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Investigation of Voltage-Gated Sodium Channel Mutations
Associated with Pyrethroid Resistance in Galleria mellonella
Collected in Apiaries of Southern Regions in Korea

Wooju Jang' and Young Ho Kim"2*

'Department of Ecological Science, Kyungpook National University, Sangju 37224, Republic of Korea
ZDepartment of Vector Entomology, Kyungpook National University, Sangju 37224, Republic of Korea

m The Greater Wax Moth, Galleria mellonella, is a notable pest in apiculture. This moth feeds on
honey and damages colonies of honey bees by tunneling within the hive and destroying the comb.
In addition, previous studies have suggested its potential as a vector for pathogens that cause
honey bees diseases. Despite these risks, control measures against the G. mellonella are rarely
implemented in apiaries. Meanwhile, the pyrethroid acaricide tau-fluvalinate, widely used to
control Varroa destructor, an ectoparasitic mite of honey bees, is thought to be chronically exposed
to non-target organisms within the hive, particularly in G. mellonella. Therefore, this research
investigated the presence of resistance mutations in Voltage-Gated Sodium Channel [VGSC)
gene of G. mellonella considering the persistence of fluvalinate residues in beeswax. Thus, the
presence of resistance mutations was assessed using PCR-based assays. However, no mutations
that conferred resistance were detected. This result is likely due to low toxicity of fluvalinate toward
wax moths, as previous studies have shown that field concentrations of fluvalinate do not reach
levels sufficient to cause toxicity. In addition, amino acid substitution associated resistance in
VGSC reported in V. destructor is conserved among insects, implying a low susceptibility of G.
mellonella to pyrethroid pesticides. Furthermore, the life cycle and reproductive characteristics of
G. mellonella provide an explanation for the absence of resistance mutations in VGSC. In
conclusion, the physiological, genetic, and ecological characteristics of G. mellonella are consistent
with the absence of pyrethroids resistance associated mutations in VGSC observed in this study.

LGS Galleria mellonella, Voltage gated sodium channel, Resistance mutation, Fluvalinate, Non-
target toxicity

N B 2 AHA QJTh(Ellis et al., 2013; Kwadha et al., 2017). 24
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gt ofet, X E THE7] e ilohs A2 B A
| &435] 23}5kA] ESHES S} (Nielsen and Brister,
1979; Ellis et al., 2013). E3F BHP AL Bl o] 2

e wdohks g el viiAl = 28 4= Qi o 22t
[el]

ks

FZolA HEZ I (Traiyasut et al., 2016),
S YO 7)i= Nosema ceranae®} Nosema apisi=
AR TN HARRE-S L o712] ARt F4
oA A9 o] gelEl o] BHRAF o] A u}
e Aupoh= mi7iAl= 28 4 lthe 7HsAdol AlAl
S 1THOzgor et al., 2017; Ozgor, 2021). o] A ¥ EHR A
B2 Edof 21 7P A1 mE dovl= 2 s
O AT, = 9] g7l ml A= AgEtet wls) o] of
S FAIA AR 2152 Q) oA e Eo] ThE Yol A
4 Tof vt A= A FFEA] T (Tiirker et
al., 1993; Kwadha et al., 2017).

B U] Adlehs BURARLS e
Bos WAE fe A= FASol =52 &
55| o] Quof Fats) AWAE S5,
9 vfo] 2 A (Deformed Wing Virus)E "H7lot=
N (Varroa destructor) HAE £ E2 || E (Flu-
valinate)”} 9 2] AH&E]0] $H=t (Lee er al., 2004; Erban et
al., 2015; Jeong et al., 2016; Ramsey et al., 2019; Jack and
Ellis, 2021), °]= EEFAGHE ] SFL2H 0| E 47
E 7HsdS AR EFEEYelEE 218489 1
H A2 O] =A (Pyrethroids) A H| A2, &4 ARl Ato
FA M, v 9y S4 o= Qs 4 97 B Uil
oty B2k FAbE 4= Qlth(Wallner, 1999; Adamezyk
et al., 2010; Kast et al., 2021). TrehA] Dyl 22 Holg
Skl AR oy e SR E S
o|Eof A&EA 0 ® LEHS 7Fs/do] AlAHT. o
AR O|EA ASAE AFAEEES] Voltage-Gated Sodium
Channel (VGSC)= A&2 052 EdotAA 1179 -5
e frdohs oA, 71y RIgiE v 23t oS AlE
At AT, Solidt I E=7] BAE 1t AulAlE= Y
o] Z]E7kA] AF&E]o] gFth(Ray and Fry, 2006; Davies
et al., 2007; Nyoni et al., 2011; Gajendiran and Abraham,
2018). 12t A go|EA AFAle o4 At ARG
HHA EENRLT|E (Anopheles)Tt R 7145 (Culex)

