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8 E: 2-WAER K (2-methylisoborneol , 2-MIB) J2& i 2RI CER T - 38 2L W) R A0 T 45 7 2 1 — P R A
B KA T2 AR . AR 2-MIB X 28 2577 A MRLE 0] 4 B 5y £ 1) R 7 2-MIB ik B 42 ng/ L
M7k 24 b J5 A TRRZH GG SR AL 3BT, R B 2-MIB AL FRALAG 163 AFE R W2 F i 565 A~ F P 2 T .
KEGG i i w5 4R W S AU B R AL AR DG 19 A Ak i A8 A, T SR AH OGS 5 il % K 4 T, RT-qPCR 3 — 25 8
7~ ,2-MIB 2 F RS AL iR fhAH 2 BL X ndufb7 .mi-cyb .mt-nd4 .mt-nd6 .mt-co2 Fl mt-atp6 )ik, 1M Toll-like
receptor signaling pathway AH &40 FL A rela .cd40 .ikbkb .mapk8b .mapk3 .ripkll .2 T, 2-MIB ®& & )5 , i F0
JFIE 20 28 Hh s S AL B AL SOD G PETH R o FFE R W 2 2-MIB 242 iy B 5 10 S0 (L B R AL /K T, [R) B IR Toll

B AR5 Sl B AT S E I 8
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(Actinomycetes ) FlVFIF 828 7 A 4R R, TR
PR 2 B A T b 7R Y] 7K 2 S5 K AR v Y R 2T
PUAFAE 2-MIB Sk [ 1% K7 35 T
B A A P Ml A 2 TR S R T L TG 3 8 R
Hy 2R

2-MIB 2 i K K b il £ R i A6 T
( Cyanobacteria) % 7 H: W B KAk &™), BT
SRENAFE IR . 2-MIB 2 /K b 4 I8 R A 32 2Ok I
YK A A A R R E RO T 9% 3 B R R L

carpio )
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WFE3 d[(27.0 = 1)°C ], BR MM 1K,
ERFREE 3 R BB Dt B R T TR
JE R 42 ng/L [ 2-MIB ( Sigma-Aldrich, USA )24 h
(BERR 4 b5 1 2N DRI BT iRk R A )
Xof BRZH N R 28 2-MIB A BRI BEEy £, 2-MIB Ab 2
AL 2-MIB LRI R A &5 3 P47 (
HI5 ).

1.2 RNA R XEHEMSEENF

(i Fi] Trizol %43 B2 U 2-MIB 4bFH 24 h Fl
AR 2-MIB Ab PR () BE 1 A (1) B 41 40 RNA, R H
NEBNext"® Ultra™ RNA Library Prep Kit for
Mumina™ (NEB, USA) 5¢ i, ¢cDNA 3% (1 #4 %,
HF illumina Novaseq 6000 ™ 5538 5 - &5 , 174
SR
1.3 £MER=ESH

X A 3 1Y fastq g 2 I i 32 4K iE AT 3
U, R R TG, SR L I, B HISAT
BAPRE U8 5 I 7 e 21 R AT 5 R 4 E o
FEXE 3 RNA Seq il )7 545 H1 14 spliced read, fiff
J DESeq i#f 17 2= 7 DEGs ( Differentially
expressed genes ) 7T, i EbRE Y P <0.05, R
P22 Sk R ik it FPKM 2 YR 2853 #r, 2393 H]
H-cluster \ K-means F1 SOM £ 3 FhJ5 i %) 22 7 31t
(A0 X 2 1k 7K - {H logor HEAT R, R
GOseq #t47 GO BHE M. i1 KOBAS(2.0) i
17 Pathway &40 H7, i€ 22 R R IX A Z 51
i FEAMRBHE R G S 2B,

1.4 %WE= PCR(RT-qPCR)

