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Transcriptomic Analysis of Honey Bee, Apis mellifera,
after Exposure to Dinotefuran Residual Pesticide in Peppers
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m Honey bees [Apis mellifera L.}, recognized as vital pollinators in agriculture, are adversely
effected by pesticides used to protect crops from various pests. Many farmers use neonicotinoids
due to their reputed low toxicity to honey bees. To investigate the mechanisms underlying this
low toxicity, the gene expression of worker bees was analyzed using RNA sequencing (RNA-
seq). Approximately 10 GB of sequences were generated from each samples. Out of 250,928
genes analyzed, 3,017 genes were identified as differentially expressed genes (DEGs) with
1,516 up-regulated and 1,501 down-regulated. Among these DEGs, genes such as glutamate
receptor, peroxiredoxin, multicopper oxidase, cytochrome P450 éa13, and acetylcholinesterase
were revealed as potentially contributing to pesticide resistance in honey bees. This study
provides significant insights into the genetic mechanisms underlying the effects of dinotefuran, a

neonicotinoid insecticide, on honey bees.
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EH (Apis mellifera L)< SHoNA S22 SHE0f7H
A Loz A AAACR 71 de o851 9l
(Ollerton ez al., 2011; Sung et al., 2023). ©]& 3 EHL A
Al A&l 90%S AA|5H= 12471 A ZHE 71l 70%
25 0] ol Tojshs A 9 F5oket 2 vKEIL
7k2] 229 5ol 75%E 711Rtt (Klein et al., 2007,
Gallai et al., 2009). E3F, o) o]t stEm7l= 2=2]
gk ZA-of| PR X th(Giannini ef al., 2015). A
Thofl QlojA] Jle] ol =2 ShEui/l&S H el THoll
A ARt b g2 o] obdo] 212t 15%<t 70% ©1d
7oAt (Gallai er al., 2009). A A|AIZH 02 EHHof 9
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& shEui7fe] AAA 71o] 7R = oF 1459 Do @5
Tt obAJorR| Aol A A 2~5%d o) Fe o] FA|A
7YAE 7Htt . B E Q) (Tirado ef al., 2013; Potts et
al.,2016). WA E O] i FAMES 749t o]
£ R AR 23291 kS mE 4= Qiot
SAHES] FFAQ BASHE oA sk AR
A oloh. @A7IR] AAA & TRt F79] sl
25 0] LS Btz fisl s A wef s Qlet
(Hwang et al., 2020). ©] 7}-2H] S5 LA o] Zo] -8
1= U] 2 Y FE] 0] = (Neonicotinoid) Al 52F2] A-5A|
+ U FARE A7 848 A5A19 /F R=EM 1991
| BayerAtell o5l x = Al HFo|3P4d dFAloltt
(Hwang et al., 2020). Y| QYT E]| 0| A AS5A= L5

Received 15 August 2024; Revised 6 September 2024; Accepted 6 September 2024
*Corresponding author. E-mail: ypark@anu.ac.kr



94

=
=

2174 A1l nicotinic acetylcholine receptor (nAChR)
o A9H AFAR 2§l TR AsHe

[e= ke KR
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53

)

glutamate (Glu)2t GAZFS] HE-S Sh= y-aminobutyric
acid®] ¥4& westo] AN S Aoz 45
AVE HEhH, sitEel IR 7Hs/d0] 2 ool
Q'(Kim et al.,2014; Kim et al., 2015; Thara and Matsuda,
2018).

20063 2009 d7HA] ml=ell A= 30~90%°l 2ot
+ 289 g AF A7 ST (Mullin er al.,
2010). o]t EHUTHY] FA He AAas EE Y
&3] (Colony Collapse Disorder, CCD)2] ¥1¢lo] H11 ]
o, cCh= g% 52 H4 jlo] 4S54T 54
5] AFtAl = A o2 EXH T (vanEngelsdorp ef al., 2007).
AEAE LHFT B A4 AAAI Aoz oY
= 'dopgton, o] F | QY Eol=0} o] 254
S= /g AR ok A By g2 v uA 25
of Aefoll = A g F= Aoz B
(Boncristiani et al., 2012; Dulin et al., 2014; Glavan et al.,
2020). YU E| o] =7 Fob 8E0] A mAtet
W 58 Aol dd= Fol 28 A & 4o FA
2Rl dloz gats] A AHo] A AAH =R ey
Eloo|EA| Aol Zetd AFAlol tie Aol &
oF&tH(Lundin et al., 2015). S-2Upetoll A vl @ U5 ¥
ol EA| ASAI7E et B A Foll - HASHA A
EHA] o] O] o ofjt FitE hAgdol| Higt ¢
27 A71 = Tt (Hwang et al., 2020). F2 AT+ 2
ZEotUd, Elofi| &4 9 ojutER et F 3
Y QU E o] =7 Fofo] ARgo] FAE RS
S AGE] thE FoF2 ofHs] A= HoE
€517 Itk (Simondelso et al., 2015). &
H 27Hee B2 ol wool 2 o qloH, A=
HRUFE oA sof2 27FRet BolA 2 s==
AEE] BHAE s2& dF2 vE 4 Arh(Krupke
et al.,2012; Saleem et al., 2020). H| = E'H-2 sfl=a 44l
cytochome oxidase P450 (CYP450)9] dfl 528202 Y@
U E ol =A] AFAlel dis] #5d& HoAFa A
9 (Matsumoto, 2013; Tsvetkov et al., 2023), ©] AlF 2] A
FAll Ao g wEH EHL2 A AHA 75 o
gte]o] o} F4 WS gt ofue} ok, Blo|dE Y
A 59 5 PeHo2E JFE HH=T}(Peng and Yang,