%

56

O] K75 BT et siSellA A o7
AN S ™ (Liu et al., 2006a; Nyoni et al., 2011), 29t o]
gt 24 o5l gl WAE flsh Hlo]EZ}
A& o7 g met EE-gofoE A3 =4
Ho|7} = It (Liu ef al., 2006b; Hubert et al., 2014;
Gonzalez-Cabrera et al., 2016; Benito-Murcia et al., 2021).
=E-SoHollAE VSGC 372 M9ISL E 1ol E I
F L925V/M/I =AW o]t TA K| G T (Gonzélez-Cabrera
et al., 2013, 2018; Millan-Leiva et al., 2021; Vlogiannitis et
al., 2021; Benito-Murcia ef al., 2022), LHH] & ZZo A=
V410M, M918I, T9291, L932F, L1014F/H E¥1810]7} of
B0 7 BR[O (Park and Taylor, 1997; Park ef al.,
1997; Schuler et al., 1998; Sonoda et al., 2008; Hopkins
and Pietrantonio, 2010; Carvalho et al., 2013), 2.7 (Aedes

=
=7

aegypti, Anopheles sinensis, Culex pipiens), XV =7 (Aphis
gossypii), QI (Cimex luctularis) 5 TFHE 25014 VSGC
] 918, 925, 929, 1014, 1016HA] ofn|icAt A Eg 25t
2t opeket A =R o7E BALE T (Martinez-Torres
et al., 1999; Bass et al., 2004; Kim et al., 2007; Saavedra-
Rodriguez et al., 2007; Yoon et al., 2008; Carletto et al., 2010;
Marshall et al., 2012; Wang e al., 2012). S o] 2 QIgH 4
SA A IR o2t shEARE, ejn] o] FEES
W3}, SuPE T ohget aglEo] 2Fol AFACl !
o 282 FSHA7IE WAl 71ofske Aer & deA
QI (Zhang et al., 2022; Krewing et al., 2024). 3528
o= 5484dS A A wEgAdo] =o]= Cytochrome
P450 (Nauen et al., 2022), AY3Hel A7)t Akl 457
o] 28-S "WolS5h= Glutathione S-transferase2} Uridine
5'-diphospho-glucuronosyltransferase (Vontas et al., 2001;
Cheng et al., 2021), =S R 2 viEsh= 28-S
Sk= ATP-binding cassette®} 22 sll5a4E0] Tttt
(Epis et al.,2014). T 7|18 o] 2| F 02 A5 <1
£ Bl 542 Uehlis f710AY mAago| e
5] 2-8/9 AZFA|9] Z--(Lovell, 1963; Lin et al., 2012),
A =53 Aol F7% & hEolv= 7
Ale 287 942 AR dFA0 TS darz]aL
Eo AL Uehd A5Al0l e Wde deg
Al 4= QT (Ahmad et al., 2006; Cai et al., 2024). BqF o}
Yet, 252 ASAE yste WS 53 ASA

L=Ed 7Fsde AaAPI7IE s, A Aol Higt A

ol o
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BHBAHL X3S EGHO|
P Q7Y Gl HIIS0lA ASAIZE A Ha HlE 2330 o)) thE dfjFolA] FeA o= gt =
£ HuE Slpet HIgAIZko] A FdWolrt 2l A ARolE Z3Fs VGSCO MI18, 1925, T929, L1014E
AEot o Hol ey, dFAo] rE 5] o2 dH T} EHERYG LTS EF Yo Eo] Hitt A &<
ASA7T B R Lol A vl U (Plutella xylostella)S] Hol 31 QX2 AAst¥ Tt TS National Center for

AFeEol dashs 5 ASA7E e FAE 2l9ste
Eofl ASAl &= 7185 B AE| =
R} (Nansen et al., 2016; He et al., 2019).

