk #4772 R E A KPS, A H %R B X # %4
BAE oM T KE S MKK Z ik & 7 A B AR KRR A& 4ok & 4 B T o kA4 K.
BRET, AARERZFLEEAKT LELEEH 94N MKK EEH KK R, eMFH
Hiame ] F%eht, FostEegEEaWEAMR. B8 AW T 4 E
HTTHAM. ETEZREL TN, & SmMKKs X149 % 5 AT Kik. WA-4B FiH. %
FRERSZEFIN AP ERTRAN K EZH MKK T Kk KR4 TEH, TH% W
SmMKKs 2 # A b & FERF o SmMKKs 2 1 6] 48 KRR A 4 A e A8 4 B3k T 0y 2 Rk
RSN R, SmMKKs R HH R AL R Rit. B, EREFR, AT R K
4o B R g e, SmMKK6a 2R B % % &k, WNBMAEE, SMMKK6a 2 3% £ 7
ki, BEREKE e E, SmMKKda. SmMKK4b. SmMKK6a 7o SmMKK7 E 4 & & = &
Fiko SmMKK6a T &M M 4 THRAER L ZmE, RALTRAEE ST T H
HBEWER X 82 % — 3 K #F MKK 3 F 5k #5847 2 5090 B A0 o i 247 B9 7 %
UERRERTMNEA MKK EF RREKRZEFm N LM ATk 2 YR F KEEEE
A, MEWNAZEZERE ) TREFFTAFRRET ZEHHEALHE.

REEIA: K260, 2RFFENE AHBEHE MKK); XERE; £WRE; FEHE#
hE5ES:Q785; S917.4 XHEkFRERD: A

24 ZY O B B (MAPK) IR ERTA R AEDY . BN MAPK 2056 H 3 Atk fb sy
E A R A fE B bR EARSE IR S BB OO 4 . MAPK B U B (MEKK 5%
SRR ME R EBEE S SR %, MAPK  MKKK). MAPK ¥ # (MKK. MEK & MAPKK)
I BEXT 45 Fh AN M AN R A R N, B S AT FMAPKY, fE{5 S8 S R T e T R O O -
RPN R, s . k. WTS. ORE LN IS A9 MAPK BT LIME R (E S aE Ry, il
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TR A RN 25 Wl TR AL AR P 32 R0 R A7 326 440 Jfa 5 3% v
ZARBEWCEN AN RIS, TS BN R
LAY SR e T I A ] 0 [V A

VB B N i AZ O AL, MKK 2 751
LA RSF 1Y 22 2 TR /7 2 TR 35, 11 VT 45+ 18 (S_
TKc). DVD Z5H938 J Z W45 #0588, an XLk ik
fi7 55 (S/TxxxS/T). GxGxxGxV motif (£ 5 MKK
M MAPK 2 [8] {4 8 TR 6 # [ I07) . AXK motif (4f
ATP [R5 E A WA EZAEM) . HRDXKSPN motif
(f7 T MKKs itk rrr, Bz Kyt im+n
1AL 5T ). DFG/APE motif (875 ATP #l MKK )
MHEAEH). DxWxxG (FaE b IR) 55, VR BURE
SEMEWOEE , MKKs 7] DL AR A iF MKKKSs [#)
55 I BOE F U MAPKS”, B iR B R Ak 1Y
MKKKs i i MKKs H1 % 3 16 A7 50K MKKs 8
FRAETFUTE , [RIBT, 30E ) MKKs S o @ R 1k
MAPK 35 H ) T-X-Y motif MG MAPKs™,