o= ©«

S|
I
E oF
=2 O 1

=0
(9]

2016; Li et al.,2017; Shi et al., 2018).
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i H R AE Al st AAAQ] A5adt
2 2% =] nAChRO| Z5HA Adste] A3=54E /8
Sh= 3AIH U QU A E| ko] EA19] Foro 2 i Qlrt
(Goulson, 2013). THepA, e 2o A Y QU E L o]EA|
i HFe AFA Axrt vE3d 2590 El nx]=
FF Grret A 240] Hasirt 2 AollAe
6G5E 7Y Atolof| tHF AFA7E AxH AE
ol nFE FHA MR/l &5 sk BT
LS A 25| 2 AE M FAH A 7t
O] A e -3 vl A5

Mz o gy

1. FAHH| 2M8 EY A= MEH

Ul QU E| o] EA| FoFe] §F FTR<l Uk EHIFE A
Ao k2" B4 (‘DINO’) AlBE AHAsH] 2laliA 2023
W 6 23Y0] A& g9k 13 (36.7422N, 129.1872E)
of HE-S Axet & FUFH 749 2847 F(FH=
F 10%)= 10a 71 1,0008] 3|45t LA
= 53] A4 AAA s olF 157 H
of &S FAste] 99 &5 o= S sute
THEo 2 AgE AYstitt. FAEY HieHFH 5
oFof| L EEA] g2 EH (‘CON )2 A5 52 f71%
15 Al §E8 5km olHiell Q= 4 (36.61875N,
28.8271E)°|A sute]¥] 39kE.0 2 A5 sto] A-gst3ict

[}
=

Q]

2 A |} AlF o] ARERE U]l E| - AAFSHAI =
T Aol A FLufiste] AFESHITE RNAE F&517]714]
ATt ZF A A g —80°Ce] 242 YEof AlRs
B35t

2. RNA =Z U ¢DNA 2to|=2{2| M|z

=] mRNAE 3712 1.5 mL FE 1 mL2] Trizol
98 (Thermo scientific, Massachusetts, USA)= 21 13]
& B pestles ©]-85to] vRalRt F Trizol RNA 2 7]
E (Thermo Fisher Scientific, Massachusetts, USA)E ©]
Boto] FECI3UTH RNA Alme 3HHEO R FE51910
o, &% mRNA9| 22 DEPC7 H2]H S/ 100
pLofl FoiA —go°cofl Aol ARE=7] H71R] H= 3l

ot F25 mRNA Y EF = HAA E4E 219l Random

T =
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primers ©]-8-8F TruSeq Stranded Total RNA Ribo-Zero H/
M/R Gold (Illumina, California, USA)S ©]-8-5}l°] ¢cDNA
I T cDNA o2& Azttt o] F qRT-PCR
= 53517] 915l cDNA e B2 S g2 2 Oligo dT
primer”} 2% Maxim RT premix kit (Intron, Seongnam,
Korea) ©]8319] cDNAZ FHAstedTh. 2AH] 2412 3
whE.0 2 1gshelrt.

