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Abstract: Honeybee is an important bioindicator for environmental pollutants. As a substitute for fipronil, ethiprole
is still a high risk to honeybee. Herein, we evaluated the effects of ethiprole at sublethal concentrations (107>, 107,
107, and 10> mg-L™") on the DNA and RNA methylation by continuous exposure of Apis mellifera ligustica
worker larvae to it. The results showed significant hypomethylation of DNA 5mC and downregulation of Dnmt3

expression level under all test concentrations. Compared to DNA, RNA methylation, including total RNA and mR-
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NA, was more marked. In all of the treatments, the total RNA methylation in m’C and m’C, and mRNA m°A and
m’ C methylation were significantly upregulated; the expression of ALKBHI that encoding RNA m°A demethylase

was significantly downregulated (P<0.01); while the NSUN4 encoding RNA m’C methyltransferase was signifi-
cantly upregulated (P<0.01). In conclusion, Dnmt3, ALKBHI and NSUN4 are sensitive enough to sublethal doses

of ethiprole, suggesting its potential as risk evaluators for ethiprole. This study provides a new perspective and

technic for the assessment of pesticide risk.

Keywords: cthiprole; Apis mellifera ligustica; larvae; sublethal toxicity; nuclear acid methylation
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%1 RT-qPCR 3|
Table 1 RT-qPCR primers

k7B BHFEFFFIGE ~37)
Primer name Primer sequence (5’ ~3’)
AmActin-F GTTTTCCCATCTATCGTCGG
AmActin-R TTTTCTCCATATCATCCCAG
AmDnmtl a-F ACTCGAGTAGTAAGCGTGCG
AmDnmtla-R ACTCCAAGTGGTGGAGGAAC
AmDnmtl b-F GCGAGCATGTCAACTAAGCG
AmDnmtlb-R ATACGGTGCTGATTCCGTCC
AmDnmt2-F ATGAGTCCTCCATGTCAACCTT
AmDnmt2-R TGCCAAATTGACAAGGGCTTAG
AmDnmt3-F ACTCGAATGTGGAACACCTGG
AmDnmt3-R GTCTTGGTCTATCTCGCTCGC
AmMETTL3-F GACGAATCCTTGGGTGACTGT
AmMETTL3-R TCCACTTCATAATGTACATACTTGC
AmMETTL14-F ACTTGCTCAGACGCTAGGTG
AmMETTLI14-R TATCCGCCAAACCCACATCC
AmWTAP-F GGACAGTGCGTGTGTGTTTG
AmWTAP-R CAGGGATGGTTTGTTTCACCA
AmYTHDCI-F TGAAGAACGAGTGTGCACAAAA
AmYTHDCI1-R TTCGCCGCAGCTCAGATTTA
AmYTHDEF-F GGATGCACAGGAAGTCCCTC
AmYTHDF-R CCACCATCTCGATCTTTGCG
AmALKBHI-F CATACCGACCATTCCGAACCT
AmALKBHI-R TCCTCTTGCATAAGTCCCCCA
AmALKBH4-F TGATTGCTGGATTTGGGGTGA
AmALKBH4-R TCCTTCTGGCATTGGGAGTC
AmALKBH6-F GTGTTCCTTTGCCAAAATGGACT
AmALKBH6-R GGATGTGGAATACCACCCCAA
AmALKBHS-F AGCTCGTTATGCATGGTCAC
AmALKBHS8-R ACAACAACAATCACCCCTGTG
AmNOP2-F CGCGTCGTCGTGATTTAGC
AmNOP2-R CACCCATGGGAACTTGCGAT
AmNSUN2-F CCACCAAAACCTGAGGATGC
AmNSUN2-R TGATGCACGTTCCCAAGGTA
AmNSUN4-F TTCAATCTGAGATTTTAGCGA
AmNSUN4-R GCTACTTGTACAACACCATC
AmNSUNS-F ATGTGTGCAGCTCCTGGAAT
AmNSUNS5-R AGTTTCGACACAAGAAGCGTT