AR, MKK 3 [R5 0% 42 35 PR 41 K1 1 48
A8 A B AE Y REE AR N P M E I E R 2
P R HGE Y fE/NE (Triticum aestivum)
e i 18 4> MKK JERIZE AL, % sk 2 5 e
SrHrR W], MKKs fERI Y ¥ T 5 $HhES
ZMEAEAE Y W E b R R E ZAE Y, Song U FE
VUJK (Citrullus lanatus) 48 5€ ) 6 1~ MKKs, 43#r
T, K4 MKK S0 B 51 6 A= 9 1 % an v I
i ZE 9N B (Fusarium oxysporum f. sp. niveum) Ji& 4t
FEEAEY N AT 5 . 2R BRI B AR AT
ORI MR LY . Liang 48 U 7E BK U ¥ 3% (Brassica
napus) IS 7 > MKK R, SEEE 286
i PCR(qRT-PCR) 7 #fr & W, JHrf 4 4> il 5
X LR KR . LA (Sclerotinia scler-
otiorum) S N P B9 2 /D —Fh N CELA N . 7
Ah, KEBFFEE I MKK 3 K 5205 78 7K 4= 3 i
o PR e v A4S EEAE S Y, Zou AN
XF MR35 kg U1 (Patinopecten yessoensis) MKK J& H %
JGEHEAT T A HE R K P B E IR o A T H AR AR T
BRYL R RN, WFEERIT, A 5 DAL
B TE e B BR B (Mlicrococcus luteus) F1 % 5
(Vibrio anguillarum) JEYL J5 4RI 1 22 Rk,
J34h, Fan 55U 5ilE T —ANBETI XTI (Penaeus mon-
odon) MKK J& K, % 5 K 7E WG 48 [CIRE (V. har-
veyi) R SRR SARER hae B B3R B i 25 -
PH BRI . SRR SCRE - i MKK B PR 0% 1Y &R
25 % g M Re 58 HAE KB 0 5 (Micropterus sal-
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moides) AT (Oncorhynchus mykiss) TR FRIE,
Yu SRR LD A b % 8 A MKK
R R, Ho MKK2, 5. 6. 7 fEv8 a5 &
B2 5 ik Yang S50 7F g il v L8 0 17 4
MKKs, Hh MKK2. MKK4b3. MKK6s i85 i
TR EA BRI ME LY

KEZZEE (Scophthalmus maximus, FishBase ID:
1348) 2 HAT R TR MM E A K PR TE L H 2K,
WRIEEESE, EIRNER, HRTe oy A4 SR
FeaE R AT O 1 ARk, TR
JE A AL TR U AN W™ O L R A 78 e S5 A
Ui KGR S, RZE BT T T W 45 22 F A= Al
= SEEE /Il Ei5]:7) S TE N 1Py e Gt N 2 VAT G
(ISR NN 24 7 5 R A N ] IR N
B S 58 7 Ml e A R A T RS e . M5 T MKKs 7R
W 15 2% A 1O S 38 TP RO VR L % RS2 6F MKK
PR o2 15 AT 22 G b 4 5 I % L AT D R 2B BAT
HEMILE L H, AP K32 6F MKK
FEHZEWAAT T 2 WA %, Jfxf
TRPERT . RGEKE KA FEKSE R SF 57 25
AT T M. Ak, BT AT R IR C
()R 2 B SRR 4, F9% 1 MKKs 7EAN [F] 41
LU RN R A AR LR W I aa T i Rk, X
AT BB B YO K ZE 6 MKK JE P R E 1T R G 10)
Y E MDIREBE ST o A 5T 45 SR BT 52 K 35 6
MAPK FE A G2 A W) 157 4% 7 A 1) 1AL A 9 1oz 38
AIPE ISR 1 WL, R KRB S B o3 13k
FEA AT ST S A T A B A

1 MRS TE

1.1 KZEHF MKK REEREEENRIBUERS

FE NCBI 46 i T 48 K 22 87 3k (41 )7 5]
(GCA_022379125.1)P JE N 4 1 B (GTF) S04 .
T H Y e, 7E UniProt 308 JE T #8335
(Danio rerio). T % (Oryzias latipes) 1 BE 5 48 fif;
(Lepisosteus oculatus) MKK Z 3£ R J¥ 51 . DL BE L,
i MKK 2 55 W2 7 90 1 o A if) B8l e, (i
BLASTP (E-value < le-10) R K 35 B 3 [A 20 £ 1748
R, B2k KRR 6E MKK 2355, KRG
4y %I F H] SMART., NCBI CDD F1 HMM search ik
Fres s, K EAT MKK 3 R F R E A (R SF
S5 3 (S_TKc) 19 )5 54 Jhy fi 28 119 R 22 6 MKK
(SmMKKs) & H ¥4 . #8J5 . #) i ExPASy Prot-
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Param 7 28 T. B (https://web.expasy.org/protparam/)
AT SmMKK & H AL T, AR A |
rFEG . BSSEH A . ARUERBE .