M
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3. A Y MEREN

HI

mRNA+ Novaseq (Illumina, California, USA)S ©|-&
sto] G7IAE A4S skt 249 47182
Trimmomatic (version 0.38) ©]-85to] G714 Ee] oH
B BES X519 0™ RNA E714E2 Trinity (Version
trinityseq_r20140717, bowtie 1.1.2)E ©]-85t% de novo
Ao 7 Z-SHATE RSEM (Version v1.3.1, bowtie 1.1.2.)
S o|gsto] A7IAEE de novo FALZE XHH F7]
A E-E mappingot] RNAS] HAZFS I3t RNA
A7 92 Gene Ontology knowledgebase (http://gene
ontology.org/)2} BLAST v2.15.0+ (https://blast.ncbi.nlm.
nih.gov/Blast.cgi)& ol ZETF Ho]EH|o]AE o] &
5t DIAMOND v0.9.21 (https://github.com/bbuchfink/
diamond/releases?after=v0.9.21) 407 fHAE F
Astct. o1Z 7 mapping® dlolEE RO edgeR 2fHo]
B E o]gsto] A5 A {42 =4 (Differentially

Table 1. Sequence of primers for qRT-PCR in this study

Expressed Genes, DEGs)< #3355t DEG 242 ¢
Sl A+= Fragmented per Kilobase of transcript per Million
mapped reads (FPKM) #f2 ©]-8-53itt.

FAZ g 2498 9§ qRT-PCRS A5A] TiA

+ 57 RSt e g 5ol
mato]o](Table 1)E AF&5+ Exicycler™ Quantitative
Thermal Block (Bioneer, Daejeon, Korea)= ©]-85}¢]
SYBR 1% @F=87} FFEATHE 717 real time
quantitative PCR (qQRT-PCR) 7]&2 Z%5}t}. qRT-
PCR ¥1-8-2 Accupower Greenstar™ PCR premix (Bioneer,
Daejeon, Korea)Z 135ttt o] HE-§-E (20 uL)2 1%
Greenstar™ master mix, 10 mM MgCl, 0.5 uM©] Z} =2}
o]H, 200 ng®] ¢cDNAZ} Z3FE AT, ¥E§-Z 712 Hotstart
Taq DNA polymerase S Z/dA17]7] 2150 95°CollA] 15
b 7bdstgiom, o]% 94°CollA] 30, 55°COllAl 30%,
72°CoIA 3022] §Hg- 0 2 4039] PCR AHE-& SEA7]
A, FEH AR Fagutgol Ao w S 2
Aol 3ntgo s ZF R0 S E g0 2 RfE Qi)
Reference A= Ribosomal protein L32 (RL32)E ©|-%
SHATH(Jin er al., 2024). ©] A2 FEES ZF F-4AF vE
50 AFH BESH U 22 o] 8shth ¥l PCR 5
Z5-9] =S Exicycler™ Z2 0] o] AA|7te 2

=)
I3
nE
)
T, ll
2
rid
2
ol
oL
r
W

. , , Annealing Product
Gene Primer Sequence (5’ to 3") temp. (°C) length (bp)
‘ o AmGRIK_F AAGGAGGCAAAACGTTGTAT
Glutamate receptor ionotropic, kainate 1 AmGRIK_R TCGTGGAAGTTGAACTGTTT 50 199
‘ . AmMCO_F AACAGGATTAACGGACTGAC
Multicopper oxidase CueO AmMCO_R TTCTACCCGTACCGTATCTT 50 207
AmP450_F TTTTGACTCGTCATCATTGG
Cytochrome P450 6al3 AmP450_R ATCATGATTATGAAATGAACTGTTA >0 200
. AmACE_F GACGCAAACAAGTTAAAAACATT
Acetylcholin esterase AmACE_R GCACATTAAACTATGATTACTTCT 20 156
o AmPRX_F GACATTTCAATTGCCGGATT
Peroxiredoxin AmPRX_R GCAACAAGCATACCCATTTT 50 192
. ' AmRPL32F  CGTCACCAGAGTGATCGTTACA
Ribosomal Protein L32 AmRPL32 R CCCCATGAGCAATTTCAGCAC 30 250
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TAS eI, A=A AA WES 14 (Critical Threshold,
COE AFESHATE A 2 52249 Cri= RL32 747 Ct
off Tk 2o (ACH R 4HETH &, o] 8 A 422] 2744
2 FHIste] B wSFATH(Livak and Schmittgen, 2001).
5.ClcHE

2 BUXES S8 HAK 24 2 Ay

AAA B4 Aate] tigh §-Axte] ddg 1P
off kst F8gdollA AMS F9l 3 & 3571
A ddE e s fAx FAFE ZASHIH. 5
k225 A3l 0.01%2] Triton-X100 (Thermo Scientific,
Massachusetts, USA)7} 71 20 x| AEH e
HFat 542t 591 1 ng/mLE =994 ARSIt oF
Al Aele 93t & 159 A B8-S e st
A 3RER o2 Z1aetglom, s uLe] oflS EHol T
(dorsal)o]]l HEo 2 Z1E FAAIE It 1 5 &
9.2 28°C9) 01%3110113% oflA 50%°] A== 3U3T AR

SAXz|

Jef o] TARS ot + EEHALE o]-85to] YERY
Sltt. A3H= Graphpad prism 9 (Dotmatics, Boston, USA)
< AHgote] T HSFeIITH H2 SAS =1 (SAS
Institute Inc, 1989)< ©]-8-5t%] one-way ANOVA +4-&
steict. A2 B+ 7k vl = LSD AA= ARgste] Ay
L7 50055 7Ieo = wEsH.