i DNA 5mC (& 83 F %, 5 107 mg-L™
ALPRA] T R 2 (P<0.05) (] 1(b)), X 3 B B3t
FE 2 G R TN 5] DNA SmC H 3E Ak 4 i )i
Ak,
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A, AmDnmtla 1 AmDnmtlb 3 ik 1F &% & W J&
(107 mg- L") & Ui 2 88 T 8. 3% LM (P<0.01),
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vh i 2% B K ; AmDnmtla, AmDnmtlb ¥l AmDnmt2
HEMFBLES SmC B EF BB H
TR TR A BRI T , AmDnmt3 B2 3%
KL BR R T 1.46 % ~5.41 5, 257 B 3% (P<
0. 01), FRINH HXT 2, HUIE 2 55 10 R A
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o HEAFRZE R BRIZERS mOA AT A, H AL A S
PR T XS IR, HAE SV 107 mg- L™ b FEZH rh i)
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T BB IE RNA B IR 2 i S 82 1
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FomA AR R 1L ~ 1.8 £ (P<
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2 T RIS T oy R A
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M AmWTAP,2 A~ B 4L ) 13 8 1 3L ) AmYTH-
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Fig. 1

Effects of ethiprole on DNA methylation and gene expression of Apis mellifera ligustica worker larvae

Note: (a) the methylation levels of DNA 6mA, (b) the methylation levels of SmC, (c) the gene expression of DNA 5mC methyltransferase;

the scale on right panel shows relative expression level; *, P<0.05, indicating significant difference between the control and the treatment group;

**  P<0.01, indicating extremely significant difference between the control and the treatment group; the same below.
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Fig. 2 Effects of ethiprole on the methylation level of m°A (a), A, (b).m’C (c) and m’C (d) in total RNA

in Apis mellifera ligustica worker larvae
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Fig. 3 Effects of ethiprole on the mRNA m°A and A, methylation and the related gene expression

Note: (a) m® A methylation, (b) A, methylation, (c) gene expression of m® A methyltransferase, m® A binding proteins,

(d) gene expression of m® A demethylase.

XFF mRNA g ig b 1) B 54k m’C 1l m’C,
FATEI m’C & REETA £ BURG A H A 35 3%
T ER AL (] 4(b)), 293 T 1.95 % ~ 13.3 £i%,
1M m® C H B /K- BT A A 3 v 2 S At 35 (I
4(a)), WA, X4 FPFEEH mRNA m’C H 3L b
PR i 2% 38 A D & 3, 76 T A & Ui Ak B4
NSUN4 1) 3% 5 3 i 2 1 (P<0.01); NSUN2 £
10”° mg-L7" A1 107 mg- L™ kb FRE P g KI5 B E |
W(P<0.05), /£ 102 mg - L' b F 4 v i % |
P(P<0.01); NSUN4 FIATETAT £ UG b FR4H v Y
FIRH B E FM((P<0.01), H 5 XA F#T
1.7 fi5 ~3.4 £f%; NSUN5 (133546 10 mg- L™ b3
2l iR 3 L (P<0.05),7F 107 mg-L™' A1 107" mg-
L' AbBRZH b 8 3 (P<0.01) (& 4(c)); NOP2 7&
107 mg-L™" 1107 mg- L™ AbBRZH v 3k B35 [
(P<0.05),

3 1118 ( Discussion)

ST Y A ) A R e DL R TR 2R

ERAE PRI, 0] BBk (R A A T sk B A 2,
PR B 245 %) 2 W 17 XU DA BT 5% K 2 46 PR e AR
FE T NP R O IR R D A R
A A BT B JE At M T e 1 vp B4 T 04 1Y
TSR R E, S K I A s s A & F
BRI AR 25 IR BT ol B I, 5% BE R 2 m] REAE &) ik
WE R, JEIE g i e L 50T, e A ] i
RWERE IO IR M 4y MG AR 24 ol 3 ) 1 2R
U Zha I K B0 e 4 A B T R ORI
BT e il R T 144 ng - uL 7 e R
ARG AR KO T B, LR ml 7= A i B b
ZHEPERREAGCY ) FRATTRTIAT At & B B i
UG AT B R L A B R AP AL R 34
HRH I I EOFE ) i AY £ HUE ) T S
e 20y o A SR A N RN B S Y X B i P 2
W 4y P XS A 245 Bt ARk, L0 ) % R RURS: T S5 3K
Ja Wk B MBS RPLEE i 3, 5 e 4 A mT A R PEA
A 2 IR XU i SRR R ML