1.2 MKK EERERGEA B D

fdi 11 MEGA 11.0%" rf ) MUSCLE J5 ¥ %) K
ZEBE . BEH 0 T B BE S 5 ) MKK 24 FE R
JEN AT Z A LT, AR5 R B HE2 L (ND) 14
AR, SRR R FH Bootstrap 777, K
WEC E O 1000, #HER A 2E $E Jones-Taylor-
Thornton(JTT) ZAEMREEAL, HAbSE S Bk
Ao K EvolView 2.0%(https://www.evolgenius.info/
evolview/) X AL HEA T T AL o
1.3 FREERSGREEERS FHULTH

it GTF SCUFARAT G o A B L DA A 11
B, SRJ5 H TBtool(v1.098769)" £ il SmMKKs F)
Qe i mlE . 1P SRR SR B MKK
H 2 B Ak 7, FIH] TBtools Hr iy “simple
Ka/Ks calculator functions” T 2315 K 22 if MKK
A S A AR ] SO 4 R (Ka) . [R) SO He %
(Ks) Fl Ka/Ks {8 .

1.4 I4ARERE LK & B LA TN

FH7E 26 544 WoLF PSORT (https://www.gens-
cript.com/wolf-psort.html) ¥ SmMKK £ [ # 17 I
20 M E A T . ] SOPMA 1 £ % 14 (htp:/npsa-
pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.
html) F il SmMKK £ 1 #) — 20458 . H SignalP
6.0 7E £k #X 1 (https://services.healthtech.dtu.dk/serv-
ice.php?SignalP) X SmMKK # [ #1715 5 BR T

1.5 ERFEZEHMFERTEF (motif) S

M\ GTF SCAF AR 3 B SmMKKs 114 5 [K 45 ¥4 1
PG R, 8 7R LR 4 GSDS 2.0 (http://gsds.cbi.
pku.edu.cn) FEFT & F-Hh BT A A .
FHAEL KA MEME 5.4.15% %t SmMKK & 4 551 i
1T motif 43 M7, motif w5 BN 12, HABSECH
BRINE . B4, fdi ] DNAMAN $% 4 % SmMKK
EAFHHATZHITH AT,

1.6 BT SmMKKs ‘B RIEER D ITHIEE R
HBIE

M NCBI SRA %4 i b 28 KR ZZ6F 12 4~ A
FIZHZY R 5. DR, ). AFAE. Wmib. mik. '

R E K7 2: 2 E /) sponsored by China Society of Fisheries

FE LR R . MR RIRFIEA ]S %) HYFe %
R O BRZL A REME), T8 SmMKKSs 1
REEEEAFIHA PR FRIK TSI

1.7 SEYINHGERERE

KT 53T SmMKKs TEA I (e i) 2%
T ByFeikki=, M NCBISRA % & 23 5l F
T REGERE LT B (Enteromyxum scophthalmi) J&%
YL 5L S A KPR 42 SRP308 1095 A fith K 248 it 5 25
(Megalocytivirus) J& 44 (1) 5% 55 2H %5 4% 48 SRP3473
83C%, SRP308109 4 A XA M AL RE (13 . 42
JE . rPRE R ) R A0 BRI SR B 1l
WHEATIG SRy, (R . 0. SRR TR
R A 8. 14, 15, 13 F1 10 MEYF
H AT, SRP347383 %4 45 J& Xt e Fi gk e i K 4
MO BEfE 50 3 K. 45 6 KA 9 KISk B 412k
Frig st iy, B4 3 A EYrEE

1.8 IFEYINHERERE

R T BT SmMKKs TEAEA Y RAE T R
kR0, M NCBI SRA i 5 H S T 2 A7
PHORH OGN 3 A8 BE 7 JORH O 1 e s L B 4 . 7
SRA 5Z B SRP152627% 1 | X} 23 °C., 25 °C Al
28 °C #AN FUAL B 24 h J5 S 14 °C Xif B K25 6
B JIE 20 SR AT 5% SRZH Y . 7E SRA 5240 SRP273
870°% H, XiF 20°C., 24 °C F128 °C L EALEH 24 h
J& B 14 °C N REZH () 32 6 ik 2H 2Lk 47 2 s 2
MY . 7 SRA S5 SRP2381435% 1 SRP153594
Hr, ZrHIRER (5). KARTEIK (30) FEEh (50) &b
P 24 h 5 KGR SRR IR 20 2R A T S L DT o
TE SRA S5 SRP2770015 v, X KARIEEK (30) Al
IRIK (0) b B 24 h Ji5 1) K EE 61 JTF Ik 20 8UE A7 5 53¢
WP o LR T % Sk LB i ) B8 4 Fn Ak 220
WA 3IAEYEL,