1. RNA-seq Z1} 24

Novaseq ZHES 59 dF 106B o] |74 4D
245t} ZF 4714 4-E 101 bpo] 712 BT H
100KB A%E 2719 ¥
WA 02 mapping= B
7} 75.00~82.12%%} 75.73~83

ZZFEg ATt De novo
A7, CONZ DINO= 2t
57%2] A71A-Eo] A =]

One-way hierarchcical clustering clustering heatmap
using Z-score of normalized value
(3,017 contigs satisfying with FC2 & P-value < 0.05)

Color Key

Fig. 1. Heatmap analysis of differentially expressed genes in Apis
mellifera between dinotefuran non-exposed (‘CON’) and exposed
(‘DINO’) workers. The heatmap was generated using Z-scores
transformed from Fragments per Kilobase of transcript per Million
mapped reads (FPKM) values.

Table 2. RNA-seq results of Apis mellifera workers, comparing dinotefuran-exposed (‘DINO’) and non-exposed (‘CON’) groups

Sample name Rep # of total read bases # of processed reads # of mapped reads Genes
1 13,230,478,032 129,636,536 9(77?%)562/53)4
CON 2 13,326 327 436 130.254,560 “zgi?g ;2?0
3 13.234,848.908 129,934,202 1‘23%5;2;760?6
250,928
1 12,116,674272 118,847,492 9(955;7517’;1)8
DINO 2 12,800.406,084 125,392,044 9(97’39121’(5%7) 4
3 12.910,358,128 126,180,124 ?;55;‘2(72?
198 http://journal.bee.or.kr/
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ATk (Table 2). & 250,92870°] FA27F 2=l om,
CONZ} DINO®| §-42F A5 AT Z-score= HS &
P-valueE ©]-8-5}9] heatmap 242 53l =& AIE A
Zotst Tt (Fig. 1). 3 ABAHE AR #4074 2= NCBI
9] BioProject (https://www.ncbi.nlm.nih.gov/bioproject,
accession number PRINA1135696)°] 5-=5}itt.

2. O] cE| &2t L =0f| w2 BHo| k1S Wd TKL
(DEG) &AM

DEG 2= vtg o s {42 Wado] 2uf o4 2ol
7F WAL P-value”} 0.05 BIRHRI #4AHE 275171 916l
Volcano plot w42 =353t (Fig. 2A). DINO+= CON
off vl 1.5167]9] FdA A EAFe] 24 ol STt
sklow, 1,501709] FARbol|l A drad o] 26 o] 2
A0}t (Fig. 2B). Gene Ontology =41 A}, biological
process, cellular component, molecular process < =
A5t (Fig. 2C). AFA0 GO 4 A3} biological
process =Nl A] cellular process 1] 488702] 571}
2 71 Wol AEH A2, cellular components Tl 4]
cell part ZI55°] 4717]2] 2= 7178 o] AE= ot
133 molecular process T2l A+ catalytic activity —1
wolA 5127019 {3z 718 geol AEE

DEG 4104 Are f-42}F Z, biological process®l
Trofok= 532 215l Al obsolete oxygen and reactive
oxygen species metabolic process 54| 37}, signaling
2FollA 127H, detoxification 1FNA 47] F-H2HE A
85} heatmap 4= Fof HAF2 FISFAT (Fig.
3A). Cellular components®]| s@ot= 32+ 15 Z, pre-
synaptic process involved in chemical synaptic transmission
IFNA 6719 57327 Bolot. o™, synapse 15501l
A 5719 sl FHAFES heatmap 242 59 &d
2 2Fo15k] th(Fig. 3B, Table 3).

M
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3. ¥5H Mg 2 |HAL EH

ASA ATt wEsto] Aol MEH ofe2 a8
o Wehohs YT (phase 1) 152 414 7he
o cytochrome P450 (CYP450), carboxylesterase (CES) al
hydrolase +2F7} ZYZY 670, 270 2 s7R7F A SloH
L% TPEAEQICE Phase 10141 A E A5A AEAE

T84 0= Heloh= A (phase IT) “152] F342k
sulfotransferase?} Aot AL oL}, o] oA
St o9t 2 phase 17} phase I Ao A HEH A%
AlE Alx HFo = viEsh= I o WilE T (phase 110) ~1
F9 7= ATP-binding cassette transporter” } 2FAE
ot e AAE Ao =2 DEG B4 ATt FelE gt
(Table 4).