ASAE AxEA o] B BAYE 99| BluAgE]
S WA ¢ Ao ST o2 HEH | FAE B
Fofr] o] & U QU FE| o] = A A5A] ] H]
7] (Anopheles coluzzii)®] 735, Hl's A&7 ol
A2 olA AHE MAENA | =2 A4
H]-8-0] &2l & ¢l tt (Mouhamadou ef al., 2019). T+ HEY
(Methomyl)<> & @ERF of 2} ZAA = S HAIE 9
3 F2 AFEEe AEA R, AutE] (Musca domestica)y= 2
AR A Hi/de] o x|qt A| 9] ofe]of A A H F
o7t M EE ] EA7|A] 952 Aol AbE A

il

]

o

B} gul] =2 9he2| AV (LDso) & UEH ASAlel =&
2 4 Sle 2 v BAAES] A dE AvE o
o]

NS AAFRITH(Desaeger et al., 2011; Khan, 2024).
ol2gt M2 efotd, EHRANYL-S EH-Zof
off AFgE o] & EF I Y|o|Eo] tigt H|®AAY
, 5 A7 ERt B Uil SAE S5
O|Eof &Aoo 7 L EEo] Aol AEPS
QI (Kwadha et al., 2017; Boaventura et al., 2020). =14
2 dAFoME =l FFAS ol AHE EEF
A2 S 2 VGSC F3a2ke] Ad S wio] T

o o8 2As

2008; Yoon et al., 2008; Carletto et al., 2010; Marshall et al.,
2012; Wang et al., 2012; Carvalho et al., 2013; Gonzalez-

Cabrera et al., 2013; Benito-Murcia ef al., 2022). 1% &
ool A et EdRiolE 42 AAsHa, v

Biotechnology Information (NCBD)°]| 71719 EHEAf L}
1o vsGeoll thgh o] ke AH(XP_052752141.1)7 mRNA
(XM_052896181.1) A E= T 559 UH|E 253 H|
wal 7+ A o] $HO D glotqlnt. #
Tk ofyat E-gofl vGscel 7HAd (AY259834.1) A
A (KF771992.1, KY584080.1) A3} vl w sl SF4te]
Yo|E kE& QIe A EdRIo] 312 AdS g}l
SkQITh. o]} tlEo] EE-ZoflollA vGSCe| 17701 ot
LAto] F41 (Leucine)olA] Z-E (Proline) 0.2 A==
L1770P A/ EARo|7} AP L-E v]R3L o
2 ZZo)A TEF o7 HEL ] ZARthe AT Ax}
05 (Liu et al., 2006b), NCBIO| 552 EH P
HES- U] 25) B8 (A. mellifera), =323 2] (Drosophila
melanogaster), NP (Bombyx mori), AT (M. dome-
stica)®] oF At S EE-gof ] L1770 ob]leA4t A

3} st

S i

2, BHEMELLY M X DNA =5

20244 695 20259 887HA] 117 A|Gof] 2ATH=
1371 ol A EHREAF TS AT (Fig. 1).
EHEAA YUY B yiel A4S 7oy = f%
4%, £33t Ao Hd71E At o™ A3 (ST) A
NAE 75, Hdl7], 459 R AETA Q] MEo] A
AT, FL(CW), 5HF5B (HD B), I5A(YS A) FE4
M= F3I HH7IE, 1 2] AFoA= §-57te] AHH
=] 2Uch(Table 1). A3 & SA] Egfoloto] A7} Gli= ofo]
2HpAof Bt 3 A@Ho4 DNA & %714] —80°C
2 FAEE 242 Y5 I (Deepfreezer) (PHCbi, Tokyo,
Japan)©ll E¥SISTt. 57RA] o4 AP H A== 1011,
ke eutd], shsA 292 8ute]lE &3 (Pooling)dll Al
o W EEEAAF A A3 EAH)7 EAfot=