1.9 ERFEREEX D

T /6 STARSY BB | 3k 7 5 20 B0 1)
reads Ho X B K ZE R R 2H , 4R )5 ) Subread™
1 featureCounts™” X4 48 11 Lb X 2 JE 41 1 1Y
reads B I 44 4 reads P45, T R edgeR™ i
£ FFRIRFEN M (P<0.05 4l & 2 7 Rk
, FDR <0.05 H. [log2 FC| > 1 Jy#f it & 25 R ik
). FIH reads HiFF i1 SmMKKs 7E AR 42T
AW ORI AE A2 W AR A R 1 3R GA i (TPM),
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R 55 1§ TBrools K A Ak ¥ 76 15 5 4 (log, ™)
) h R B R T HEA TR D AT

S0 AR PR AR B SRS P K TR
THF 5 e 28 TR 7K 7= T 9 T 3 ) S 1 B o A 2 B 2
SRS YE A, IR R b DK R R T B
B IR K PRI ST T B ) S 0 A0 B 2 B 4 i s 1 B B
HIREIAT o

2 4

21 KZEH MKK EERERALEEXIBUM
G

i i BLASTP [t % 1 SMART. NCBI CDD,
HMM search Z5 8 i e, 7 REEHF 3% H 9
A MKK FEH, BEATHEA RSF Y S_TKe 4544 5
(# 1)o XF SmMKK £ H 09 BLAL P BT i 47 1 o0 B
(F 1), 45HEW SmMKK & A FESHK AT 336~
450 MREERR Z 8], AHRE 5>+ 5 Fl oy 37 540.66~

SmMKK2b

SmMKK1

SmMKK7 i
SmMKK2a ——
SmMKK4b —l——
SmMKK6a ——
SmMKK4a

SmMKK6b

SMMKKS ———————
——
—m--

50 860.69 u, FRIGAEHL AT 5.75~9.09 Z[H] . Sm-
MKK & 0 S F Bk e h i, RITEN1
SRR . BN MR B 25 R s,
MKKS5 1 MKK6b A £ 5 P 8 1 BT (cutoff < 40),
HoAth Ry AR e MR
22 RB{EBOW

AT X MKK JERZERHIT025 . BB MKK
FERA RO R, HREE6E | BEE | F i
FIBE 5 48 8 1 3 31 4> MKK & B R F A 1
NI HEAEA (5] 2)o AR 4l F AL MKK 3 [N 52 %
R 5 ASWERKE, 43 & MKK1/2, MKK4,
MKK5. MKK6 fil MKK7, &8 k8, & T
[F) — 3. 5% 18 /AN [ Rl - %) 1 2R ) 05 3 PR 7 S 3
H—3Zo BN, ARG MKK1/2, MKK4
I MKK6 e RS, Hrp, KREE6F
RN 550 R SmMKK2a F1 SmMKK2b ., SmMKK4a
1 SmMKKAb . SmMKK6a 1 SmMKK6b

—— mmPBI
— S_TKc
— I coiled_coil_region
I low_complexity_region

-
S L L L L L

! 1 |3l

0 50 100 150 200 250 300 350 400 450
1 SMART FUM B A% EF MKK & B R T4 1915
Fig.1 Conserved domain of SmMKK proteins predicted by SMART