Morr

4. EE Niel &EH| AL 5L 42| 2 R
3

H
o 2y

Ao A LA Aol E Hols AFA At

ZF B 9] Z}o|= peroxiredoxin (Prx) 2] 735 259 74,
glutamate receptor inonotropic, kinate 1 (iGluR)2 73-%- <F
48 A ZASIRAAL, multicopper oxidase (Cue0)2] 735
48l 4okt ook Y2 cytochrome P4502] 73-%-
CYP6al3, CYP304al, CYP4cl, CYP4gl5, CYP315al Y
CYP9e2 771217} 2¥7} 30, sulf, 36, 4uH, 34 2 guf o]
A Z7Fska, acetylcholinesterase (ACHE)®] 73-%- <F 54}
o] AR E o] 75T (Table 4).

2 AFoME FREAE YHIE 259 AAE At
Adofl FroASki= phospholipase BI +737F2] o] T 1cE|
Fatoll LeZH JEA 30u] o4 Wdo] F7tste] 7t
g Eokor, zute] £210] AP gl B8t armadillo
repeat-containing protein®] Aol WA= gudu 774
2] AL 1004l o1 A5 (Table 5).

5. Cl.cEIFE2 in vivo BHA2|E S8 HAIN 2M
2ot d¥

DEG E4°f|A FPKM & 7502 5oF A
A2 oiH] f2dzte] ddsko] Zpol7t Add A
O] Prx, iGIuR, CueO, CYP450 2 AChEE qRT-PCRE ©]
Boto] AAstalnt. 7L A HicElRR kE 5 0AT0
A48 370 732k (Prx, iGIuR B Cue0)2t 573 270
AAL(CYP6al3 2 ACKE)°I~4] DEG &4l ©]-§3F FPKM
# qRT-PCRE] A=FA A ¥-g- Sl4= B% Povalue”}
0.05 ©|5}2] groflA A& Fdste] & Ao ARE-]F DEG

EAZHS A= 4 Q1T (Fig. 4).
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Fig. 2. Analysis of differentially expressed genes (DEGs) in Apis mellifera after indirect exposure to dinotefuran. (A) Volcano plot comparing
dinotefuran non-exposed (‘CON’) and exposed (‘DINO’) honey bees. Fold-change (FC) values and -Log P-values were used to generate the
volcano plot. (B) DEGs between CON and DINO, selected with threshold levels of >2 FC and P-value <0.05 in Fragments per Kilobase
of transcript per Million mapped reads (FPKM) values. (C) Gene Ontology (GO) analysis of DEGs performed for cellular component, mole-
cular process, and biological process.
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Table 3. Gene Ontology analysis of pesticide metabolism-related genes in Apis mellifera following dinotefuran exposure