N

PION

74 H

==
B

B 1 18 &

2,
¥

DNA FHEAL T I A — A by, 15
S5 Tl XU PR X6 2 4 B N AEERR sz B, FEAR
g v A B 2, LG 7 R 0T W 3O S A e 4l A
DNA H AL 5, DNA 7K-F | #) SmC Fil 6mA H

ISVA
ALl

AR TAA(E 5), HE— BT R B RNA 2
Xt Z HIE R L [ DNA 3R 8, DNA HIAEARX)

SRS R TR, 1T RNA F Ak 322 R St )
PAPENE R, DA £ HURS X 5% S Jm i R m B

0.020 (a) mRNA-m’C - 0.201 (b) mRykA-m»?C (c)
ﬁ§+‘ 3‘% = AmNOP2 ok o
L EISEON - m
s 0.015 8 0.15
< = = e H% 3.0
Z AmNSUN2 i b
4 £ L m
ffi% 0010} 55 0.10 £ . )5
ZE 28 AmNSUN4 - LB L il
é & % AmNSUN5 * L 1.0
1 1 1 1 1 000 1 1 1 1
g 0.000 105 10 10 102

Ctrl
Z BN 2 5 W P /(mg- L)

Ethiprole concentration/(mg-L")

Ctrl

105 10* 102 102
AU FE R /(mg- L)

Ethiprole concentration/(mg-L")

Ctrl 107 10 107

MR FR R (mg- L)
Ethiprole concentration/(mg-L")

10°

B4 ZHEEX mRNA m°C 71 m’C BE K REXERRIEH N
(@) m*C F ALK, (b) m® C HEALKT (0) m®C HIIELEERLEILA
Fig. 4 Effects of ethiprole on the mRNA m’C and m®C methylation and the related gene expression

Note: (a) m>C methylation, (b) m*>C methylation, (c) gene expression of m>C methyltransferase.

N (- 2R RS
N Cl Biomarkers for risk assessment of ethiprole
a— HN F AL
nED Nej L
(&k_ g7 NH, Methyltransferase NH,
Z M / Dnmt la Dnmt b =z @
Ethiprole Dnmt2 Dnmt3 2NN I
(3 a |
H
AL ALl
Methyltransferase
NH NH,
)\/’ NSUN 2 NSUN4 AN CH,
N~ NOP2  NSUNS 0)\N
5mC @
Ol hi
/ HSL kN
Methyltransferase FRIEAR I R
METTLA Binding protein
sC -
@ meC il YTHDCI
A METTL14
RNA m @ H\ M WTAP H_ /. YTHDF
—@® m°A r.
- ol —> <N:(k) (@-ALKBHI <NIKJ

ALKBH4
ALKBH6
ALKBHS

AL

Demethylase

E 5 DNA 71 RNA HELARBEXEEGE Z HEREER

Fig. 5 Model of epigenetic marks and related genes responding to ethiprole exposure



41

Ak G A5 - 2 U 8 R ) e T e 4 RS RR T A B S ) 75

SR, RNA F LAV N 85 5 3 A8 /R P 1)
WFFENINIE A, H 7 A fi3E 2 8 RNA B g%
M Jo7 /1 S 45 DR R0 A 0 b I ATF A
IR, FATAIRF 5825 5 B IR SR W& I Btk B
UG R ER A ] I S R e T 4 UL RNA
m’C .m’C HEAL &, L &% mRNA m*A Al m*C
AT (] 5), X S 25 1 —Jr T R T & BUE X2
Ay Y R R W38, 55 — DT IEIERH T RNA H 3L 4k
Xof A0S 8 R e R, TR S AR dE bR e R £ B
FEEIPOE: A A0 ISERN N