F 1 AES MKK ERZEEBOELMER

Tab.1 Summary of sequence characteristics of MKK genes in S. maximus

J B4 e BEFKELp AERHHEH SHTE0 Sl ARERE 5. ] VA Bl i
E%{E’ﬂ:‘ genes i genes no. of molecular isoelectric  instability ROk subcellular
subfamily chromosome . . . ; : gravy .
name length amino acids weight point index location
MKK1/2  SmMKK1 Chr7 7947 395 43 888.38 6.18 50.25 -0.387 YAt
nuclear
SmMKK2a Chrl3 9724 399 44 305.89 5.99 53.01 —-0.328 itliiuk
nuclear
SmMKK2b Chrs 6 540 395 43 766.25 6.44 52.07 -0.333 0 BT AN 4 A
cytosol and nuclear
MKK4  SmMKK4a Chrl7 9499 436 49 026.94 8.41 53.23 —0.493 N A%
nuclear
SmMKK4b Chr16 13 837 410 46 070.90 8.45 50.57 —0.330 A%
nuclear
MKKS5 SmMKK5 Chr4 57 946 450 50 860.69 5.75 36.54 —-0.150 2 o 5
cytosol
MKK6  SmMKK6a Chrl6 16 272 358 39 963.95 5.96 43.80 -0.322 2 o 5
cytosol
SmMKK6b Chrl7 10 150 336 37 540.66 8.09 35.16 -0.173 2 o 5
cytosol
MKK?7 SmMKK7 Chr8 18 091 439 49 691.30 9.09 55.17 —0.490 T 57 RN A e A%

cytosol and nuclear
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S g" g’
o S
%% % 28 @?7
~ 2)
S 355 &
S B LT XS & o
o0\ ¥ ) g{&'
o \7 9 5
%, e
04‘1 Qv
1(](1 * M‘(&S
SmMKK“ (0]
4,
OIMKK7 K SmMKES
OIMKKg4;
SmM“":a/\//\Z\ Dry, :
LOVAY\\L A KK"‘
1&&& > 2, Aﬂb(qa
Ve & x
» & & . * 2 % 'tf‘%
0 &' A © O w 2 7
EERY Y
T 5 2 E e
q 2 g

2 REHMHEM=MRARMEEEE MKK
EHERRH R G LR
Dr. Ol. Lo 7pAAREBET, fi . 75 BRI BE 5 A %
Fig. 2 Phylogenetic tree of MKK genes in S. maximus and
other three representative teleost species

Dr. D. rerio, Ol. O. latipes, Lo. L. oculatus

23 SmMKKs £@&ENHmMESERE D Fift
Lot

i e R e L kB, 9 N KEEBE MKK K
WA A S B AR TE 7 S e adhk 1 (181 3), Hir,
16 F1 17 S QAR b 43 F 2 4~ SmMKKs, 4. 5.
7. 8 3G Y AR L&A 14 SmMKK., Fi4b,
BT A 1 Rk 25 66 8 42 MIKK 66 PR X 557 T A [i) 2 65
TR I, X e T A S T R e T e AL
TR 0 o K35 6 5 55 K RN Y Ka/Ks {853 3R
0.042(MKK2a-MKK2b). 0.10 (MKK4a-MKK4b) F

0 — ~ ~ ~ ~ ~ ~ -~ ~ ~

5_

|-SmMKK

10

|-SmMKK1
1 5r |-SmMKK3b| [-SmMKK?

20

Rtk K /Mb

25 U

length of chromosomes

30

35 -

0.063 (MKK6a-MKK6b)(# 2), ¥/NF 1, LT
A W) EHZ SmMKKs 75 JE A i FE AR & o T 44k
PEFE

2.4 SmMKKs I 40 2 (LA E B — k25 Tl

7 240 i o7 T 22 B SmMKKs 3 B 37 T4
LB AR A T (3R 1) B S TR 25 2R
N, AEB SmMKK R T 5 B A5 R LT
RN o 3 (42.63%), HUOZ ol E (41.10%),
SEREEFN B-F5 M43 i 12.30% F13.98% (% 3). 7
Ah, A5S RRTIISE &% I SmMKKs A& H (55
Jik, e REE6F MKK 3 R 5% g 5 1) 2 11 38 R
BT
2.5 SmMKKs EELE#F0 motif 7347

T B SmMKKs 35 PR 25 44 itk fb 2 &
BATDS AT AN FL5H I motif 40 AT T
M. SEFEER TR, SmMKKS & % 1)
MR FRIN S FEGE, B0 22 HiAth SmMKK
FEH GG FIECEAE 11~13 Z 0], &
TFHETE 10~12 Z 8] (Bl 4). 54h, F—WFKEH
ISR (55 F IR L) B MRS F-H & F
HREE A, U MKK1/2 W0 % 1) MKK1 ., 2a. 2b
HBEA 11 50T (K 4).