Trizol 15 42 BCEE | JFIE A2 3k B S RNA i
HiScript I RT SuperMix for qPCR ( + gDNA
wiper) ( Vazyme, B 50 ) S 5% 5% il cDNA, L) ¢cDNA
AR, 153 elongation factor 1-alpha (elfa) /F
WZ LA i AT ABL 7500 SEif 265 i f PCR X
( Applied Biosystems, USA) 3#£17 RT-qPCR""™®', {#i
F qPCR SYBR Geen Master Mix ( YENSEN, |
HE) R AR 20 pLOH LA 2 L S
FIAL pL ) cDNA) $Z IR LR D SR 34T PCR
S TE 95 CHIAEAEME 2 min; B J5 #4740 M
FR(95 C 10 5,60 °C 30 s) . BEE 3 ANEEL,H
Xt BRI FCR A 279k, f# ] GraphPad Prism
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6. ORI STt 43 17, SEH0 45 2R FI V- S MH + br i
(Mean +SE) F /R~ , 2% [ Multiple t-tests bt 4% 4% %t
KRB 25 Frih BN B 51 )P H0FESR 1
.
1.5 5 & SOD iFHERNE

I 2-MIB Ab BRZ A0 B 2H 36 L5 £ L e
HA, I TR 0. 9% A= FER K AT vhidk , HIUE 4R
W FRESE T 1.5 mL B0 KRR SOD
PRSI U0 B 45 (Beyotime, F i) AR
vt 28 T, K F AR OB T VAR A T I A o,
HE SOD 3B 45 2R HI s I ne S AL v, o R AR AX
HEATINE , BT A e ¥ 852 3 Yk, {8 ] GraphPad
Prism 6. 0 34X B G HEAT t-test (unpaired ) 5347 o

®1 RATWAEEPCRWS|HMFT

Tab.1 Primer sequences for real-time PCR

EEE G FFAI(5-31)
Gene Primer Sequence (5'-3")
Symbol
. Forward CTTCTCAGGCTGACTGTGC
lfa Reverse CCGCTAGCATTACCCTCC
Forward CCACCAGAAACACGACTGGG
ndufb7 Reverse  TGCTGGCTTGGTTAAGAGTTGTT
Forward GGCCTAAACCCCAACATGGA
mi-cyb Reverse AGAGGGTTAGCAGGGGTGAA
Forward CCGGACCATAATCCTCGCTC
mi-ni4 Reverse GAGATGTTCTCGGGTGTGGG
Forward TTCGAGCTGATGTAAGCGGG
mi-ne§ Reverse AGCACGAAGCACACCATAAC
. Forward CACACCCTGCACAACTAGGA
Reverse GAATGATGGCCGGAAGGACT
Forward TTTCCTGCTCCAACATCACGA
mi-aipG Reverse TGTCCTAGGGCAATAGTCGGT
. Forward GTTTCCACCGGTAGGGATGC
Reverse TGGTCTGATCCCTGACAATGTG
Forward TGTGGACCAGGTACGAGGAT
cd40 Reverse GGCATTCATTTCGGCTGGTC
. Forward CAGATCCAGTCTTACAGCAGCA
ikbRD Reverse TTCAGGAACATCTCTCGCCG
Forward CCACCAGCGATCACGGATAA
mapk8b
Reverse GGAGTCACTGCTCACTGCTG
Forward TGACCGACTCCTCTTCGACT
mapk3 Reverse CGATTCCGCCATCGTTTCTG
ol Forward GTGCGATTCAGATCGGGAGT
Reverse TACGAGCCACTTGCTTCCAG
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2.1 2-MIB SEXERA R RAFRIZKFHIRMN

AL X 2-MIB 4R BRZH XS B 45 3 AT
(1 B B £ 4 20 0k 47 % S AL, JE AR

327 079 368 7% iz 1<, £45 A i Q20 1E ffi FE I 7E
96.85% L) I, Q30 IEHi B 7E 91. 83% L I, GC

TR TE 46% 2| 48% 2 [A] , T DL Ry 0 o
B, UL 2 T S A B T

X 2-MIB 4b ¥ 20 Fi %) BE 21 , % 8% 2-MIB [
BEEhfh R B0t BT B 22 R OL R SRk [ B ]
(a)]o SXTHEAIAH L, 2-MIB 4b PRAH A% B 728
MEFRFIRFEF (P <0.05) , Hrf 163 A~FEH L
4,565 NEEE T IREE 1(b) ],