AWFFE T, £ B R i 4y A R AR
F1A) S M) 5 68 R S 35 R 38 19 B M O S 58 4 — 3, 1X
2 PR F AR 7K 9] 48 2 Z2 35 DXL 3 () 4 FH 1) &5
Fo ORI Y Z2 A S0 RR I R X6 2, UG R A RN
AR (i 7 (8 5), Herfr Dnmie3 F1 NSUN4 155 &
1) 4 N REABRA Th YA s B 8, ALKBHI W
WL e 3 AR AR BT T &k 2 HUNE IRV DA 1
PRI, HAR RN E, ALKBHI %t 2, WU 7 5%
() R 3 i A ARSI, #E 107 mg- L7
107 mg- L™ ¥R B I LT~ 58 4k ARG 1) 3255, i
NWF5E %W ALKBHI F %555 5N R385 H 14 AL
RGBSR e B DI RERFIE 8 2
KA XF ALKBHI F PR ) T BE AT A 24 i 1oz 114 JX
W K- B e S A T2 4

i LRI EE R0 A, 2 HURE B X A R
HOEA R A B K R LR i 2 2% B I ST 5
T 2 HUE SR ) 4 1 ELA AN () R B g XU, LT
250 T ) A% TR PP AR S, PR AT R X6
HEIREE RGP DR A7 B PEAG 5 1L 4h Dnmit3 | ALK-
BHI Fl NSUN4 &K X} 2, A Jifs 2 5 i [ % A0, v 1
g A& H R AU AR L ARWFSE AN T 2
] 2 W 4y U Y S AR R AT 9T 1 2 1, A BT
K AH B PEAS b B AR T B, b & U 45
A 25 19 IAURS: P-4k R R 2% 4 FH 41 2 s Ll R B R
X%,

BEEEEN E Y R1969—), B+ & 2 EMTH
WA B A IRIL T

HRBEEEEN: ZH1987), %, B+, SAL R, 2%
R H RS BT R

2 % 3Lk ( References) :
[1] Potts S G, Imperatriz-Fonseca V, Ngo H T, et al. Safe-

(2]

[3]

[4]

[6]

(71

(9]

(10]

(1]

guarding pollinators and their values to human well-being
[J]. Nature, 2016, 540(7632): 220-229

Ollerton J, Winfree R, Tarrant S. How many flowering
plants are pollinated by animals? [J]. Oikos, 2011, 120(3):
321-326

Potts S G, Biesmeijer J C, Kremen C, et al. Global polli-
nator declines: Trends, impacts and drivers [J]. Trends in
Ecology & Evolution, 2010, 25(6): 345-353

R, BB, i, 5. CEZRE R ML RUEXT
VPGB0 i 25 Tl AT T ULl P 7 055 418 PO 52 0 (0. 192
[ Hi2#4t, 2020, 57(6): 1385-1393

Li DY, Zhi J R, Zhang T, et al. Effects of spinetoram and
ethiprole on detoxification enzyme and acetylcholin ester-
ase activity in Frankliniella occidentalis (Pergande) [J].
Chinese Journal of Applied Entomology, 2020, 57 (6):
1385-1393 (in Chinese)

Punyawattoe P, Han Z J, Sriratanasak W, et al. Ethiprole
resistance in Nilaparvata lugens (Hemiptera: Delphaci-
dae): Possible mechanisms and cross-resistance [J]. Ap-
plied Entomology and Zoology, 2013, 48(2): 205-211
Elzaki M A, Zhang W, Han Z. Cytochrome P450
CYP4DEIl and CYP6CW3Vv2 contribute to ethiprole re-
sistance in Laodelphax striatellus (Fallén) [J]. Insect Mo-
lecular Biology, 2015, 24(3): 368-376

Global Info Research. Global ethiprole market 2022 by
manufacturers, regions, type and application, forecast to
2022 [R]. Hongkong: Global Info Research, 2022

Liu X G, Dong F S, Xu J, et al. Dissipation and adsorp-
tion behavior of the insecticide ethiprole on various culti-
vated soils in China [J]. Journal of Integrative Agriculture,
2014, 13(11): 2471-2478