ARG I 7 12 A PRSE Y motif, 43l iy
% A motif 1~12 (&l 4). %5 £ £ W SmMKKs'
motif BYEE AR NHESEARY, motif 1. 2. 3.
4.5, 6. 7. STEFTA SmMKKs ¥ 1778, H#S
M motif 3. 2, 6, 1. 8. 4, 7. 5 WFHES .
FAh, HOER R A R G0 B 5t 2 A T4 AR ALY
motif AL, XU B [R5 7 1Y B 52 7T g

|-SmMKK4p

|-SmMKK6|

|-SmMKK2}

|-smMKKa,
F-smukKol) U

3 KREH MKK EFHREESH

Fig.3 Chromosomal distribution of S. maximus MKK genes
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®2 KEH MKK EEEFENH Ka/Ks (B
Tab.2 The Ka/Ks ratios of duplicated MKK genes in

S. maximus
HERER WFRXESR FXERE
duplicated gene pairs Ka Ks
SmMKK2a-SmMKK2b 0.082 682 1.946 531 0.042 476
SmMKK4a-SmMKK4b 0.089 982 0.861 878  0.104 402
SmMKK6a-SmMKK6b 0.098 695 1.571 141 0.062 817

AR IIRE . F35b, B WK RHA AR A 1)
PRSF motif, B U motif 9 R AF7E T MKK1/2 K
B, motif 11 HAF7E T MKK4 WK%, Ui#
ARG Z B eI e Ll e A fE 2 5
BAIR ZH T XS R B R, SmMKKs &
A Z A MKK % [ 5 A- 5F 19 motif (&1 5), 40
GxGxxGxV motif, AxK motif., HRDxKPSN motif,
DFG/APE motif, DxWxxG motif, #:H] MKK #:[H

FWEW R AL | ST
2.6 SmMKKs BLARIZER 21

FIF NCBL A JF ()55 Sk L EdE , 4200 T Sm-
MKKs 75 12 DA FEH L R IBBA . SmMKKs
T LRz Rk, Hoh . . B
JUE RN B i b i Sk R, ZEWLIA . FAE . RGUDE
LI B R IR B (K] 6)o 348, SmMKKs 1+
TE I 2R S Rk, A SmMKK L 78 H )
Fik K SmMKK4b FERS R E EWH B & T
HA2HZ
2.7 SmMKKs fFEEYINH T HFRIEER 547

J T HRIT SmMKKs X5 =W R N, SE5G
IV S 96 7 TR %) I R S 2L B4 AR o R 400 i
3 B BRI 1) B O 2 S L B 3 AT T SmMKK's TE A
6L~ HOI b K 41 e o B T B 2R A A X

#3 KEH MKK EAN-RLEN

Tab.3 Secondary structure information of MKK proteins in S. maximus

FER A o- 1R i€/ % SEAHEE/ % B fa/% TeANE /%
gene name alpha helix extended strand beta turn random coil
SmMKK1 44.56 11.14 3.54 40.76
SmMKK2a 43.36 10.53 3.51 42.61
SmMKK2b 42.53 10.38 2.78 44.30
SmMKK4a 36.24 12.16 2.98 48.62
SmMKK4b 39.27 10.98 4.39 4537
SmMKKS5S 37.11 17.11 5.11 40.67
SmMKK 6a 37.99 13.13 4.75 44.13
SmMKK6b 45.54 13.39 5.36 35.71
SmMKK?7 43.28 11.85 3.42 41.46
V-] average 41.10 12.30 3.98 42.63
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Fig. 4 The combination of phylogenetic relationship, conserved motif and exon-intron structure

The lengths of introns in SmMKKs were displayed in the same length
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Fig. 5 Multiple sequence alignment of the MKK proteins in S. maximus
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Fig. 6 Heat map of MKKs expression in twelve different tissues in S. maximus

1. muscle, 2. liver, 3. spleen, 4. blood, 5. ovary, 6. pyloric caeca, 7. gill, 8. intestine, 9. brain, 10. testis, 11. kidney, 12. thymus
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Fig. 7 Heat map of MKKs expression in S. maximus under pathogens
(E. scophthalmi, Megalocytivirus) infection