R2 BRAVFHERE

Tab.2 Transcriptome sequencing data quality

FEf JER B K IE TR E A S Q20 IEFE Q30 M GC & i
Sameple name Raw reads Clean reads Clean bases Error rate/ % 20/ % Q30/% GC content/ %
K_SI 53 315 146 52 089 130 7.81G 0.03 97.27 92.63 47.71
K_S2 64 427 704 62 900 104 9.44G 0.03 97.33 92.71 47.33
K_S3 50 833 026 49 588 194 7.44G 0.03 96.90 91.83 46.81
M_SI 54 921 628 53933 072 8.09G 0.03 97.34 92.74 47.17
M_S2 66 277 790 64 790 628 9.72G 0.03 97.15 92.40 47.13
M_S3 44 652 100 43 778 240 6.57G 0.03 96. 85 91.86 47.69
T K_S1 K_S2 #0 K_S3 SRR xJ B 3 A FA7H:, M_S1 \M_S2 F1 M_S3 3575 2-MIB AL BEL Y 3 A FATHE

Notes: K_S1,K_S2 and K_S3 represent the three parallel samples in the control group, and M_S1,M_S2 and M_S3 represent the three parallel

samples in the 2-MIB treatment group.

K _S1
K_S2
K _S3
M_S1
M_S2
M_S3

(a)

I 1| O
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coo 555

Soo

Differential Expressed Genes(728)
© Up—regulated: 163
* Down—regulated:565
10
Q‘o
w0
(=]
n
5
0
=h 0 5 10
log,(fold change)
(b)

(a) BRI, LLOFTRIE R RIBKF- 1 , RO FR B RBOKAR s (b) 22 5 3L PR KL AT A7 035 1 2 5 0 AR PR T 20 68
(E38) Mg s CF ) 2R, 6 035 22 e b A L DT E O mi o s SRR AR IITE A A AR AR rh ek A BB Al s A AR iR

BN IR R G2 R E

(a) Cluster analysis diagram, red indicates high gene expression level, green indicates low gene expression level; (b) Volcano Plot of

differential genes, with red dots (up-regulated) and green dots ( down-regulated) representing genes with significant differential expression,

and blue dots representing genes with no significant differential expression; The abscissa represents the variation of gene expression multiple in

different samples; The ordinate represents the statistically significant difference in gene expression.

1 RESHESERERNLE

Fig.1 Cluster analysis diagram and volcano plot of differential genes
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2.2 GO E%5 KEGG Righ#E B

MR GO J3#r, ML e i 30 J5 E 2y w40
36, Hh AR O A A AR L 12 20 R4 9
MorFoife Bl 2(a) Jo a0 GO [EREFTR, A=Wyt
TR “ protein metabolic process ( 25 [ it 1 4 <
F2) ", AHE ST Y © organelle (AL &%) 7 F 231
IhEEH Y “ structural molecule activity ( Z5#45F 15
PE) 7 IR AR T e B A R 230 % b 22
SRR R U 22 S R N AT GO E AR A [ K 2
(b)F(c) o Hrpr: FiH2E RS LR GO
A 3 TR, 45 20 Y B g A 35 i ( cellular amide
metabolic process) . ki3 ## ( peptide metabolic
process) . 2 il 2 11 50 3 53 #2 ( cellular protein
metabolic process) 2 K5 TG i ( cellular
macromolecule biosynthetic process) %5; | JH 22 5%
S E R H GO A5 A 45 R Al i
(protein phosphorylation) #{ 7 2 ( phosphorus
metabolic process) | {5 5 %% ‘3 B IE 8 % ( positive
regulation of signal transduction ) . ZH 4 i {5
( positive regulation of cell communication ) 5§,