gRlIglom, Alg7t 574 ootz AP E A2 A
A 2] Zgket A SRl e &1 9laf ZHz}
(Individual) DNAE FZ3Ith. DNA %2 DNA blood
and tissue kit (Qiagen, Hilden, Germany)E AFH8-3ll A=At

e edo] wret A AIShAC,
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Fig. 1. Geographic regions where the Greater Wax Moth (Galleria mellonella) was collected. An overview of the collection regions is shown,
with Gyeongsangbuk-do indicated in blue, Gyeongsangnam-do in green, and Jeollanam-do in red (A). The collection site in Gyeongsangbuk-do
was Sangju (B). Collection sites in Gyeongsangnam-do included Gimhae, Gijang, Miryang, Jinju, Changwon, and Hadong; samples from
Hadong were collected at two locations (Hadong A and Hadong B) (C). Collection sites in Jeollanam-do included Goheung, Boseong, Suncheon,
and Yeosu; samples from Yeosu were collected at two locations (Yeosu A and Yeosu B) (D).

Table 1. Regions, locations, and developmental stages of the Greater Wax Moth (Galleria mellonella) collected

Region DMS (Degrees, Minutes, Seconds) location Sample stage

Gyeongsangbuk-do Sangju (SJ) 36°22'45.54"N 128°08'50.23"E Larva, Pupa, Adult

Gimhae (GH) 35°15'12.48"N 128°55'52.14"E Larva

Miryang (MY) 35°29'03.74"N 128°46'06.98"E Larva

Jinju (JJ) 35°07'53.86"N 128°00'55.55"E Larva
Gyeongsangnam-do Changwon (CW) 35°12'01.34"N 128°39'32.46"E Larva, Pupa

Hadong (HD) A 35°11'38.13"N 127°42'38.10"E Larva

Hadong (HD) B 35°10'04.15"N 127°41'53.83"E Larva, Pupa

Gijang (GJ) 35°17'32.06"N 129°09'50.20"E Larva

Goheung (GH) 34°38'57.08"N 127°24'51.59"E Larva

Boseong (BS) 34°45'44 59"N 127°09'36.93"E Larva
Jeollanam-do Suncheon (SC) 34°57'32.49"N 127°30'35.60"E Larva

Yeosu (YS) A 34°44'38.09"N 127°38'32.78"E Larva, Pupa

Yeosu(YS) B 34°38'49.87"N 127°44'05 47"E Larva

3. PCR (Polymerase Chain Reaction) % MEEM

A Edo] 2elS 918 M918-T9299t L1014 F
T gt primer NIEE W& TARISHIT (Fig. 2).
T MES] primer®] thet FEE Table 2& F3ll AA5H
t}. PCROJ:= WizPure™ Taq DNA Polymerase PCR (Wiz-

biosolutions, Sungnam, Korea) 7| EE AF8-5151.2 4, PCR
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reaction®]l= Taq DNA polymerase 0.2 pL, 10 X PCR buffer
2 pL, dNTP mix 1.6 pL, DNA template 2 pL (200 ng),
nuclease water 10.2 uL, forward, reverse primer 2+ 2 uL4
Ztste] RS PCR M 0=, M918-T929 A E<
PCRS}7| 914 primer set AE AF&3HE @ 95°COlA] 5+
(Predenature), 95°COllA] 302 (Denaturation), 56°C°1 4] 30
Z (Annealing), 72°COllA4] 30 (Extension), 72°Coll A 5&
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Fig. 2. Schematic map illustrating the Voltage-Gated Sodium Channel structure of Galleria mellonella from M918 to L1014. The target mu-
tation sites are distributed across two exons. Exon 1 contains three mutation sites (M918, .925, and T929), whereas L1014 is in exon 2. Based
on this exon distribution, two sets of primers were designed in this study.