(a) Expression of MKKs in blood under infection with E. scophthalmi, 1-5 represented control, incipient, slight, moderate and severe infection groups,
respectively; (b) Expression of MKKs in kidney under infection with Megalocytivirus, 1, 3 and 5 represent the control group at 3, 6 and 9 day, respect-

ively, and 2, 4 and 6 represented the infected group at 3, 6 and 9 day, respectively; * indicates significant difference, P < 0.05, ** indicates the extremely

significant difference, false discovery rate (FDR) < 0.05 and |log2 fold change (FC)| > 1; the same below
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Fig. 8 Heat map of MKKSs expression in S. maximus under abiotic stresses
(a) Expression of MKKs in kidney and liver tissues under heat stress, 1-4 represented kidney tissue treated with 14, 23, 25, and 28 °C, and 5-8 represen-
ted liver tissue treated with 14, 20, 24, and 28 °C, respectively; (b) Expression of MKKs in kidney, gill and liver tissues under salinity stress, 1-3 repres-

ented kidney tissue at 5, 30 and 50 salinity, 4-6 represented gill tissue at 5, 30 and 50 salinity, and 7 and 8 represent liver tissue at 0 and 30 salinity,

respectively
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Genome-wide identification of the MKK gene family in Scophthalmus maximus
and its involvement in abiotic and biotic stress responses

ZHENG Weiwei ', XU Xiwen >’, CHEN Songlin >, E Zechen ', LIU Yingjie "*
(1. College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 201306, China;

2. Laboratory for Marine Fisheries Science and Food Production Processes, Yellow Sea Fisheries Research Institute,
Chinese Academy of Fishery Sciences, Qingdao 266071, China;
3. Shandong Key Laboratory of Marine Fisheries Biotechnology and Genetic Breeding, Qingdao 266071, China,
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Abstract: Mitogen-activated protein kinase kinases (MAPKKs or MKKSs) are essential components of the highly
evolutionarily conserved mitogen-activated protein kinase (MAPK) cascade, which play crucial roles in response
to a variety of biotic and abiotic stresses and immune responses. However, very little information is available about
the MKKs in S. maximus. In order to detect the roles of the MKKs in response to biotic and abiotic stresses in Sco-
phthalmus maximus, we first identified the MKKSs of S. maximus at the whole genome level through bioinformat-
ics methods, and then analyzed the expression patterns of MKKs in different tissues and under different biotic and
abiotic stresses using multiple stress-related RNA-seq datasets. As a result, a total of 9 MKKs of S. maximus
(SmMKKs) were identified, and they were unevenly distributed on 7 chromosomes. Physicochemical characterist-
ics, secondary structure and subcellular localization of the proteins they encode were predicted, respectively.
Phylogenetic analysis revealed that SmMKKs were classified into 5 subfamilies. Conserved motifs, intron-exon
structure and multiple sequence alignment not only provided evidences for the classification of MKK subfamilies,
but also revealed high levels of conservation in evolution within and between subfamilies. Expression patterns of
SmMKKs in distinct tissues and under diverse abiotic and biotic stresses were examined using multiple published
RNA-seq datasets. As a result, SmMKKs showed obviously tissue-specific expression. In addition, SmMKK6a was
extremely significant differentially expressed after infection with both Enteromyxum scophthalmi and Megalocyt-
ivirus. After heat stress, SmMKK6a also showed extremely significant differential expression. Furthermore,
SmMKK4a, SmMKK4b, SmMKK6a and SmMKK'7 were extremely significant differentially expressed after high- or
low- salinity stresses. Among these candidate stress-responsive MKK genes, SmMKK6a showed extremely signi-
ficant response to both abiotic and biotic stresses, demonstrating its potential functions in comprehensive anti-
stress. This study may be the first to systematically identify and analyze the MKK gene family in turbot. The res-
ults not only demonstrate that SmMKKs play crucial roles in response to various biotic and abiotic stresses, but also
provide important theoretical support for the development of molecular selective breeding for comprehensive stress-
resistance in S. maximus.

Key words: Scophthalmus maximus; mitogen-activated protein kinase kinases (MKK); gene family; biotic stress;
abiotic stress
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