X 2 AL R 54T KEGG 237, Horp Bl 25 5%
FEPRE R BN 1) KEGG 18 % i 25 1 4 e 19 43 31) A&
Ribosome ( £k %7 {4 ) . Oxidative phosphorylation ( 4
bz 4k ) . Cardiac muscle contraction (0> JLUKZE )
[E2(d) ] T2 R AL KEGG @ B b 5 40
YA 56 B B 32 3 Toll-like receptor signaling
pathway ( Toll ££3Z 15 5 ) .NOD-like receptor
signaling pathway ( NOD #f 52 {& {5 5 i@ ) .
Salmonella infection ( ¥5 [] [ B B 4L ) | RIG-I-like
receptor signaling pathway ( RIG-1 ¥ 5% 1K {5 5
) M Adipocytokine signaling pathway ( I§ il 4 Jitd
Wy E5EE) [ 2(e) ],

2.3 2-MIB xt S L BEER L 40 X B F R XA SOD
LR E: R

BE TG A 45 2R KEGG i b S AL i R 1k
i s IR A ] RT-qPCR G A AL iR T A
KPR PR 7R ) BR ZH 1 2-MIB Ab B2 o (i 22 35 1
B S5XTRE AR L, 2-MIB &b P 2H B T 4 @5 T
JIEH , S A B TR A G 3 R Y ndufb7 | mi-cyb | mi-
nd4 .mt-nd6 .mt-co2 .mt-atp6 F:K mRNA Fik/KF-
FIA, R RE (P <0.01) [ K 3(a)Fi(b) ],

i — 25 A6 I AR AL B A T SOD 1% MR 4k
55X HREAAH L, 2-MIB b 3 25 30 5 £ 5 0 E 1Y)

http: //www. shhydxxb. com

SOD {H T &, H2E R B2 (P <0.01) [ &3
()]s
2.4 2-MIB ¢ Toll ¥ Z K ESERERERIEM
=AU

BT 45 KEGG 3 % Hh 402 38 [ Toll
FEZ G 5 %255 T, LA RT-qPCR it —2
ARG 2% 300 5% A DG i PR A R I Ak ' 1
RO, 5 X BRALAH L, 2-MIB Kb FE A1 BE 5 f4
RS B rela  cd40 | ikbkb .mapk8b ripkll
FERLRB KPR ETH(P<0.05)[El 4(a),
(b) #1(c) Jmaphk3 BEPRKIEER 1R ik TC
25 AN, FEEE AL B AL B B R R
[E4(b) ],

3 e

3.1 2-MIB iR 555 & FHBERL KT

i KEGG i #%4 #r & 30, 7 2-MIB 2 5 4b
PRIE  fa il 5 S 20 v, A8 Ak B B2 A (oxidative
phosphorylation ) {5538 [ 19 i 2 & 45 o A AL TR
162 5 A0 =B R 1 (ATP) /Y7 4=, it 7 &
ATERET, 2 58RI IE R IEH 5
AR, A TERAR B N B L+ iR
1G5 o ndufb7 FERH mi-nd4 B RAR i &2 &
¥ 1 (NADH %8 4LRf ) i3, H. ndufb7 3 K 45ty
WA A 456 NADH FiEfedifg, B 64 1 it
FOKs LT N NADH %5 B S 0F R 65 op 220 -
cyb \mi-nd6 .mi-atp6 K K ]2 2 AR AR A5 1F
I E BAE bR, my-cyb KR 4B 2 A 1
(AR o HILEEE) T AR o, Hi
TR TN Z B R B AR o, FERE ™
R EAEEREAT . YN (AREE o K
AR ) 75 1 1k 5008 5k K ) 2o 7 Ol 3 A O PR
FH 0 mi-co2 FER AR 252 m 52 G- IV Aol 3 11
ATETE o me-atp6 SRS A9 V (ATP &
SR ) I, S BN T2 5 ATP S .
2-MIB At BEEE 5 1, 155 ndufb7 . mi-cyb . mt-nd4 |
mi-nd6 .mi-co2 \mi-atp6 & E AW FR AR IR 7E
SRR 238, SR KR i 2-MIB 23 il 3 5F
0 P2 A AL B R AL K. AR Ak 7 A= 1
TEPESE, Il A A B A 5 7 A 0 B B A
Se i AR AR B AR P R A
fit; (SOD ) J&—Fh P A ALl , AL S BH 5+ A
F(0, ) Bkl H,0, F1 0,700 245k i ok
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(a) EZERFEFR GO TR, YL N B LR GO term, HEALFR N 1% term H 22 2 FE R4 (b) B3 EIRIERAY GO H2E;
(¢) TFIM2ZRIERR GO H; (d) RiF2RIER KECG WA E; (e) TFiM2ERIER KECG & HUA K, RN pathway 4