Tanaka T, Suzuki T, Inomata A. Reproductive and neu-
robehavioral effects of maternal exposure to ethiprole in
F, -generation mice [J]. Birth Defects Research, 2018, 110
(3): 259-275

Liu Y Y, Wang C, Qi S Z, et al. The sublethal effects of
ethiprole on the development, defense mechanisms, and
immune pathways of honeybees (Apis mellifera L.) [J].
Environmental Geochemistry and Health, 2021, 43 (1):
461-473

B, FFR U, REW], GF £ B EE R R
R e R PR 9T (0], AR SR 2R 4R, 2019, 14Q3):
203-213

NiuX Y, Qi S Z, WuL M, et al. Toxicity studies of
ethiprole suspension concentrate to newly emerged honey
bees (Apis mellifera L.) [J]. Asian Journal of Ecotoxicolo-
gy, 2019, 14(3): 203-213 (in Chinese)



76 A 0x B OB ¥ WM %18 &
[12] Bohnsack K E, Hobartner C, Bohnsack M T. Eukaryotic Nature, 2017, 541(7637): 371-375
5-methylcytosine (m’C) RNA methyltransferases: Mecha- [26] Delatte B, Wang F, Ngoc L V, et al. RNA biochemistry.
nisms, cellular functions, and links to disease [J]. Genes, Transcriptome-wide distribution and function of RNA
2019, 10(2): 102 hydroxymethylcytosine [J]. Science, 2016, 351 (6270):
[13] Bonfils C, Beaulieu N, Chan E, et al. Characterization of 282-285
the human DNA methyltransferase splice variant Dnmtlb [27] Li S B, Zhou H L, Liao S H, et al. Structural basis for
[J]. Journal of Biological Chemistry, 2000, 275 (15): METTL6-mediated m3C RNA methylation [J]. Biochemi-
10754-10760 cal and Biophysical Research Communications, 2022,
[14] Castillo P, Ibafiez F, Guajardo A, et al. Impact of cadmi- 589: 159-164
um exposure during pregnancy on hepatic glucocorticoid [28] Wang Y M, Li D Q, Gao J B, et al. The 2’ -O-methylade-
receptor methylation and expression in rat fetus [J]. PLoS nosine nucleoside modification gene OsTRMI13 positively
One, 2012, 7(9): e44139 regulates salt stress tolerance in rice [J]. Journal of Exper-
[15] Ashapkin V V, Kutueva L I, Vanyushin B F. Dnmt2 is the imental Botany, 2017, 68(7): 1479-1491
most evolutionary conserved and enigmatic cytosine DNA [29] Cui W, Pizzollo J, Han Z B, et al. Nop2 is required for
methyltransferase in eukaryotes [J]. Russian Journal of mammalian preimplantation development [J]. Molecular
Genetics, 2016, 52(3): 237-248 Reproduction and Development, 2016, 83(2): 124-131
[16] Chen Z Y, Zhang Y. Role of mammalian DNA methyl- [30] Bataglia L, Simdes Z P, Nunes F F. Active genic machin-
transferases in development [J]. Annual Review of Bio- ery for epigenetic RNA modifications in bees [J]. Insect
chemistry, 2020, 89: 135-158 Molecular Biology, 2021, 30(6): 566-579
[17] Cardoso-Junior Jr, Guidugli-Lazzarini K R, Hartfelder K. [31] Yang X, Wei X G, Yang J, et al. Epitranscriptomic regula-
DNA methylation affects the lifespan of honey bee (Apis tion of insecticide resistance [J]. Science Advances, 2021,
mellifera L.) workers—Evidence for a regulatory module 7(19): eabe5903
that involves vitellogenin expression but is independent of [32] &, iR, T4, 5. FrEC BT 3 FhadEfbr44)
juvenile hormone function [J]. Insect Biochemistry and B 2 MEREPE w28 KU P (D], R 25 424412, 2016, 18
Molecular Biology, 2018, 92: 21-29 (1): 65-70
[18] Wang Y, Jorda M, Jones P L, et al. Functional CpG meth- Cang T, Zhang H, Wang X Q, et al. Acute toxicities and
ylation system in a social insect [J]. Science, 2006, 314 preliminary risk evaluation of chiral ethiprole to three
(5799): 645-647 non-target organisms [J]. Chinese Journal of Pesticide
[19] Zhang G Q, Huang H, Liu D, et al. N6-methyladenine Science, 2016, 18(1): 65-70 (in Chinese)
DNA modification in Drosophila [J]. Cell, 2015, 161(4): [33] Organization for Economic Co-operation and Develop-
893-906 ment (OECD). No. 237, OECD guidelines for the testing
[20] Nachtergaele S, He C. The emerging biology of RNA of chemicals: Honey bee (Apis mellifera) larval toxicity
post-transcriptional modifications [J]. RNA Biology, 2017, test, single exposure [S]. Paris: OECD, 2013
14(2): 156-163 [34] Wang M, Xiao Y, Li Y, et al. RNA m°A modification
[21]7 Motorin Y, Helm M. RNA nucleotide methylation [J]. Wi- functions in larval development and caste differentiation
ley Interdisciplinary Reviews RNA, 2011, 2(5): 611-631 in honeybee (Apis mellifera) [J]. Cell Reports, 2021, 34
[22] Meyer K D, Jaffrey S R. Rethinking m® A readers, writers, (1): 108580
and erasers [J]. Annual Review of Cell and Developmen- [35] Zhu W'Y, Schmehl D R, Mullin C A, et al. Four common
tal Biology, 2017, 33: 319-342 pesticides, their mixtures and a formulation solvent in the
[23] Yang Y, Hsu P J, Chen Y S, et al. Dynamic transcriptomic hive environment have high oral toxicity to honey bee
m°A decoration: Writers, erasers, readers and functions in larvae [J]. PLoS One, 2014, 9(1): €77547
RNA metabolism [J]. Cell Research, 2018, 28(6): 616-624 [36] Tavares D A, Roat T C, Silva-Zacarin E C M, et al. Expo-
[24] Shi H L, Wei J B, He C. Where, when, and how: Context- sure to thiamethoxam during the larval phase affects syn-
dependent functions of RNA methylation writers, readers, apsin levels in the brain of the honey bee [J]. Ecotoxicol-
and erasers [J]. Molecular Cell, 2019, 74(4): 640-650 ogy and Environmental Safety, 2019, 169: 523-528
[25] Mauer J, Luo X B, Blanjoie A, et al. Reversible methyla- 371 ZEEERK, FFE 0T, SR, & BRI X R ORI % T