Category Group Contigs UniProt annotation LI? ng P:]\:z(i)li R
Obsolete oxygen and c188202_gl_il splO69777IPRX5_RHIET Peroxiredoxin —4.67 7.82
reactice oxygen species ~ ¢190335_g5_il splPOWQB6IAHPC_MYCTO Alkyl hydroperoxide reductase C —1.61 1.79
metabolic process (3) c197894_g1 i3 splQ9XTGIINLGNI1_CAEEL Neuroligin-1 2.25 3.09
c202139_g6_il splQ60934IGRIK 1_MOUSE Glutamate receptor ionotropic, kainate 1 —1.94 1.75
c196434_g1_il splQ29C43INCASE_DROPS Neutral ceramidase 1.30 1.47
cl166616_gl_il  splP08928ILAMO_DROME Lamin Dm0 -1.93 1.38
c193016_gl_i2  splQ07327IROP_DROME Protein ROP -1.63 1.61
c193016_g3_il  splQ07327IROP_DROME Protein ROP -191 1.64
Biological Signaling (12) €95967_gl_il splP20905I5HT1R_DROME 5-hydroxytryptamine receptor 1 277 1.88
Pr(olcge)ss c200168_g6_i2  splP18172IDHGL_DROPS Glucose dehydrogenase [FAD, quinone] 1.76 175
c178668_gl_il splPOC6BSISVEP1_RAT Sushi, von Willebrand factor type A, EGF and pentraxin domain-containing protein 1 242 1.69
c200233_g4_i1  splQ9UP95IS12A4_HUMAN Solute carrier family 12 member 4 142 1.49
c192928_g6_i1  splQ967D7ITUTL_DROME Protein turtle 1.36 1.67
c200065_g3_i2  splQ9W4T4IPDE4A_DROME cAMP-specific 3',5'-cyclic phosphodiesterase, isoform I 2.18 293
c199453_g2 i2  splO35161ICELR1_MOUSE Cadherin EGF LAG seven-pass G-type receptor 1 1.67 1.50
c192443_gl1_il  splP36649ICUEO_ECOLI Multicopper oxidase CueO —1.80 1.39
Detoxification (4) (174517 ¢1 i1  splP31161ISODMI_CAEEL Superoxide dismutase [Mn] 1, mitochondrial 137 131
c181909_gl _il splQ9V4U9IC6A13_DROME Probable cytochrome P450 6al3 1.56 1.74
c201680_g3_il splP06715IGSHR_ECOLI Glutathione reductase -2.95 2.60
c166441_g2_i1  splQ7K4Y6IDAT_DROME Sodium-dependent dopamine transporter 245 1.83
Presynaptic process c196434_g1_il splQ29C43INCASE_DROPS Neutral ceramidase 1.30 1.47
involved in c193016_g3_il  splQ07327IROP_DROME Protein ROP -191 1.64
ng;nsﬁls;y;agic 91276_gl_il  splQIRON7ISYT7_MOUSE Synaptotagmin-7 180 138
Cellular c193016_gl1_i2  splQ07327IROP_DROME Protein ROP -1.63 1.61
component c197894_gl1_i3  splQIXTGIINLGNI1_CAEEL Neuroligin-1 225 3.09
11
(v c185170_gl_i6 splPO4058IACES_TETCEF Acetylcholinesterase 2.51 3.18
c278637_gl_il splQ6J5K9IARMI_DROME Probable RNA helicase armi -2.01 1.38
Synapse (5) c199711_g6_i3  splQ7KRY7ISCRIB_DROME Protein lap4 1.43 1.57
cl93131_g2_i2 splQ6AWA46IESTSA_MOUSE Carboxylesterase SA 1.60 2.38
c151947_gl_il spIB2DOJSIEST6_APIME Venom carboxylesterase-6 1.99 223

F&E YR cRE BET lhizxhTa
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(A) ”

Biological process

Log (FPKMﬂ)

€188202_g1_i1
€201680_g3_i1
€192443_g1_i1
€193016_g1_i2
€202139_g6_i1
€193016_g3_i1
c166616_g1_i1
€192928_g6_i1
€199453_g2_i2
€190335_g5_i1
€200233_g4_i1
€197894_g1_i3
c178668_g1_i1
€95967_g1_i1

€200168_g6_i2
€124517_g1_i1
c196434_q1_i1
€181909_g1_i1
€200065_g3_i2

(B) M

spl069777|PRX5_RHIET Peroxiredoxin
splP06715|GSHR_ECOLI Glutathione reductase
splP36649|CUEO_ECOLI Multicopper oxidase CueQ
splQ07327|ROP_DROME Protein ROP

splQ07327|ROP_DROME Protein ROP
splP08928|LAMO_DROME Lamin Dm0
splQ967D7[TUTL_DROME Protein turtle

splQ60934|GRIK1_MOUSE Glutamate receptor ionotropic, kainate 1

splO35161|CELR1_MOUSE Cadherin EGF LAG seven-pass G-type receptor 1

splPIWQBGIAHPC_MYCTO Alkyl hydroperoxide reductase C
splQIUPI5|S12A4_HUMAN Solute carrier family 12 member 4
splQIXTGINLGN1_CAEEL Neuroligin-1

—
splPOC6BB|SVEP1_RAT Sushi, von Willebrand factor type A
splP20905|5HT1R_DROME 5-hydroxytryptamine receptor 1
splP18172|DHGL_DROPS Glucose dehydrogenase [FAD, quinone]
splP31161|SODM1_CAEEL Sup de di [Mn] 1,
splQ29C43INCASE_DROPS Neutral ceramidase
splQIV4UIICEA13_DROME Probable cytochrome P450 6a13
splQIWA4T4|PDE4A_DROME cAMP-specific 3,5-cyclic phosphodiesterase

DINO

Cellular components

04 06 08 1
Log (FPKM+1)
c151947 _g1_i1 sp|B2D0JSESTE_APIME Venom carboxylesterase-6
€196434_g1_it splQ29C43NCASE_DROPS Neutral ceramidase
€199711_g6_i3 splQ7TKRY7|SCRIB_DROME Protein lap4

c193131_g2 2
¢197894_g1_i3
¢185170_g1_i6
91276 _g1_i1

c166441_g2_i1
€193016_g1_i2
c193016_g3_i1

€278637_g1_i1

splQEAW4E|ESTSA_MOUSE Carboxylesterase 5A
splQIXTG1INLGN1_CAEEL Neuroligin-1
sp|PO4058|ACES_TETCF Acetylcholinesterase
splQIRONT7|SYT7_MOUSE Synaptotagmin-7

splQ7K4YE|DAT_DROME Sodium-depend:

. SR
splQ07327|ROP_DROME Protein ROP
splQO7327|ROP_DROME Protein ROP

spIQEJSKIARMI_DROME Probable RNA helicase armi

CON DINO

Fig. 3. Heatmap analysis of pesticide resistance genes between dinotefuran non-exposed (‘CON’) and exposed (‘DINO’) honey bees from
Gene Ontology (GO) analysis. (A) Biological process and (B) Cellular components heatmap. The heatmap was generated using log Fragmented
per Kilobase of transcript per Million mapped reads (FPKM) values. The genes were selected from Table 2. The heatmap was created using the

R program (version 4.2.1) from the heatmap library.

b
=

I

O EHFo ASAE 259 HoflA Yz
2 84| (nAChRs)oll 51 A5t

£ A5 HlovRelols 4302 By

concentration 50, LCs0)2} 0.465 mg/L (LC10) 2 A 0]

FEGE HojFo], HluA 521 Edo| digt 548

7} Z1 5] Qe (Huang er al., 2021). 53], RNA-Seq %
< &35l CONT} DINOE W22 F 250,92870<] &

2} 9rz 3t DEG 42 5ol skl /st ol & W

30177HEPEE 151670, AAMA 1,50170)E Eshlth

(Figs. 1,2B).
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Table 4. Pesticide resistance-related genes in Apis mellifera following dinotefuran exposure from RNA-seq data

Group Gene Contig UniProt annotation Log: FC P:I\::ﬁe

c157609_g1_il splQ9VG17ICP304_DROME Probable cytochrome P450 304al 5.139430 0.001

cl173516_gl_il splP29981ICP4C1_BLADI Cytochrome P450 4C1 3.168583 0.010

c179765_g2_i2 splQ9VYY4IC4G15_DROME Cytochrome P450 4g15 3.928851 0.002
Cytochrome P450 (6) .

c181909_gl1 il splQ9V4U9IC6A13_DROME Probable cytochrome P450 6al3 2.947547 0.018

c198833_g10_i3 splQ9VGH1ICP315_DROME Cytochrome P450 315al 3473546 0.009

c201564_g4_il splQ964T2ICP9E2_BLAGE Cytochrome P450 9e2 7.651530 0.001

Phase 1(13) c151947_g1_il spIB2DOJSIEST6_APIME Venom carboxylesterase-6 3.969424 0.006
Carboxylesterase (2) .

c193131_g2_i2 splQ6AW46IESTSA_MOUSE Carboxylesterase SA 3.037427 0.004

c190440_g9_il6 splP19440IGGT1_HUMAN Glutathione hydrolase 1 proenzyme 2.298816 0.044

c190440_g9_il6 splP19440IGGT1_HUMAN Glutathione hydrolase 1 proenzyme 2.298816 0.044

Hydrolase (5) c195075_g2_i2 splQOSAM4IFAH2B_DANRE Fatty-acid amide hydrolase 2-B 4.365954 0.001

c196373_gl_il splQ28955INTAN1_PIG Protein N-terminal asparagine amidohydrolase 4.521453 0.007

c197245_g3_i3 splP48596IGCH1_DROME GTP cyclohydrolase 1 3.156234 0.002

Phase 11 (1) Sulfotransferase (1) c20437_gl _il splQ7L1SSICHST9_HUMAN Carbohydrate sulfotransferase 9 —3.419166 0.027

c173881_gl_il splP966051YDBJ_BACSU Uncharacterized ABC transporter ATP-binding protein YdbJ —5.257295 0.003

c185059_g3_il splQ68XW41Y041_RICTY Probable ABC transporter permease protein RT0041 —3.594526 0.027

Phase IT (6) ATP-binding cassette c193087_gl_il splQ8YDRSIY3107_BRUME Probable ABC transporter permease protein BMEII0107 —8.800892 0.001

transporter (6) c199639_gl_il splP545911'YHCG_BACSU Uncharacterized ABC transporter ATP-binding protein YhcG —3.542255 0.020

c201119_g1 il splA4N8VSIHPF_HAEI3 Putative metal ABC transporter substrate-binding protein HpF —7.454238 0.001

c201327_g2_i2 splP339821Y3926_AZOCS Probable ABC transporter ATP-binding protein AZC —2.805290 0.041
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Fig. 4. Validation of differentially expressed genes (DEGs) associ-
ated with pesticide resistance in Apis mellifera by gqRT-PCR, com-
paring fold change (FC) data from RNA-Seq. Gene expression was
compared between dinotefuran-exposed (‘DINO’) and non-exposed
(‘CON’) honey bees. Relative expression level of each DEG is pre-
sented as FC and relative gene expression is shown as ratio of them
per reference gene, RL32. Five genes were analyzed in this study: Per-
oxiredoxin (Prx), Glutamate receptor ionotropic, kainate 1 (iGlueR),
Multicopper oxidase (CueO), Cytochrome P450 6al3 (CYP450), and
Acetylcholinesterase (AChE). Each sample was analyzed in triplicate.