P, 127 Rich factor, i AYR/NFRIR I pathway H 22 R IKHENA B2 >,

T 253 B 20 €0 56 2 AN [E] ) gvalue FEE

(a) GO enrichment of total differential genes, The ordinate is the enriched GO term, and the abscissa is the number of differential genes in
the term; (b) GO classification of up-regulated differential genes; (c¢) GO classification of down-regulated differential genes; (d)

Distribution plot of up-regulated differential genes KEGG pathway enrichment;

(e) Distribution plot of down-regulated differential genes

KEGG pathway enrichment, The vertical axis represents Pathway name, the horizontal axis Rich factor, the dot size represents the number of

differentially expressed genes in this Pathway, and the dot color corresponds to different ¢ value ranges.

2 GO B5£5 KEGG Riff@®Ea4r
Fig.2 GO enrichment and KEGG metabolic pathway analysis
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RPN S &
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(a) FACBEBRAARCIERESE M FR3K s (b) SAALBEIRAISCHE I ZE I A 2235 5 (¢) o BRI 2-MIB fb BZF BE 25 f 68 HFIUE SOD 3%
Ph; % P<0.05, # % P<0.01, % % % P<0.001, % * % % P<0.0001 A4 BEFHKIT¥ER TR EEEFRER,

(a) Expression of oxidative phosphorylation related genes in gills; (b) Expression of Oxidative Phosphoric Acid Related Genes in Liver; (c)
SOD activity in gill and liver of zebrafish in control group and 2-MIB treatment group; * P <0.05, * % P <0.0l, % * % P <0.001,

# % % % P <0.0001 represents statistical significance, no significant difference is not shown.
B3 SUBBRUEXEEREEZRSHM SOD FHEN

Fig.3 Differential analysis of oxidative phosphorylation related genes expression and change of SOD activity
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Fig.4 Analysis of differential expression of genes related to Toll-like receptor signaling pathway
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Effects of exposure to 2-methylisoborneol on oxidative phosphorylation and
immune-related genes expression in zebrafish

LI Yumei'®, LIAO Yongguan'?, BAO Baolong'”
(1. Key Laboratory of Exploration and Utilization of Aquatic Genetic Resources, Ministry of Education, Shanghai Ocean

University , Shanghat 201306, China ; 2. National Demonstration Center for Experimental Fisheries Science Education, Shanghai
Ocean University, Shanghai 201306, China)

Abstract: 2-Methylisoborneol (2-MIB ) is a volatile organic compound produced by a variety of
actinomycetes, soil organisms and cyanobacteria, which is widely found in water bodies. To explore the
effects of 2-MIB on fish, in this study, zebrafish were exposed to 42 ng/L 2-MIB for 24 hours. Comparative
transcriptome analysis of gill tissues revealed that there were 163 genes up-regulated and 565 genes down-
regulated significantly in the 2-MIB treatment group. KEGG pathway enrichment showed that oxidative
phosphorylation related biochemical processes were up-regulated, while immune-related signaling pathways
such as Toll-like receptor signaling pathway was down-regulated. RT-qPCR further showed that 2-MIB
significantly up-regulated the expression of oxidative phosphorylation related genes, such as ndufb7, mi-cyb,
mi-nd4 , mi-nd6 , mi-co2 and mi-aip6, while the immune-related genes rela, c¢d40, tkbkb, mapk8b, mapk3
and ripkll were significantly down-regulated. Indeed, the activity of superoxide dismutase (SOD) increased
in gills and liver after 2-MIB exposure. This study shows that 2-MIB can raise the level of oxidative
phosphorylation in zebrafish and decrease the expression of genes related to Toll-like receptor signaling
pathway.

Key words: 2-MIB; zebrafish; oxidative phosphorylation; superoxide dismutase (SOD); immune-related

gene
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