tion of m6Am in the 5’ cap controls mRNA stability [J].

Y2y R Sy T 1) Y BOPE KON [T, A A5 1 AR,



41

Ak G A5 - 2 U 8 R ) e T e 4 RS RR T A B S ) 77

2021, 16(5): 314-325

LiJH, Qi S Z, Wu L M, et al. Sublethal effects of fipro-
nil on larvae and young worker honey bees (Apis mellif-
era ligustica) [J]. Asian Journal of Ecotoxicology, 2021,
16(5): 314-325 (in Chinese)

Peters A, Nawrot T S, Baccarelli A A. Hallmarks of envi-
ronmental insults [J]. Cell, 2021, 184(6): 1455-1468
Xiang Y, Laurent B, Hsu C H, et al. RNA méA methyla-
tion regulates the ultraviolet-induced DNA damage re-

sponse [J]. Nature, 2017, 543(7646): 573-576

(40]

(41]

Heng J H, Tian M, Zhang W F, et al. Maternal heat stress
regulates the early fat deposition partly through modifica-
tion of m* A RNA methylation in neonatal piglets [J]. Cell
Stress & Chaperones, 2019, 24(3): 635-645
Wakisaka K T, Muraoka Y, Shimizu J, et al. Drosophila
alpha-ketoglutarate-dependent dioxygenase AlkB is in-
volved in repair from neuronal disorders induced by ultra-
violet damage [J]. Neuroreport, 2019, 30(15): 1039-1047
L 2