T} (Mclntosh et al., 2014; Tsvetkov et al., 2023). & A+2]
AAA] 24 Aol A HlcE|fate] kEE] EHoA 7
2] e} ] WSk CYP6al3, CYP4cl B CYP4gl5 472t
o] ¥radsfo] wol F7Iet ZA-& SIS 4 AN O™ (Fig. 4,
Table 4), o= B AHoA Y QUIAE oA A5
AE w2olotr] f1ol 2 oA e o=
Tt o]et 2 A= TR Y eYFELo|E A
do] Z2ElotYd (clothianidin) 5ofol &H T
H 5o Z2 QA (Leptinotarsa decemlineata)l| <l
% CYP6al3 X CYP4cl, CYP4gl5 52| 732t Edwko]
zpol7t Harx|o] B At Aite} F A5 T (Bouafoura
et al.,2022). £3|, CYP450 F32= 2£59] 52F A4
(Claudianos et al., 2006; Zhao et al., 2020; Vlogiannitis et
al., 2021)¥4F of 2} 3150 AN (Vatanparast et al.,
2020)2} FEIZ FA (Wu et al., 2020)0l % THolsto] AJe]
2o = uje Fagk-fxdAtolnt.
YR UAEHLo|EA Fo

S nAChRO|
4ot Glu S Foto] SEIEHE
AF=ZEe S 9] o 7]

FAISHA oA
= Ae=Z &HA Itk (willard and
Koochekpour, 2013). & A4 HicHFeho] 77 ko
Z ¥ AChE 57372 a2 3A F7VIAIRY, iGluR
Z] 1]-94 vy o Hh:ﬂ = Zjl—_/]k_ o]h l;_o]-x] Glu _0,] e
d5to] 2= g2 ¢
Zo=2 Helrh, oo T2 A
0 EH”'—O—E ey

HgHoz 2

T

FE| 110]_‘:_74] S
wlo] AFA ol o
(Samson-Robert et al., 2015).

Table 5. Gene list of highly changed Fragments per Kilobase of transcript per Million mapped reads (FPKM) values in differentially

expressed genes

FPKM
Contig Annotation FC

CON DINO
c183266_g4 _il XM_006565456 Apis mellifera phospholipase B1 30.44 227 723
¢192359_g7_i5 XM_006565955 Apis mellifera band 4.1-like protein 5 21.54 0.63 5.13
c201182_g5_il AB549723 Apis mellifera Hex110 mRNA for hexamerin 110 18.61 9.76 13.97
c185622_gl_il XM_006560148 Apis mellifera uncharacterized LOC100577541 17.58 445 8.57
c173565_g5_il DQ352806 Clostridium piliforme 16S ribosomal RNA 15.83 0.65 4.53
c200150_g2_i2 XR_412079 Apis mellifera uncharacterized LOC100578391 15.51 0.65 4.56
c150160_g1_il XM_026441747 Apis mellifera armadillo repeat-containing protein gudu —110.69 945 2.66
c198750_g3_il HM113178 Uncultured Rhizobiales bacterium clone SHOGS530 16S ribosomal RNA —80.06 12.16 5.84
c199079_gl1 _il KC790012 Lactobacillus mellis strain Hon2N benzyl alcohol dehydrogenase -17.09 5.36 1.27
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Cue09] 75-o= ARRLEE=AAE] (Tribolium casta-
neum)° A T8I YA Sol Brofsh= FAIAF=E, RNA T
 (RNA interference)S 53l F-42F a2 dr|Ho=2
AA D 735, Atk 0] FAae} o] Eol=Tt (Peng et
al.,2014). mERA, 2 A Aol A BHR1E CueO 2
o W Fae HiEH Rl 474 or 29 2

=
o] £ gaet ddso] 37t of2o] oA

Prx A= BAAF] 71 He5he ATetAE
gla T FARRE dHA Qo @4tA 2 o7
= 54 Aol ealet e E o] vkl Ao
ATk (Gertz et al., 2009). L2t Ramirez et al. (2017)°]] ©}
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A7} B 1%t (MacMillan et al., 2016). B8 G%2] 7
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