Table 2. PCR primers used to assess resistance-associated mutations in the Voltage-Gated Sodium Channel (VGSC) of Galleria mellonella

Primers Sequence (5" to 3) Size (bp) GC (%) Tm (°C) Size of amplificons
Set A* Forward CTGGCTAAATCTTGGCCG 18 56 60.6
721 bp
(M918-T929) Reverse CCCATCACAGCGAATATGAA 20 45 60.4
Set B* Forward CACAGACTTTATGCACAGCT 20 45 60.7 114b
(L1014) Reverse GAGAGCAACAGAGCTAAGAA 20 45 59.6 P

*Primer set A was used to amplify the VGSC region spanning M918 to T929, whereas *primer set B was used to amplify the L1014 region.

(Final extension)2. 2 FW &} 0™ denaturationFH
extension<= 35%] WFESIITE L1014 A E<
set BE AH8T Tji= extension A7 1'EC.2 AXotA
ow 1 9] 2712 FUs} PCR ©]F QIAquick PCR
Purification Kit (Qiagen, Hilden, Germany)E A8l A

SR, QuickDrop 33| (Molecular Devices, San
Jose, CA, USA)E A8 & 4% & PCRO| AHE-
H AT} 5Lt primer= Macrogen, Inc (Sejong, Korea)©ll
A1 DNA 9714 G412 X gst3ict.

1=t primer

Y

1}

1. BERNIELHY Ho|ZEY LIEEX'E M2 Bl 24

E-3lo] vGsc EaRo] B FE 2o
LA mRNA A 24 NCBIOY| 71A41E Ed 2y
23t o W= A= Bl w et A3 (Figs. 3, 4), MI18,
T929, L1014 =] WA 23 9] mRNA A gol U5t

F]'F

oju

Al 2T (M918: ATG, T929: ACC, L1014: CTT), L923
A ae| B¢ EEFANTUL S 2 Al F(G. mellonella,
Helicoverpa zea, Spodoptera frugiperda)I| A TTA, TF= Al
Z(Achroia grisella, B. mori, Spodoptera litura)°| Al TTG
At (Fig. 3). 124 o] 59| ofu] At A hofl= #2brt §L
AUtk (Fig. 4). o1& BH-GNO| A=A, A AE7 ]
Wt Ayt A A G o] 749 MI18-2 ATG, T929+= ACC
2 Zpol7k /1AL, 19259k L1014°] 77 F714 €e] CTG
= GEHRAE ofn| At A Hefli= 2ol 7t {131 (Figs. 3,
4). 2 1925V A AL B¢ A7 82 TG}
GTGE, oAt A E2 FAlo] e (Valine) 22 H5]
AR HuE 2 SRl deld 4= et
(Figs. 3,4).

a3 B8l vGscel L1770P AP =

HEAYUTS B O 2559 A} R

‘IH %”e*%oﬂoﬂ/ﬂ% %"JP_E LPE’rUrh O}UIEE*J A go] &

El:,— E%%gfa UrE‘rUr—t— ﬁ% %“ﬂ?;} # AN E}(Flg 5).
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GGCCAAGTCATGGCCGACGCTTAATCTACTCATATCTATAATGGGTAGGACGATGGGAGCTTTGGGGAACCTGACCTTTGTATTGTGCATCATTATTTTC Majority
T T T T T T T T T T

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700
4 1
GTAGGACIS@TGGGAGC A I ' Galleria melfonella
GTAGGACGETGGGAGC! ! ] Helicoverpa zea

GTAGGACGETGGGAGC : I h Spodoptera frugiperda
o) YGTATTGTGCATCATTATTTTC Spodoptera litura
GTAGGACBATGGEAGC h IGTATTGTGCATCATTATTTTC Achroia grisella

2 JGTATTGTGCATCATTATTTTC Bombyx mori

GG GTCATGGCCGA TTAATHTACTCAT@T:!
GG GTCATGGCCGA TTAATMTACTCAT@TCTAT

GG GTCATGGCCGACMCTTAATWTACTCAT
TGTETT A TTC  Varroa destructor (Susceptible)
TGTETT TTC  Varroa destructor (L925 resistance mutation)

CCAAGTCATGGC! TCTAC TATCTA'
IZCCAAGTCATGGCj il::TCTAC:tiTATCTA
1 1 1
M918 L925 T929

CTTCCTGGCCACCGTCGTTATTGGCAATCTTGTGGTACTCAACCTCTTCTTGGCCCTGTTGCTGTCCAATTTTGGTTCATCGAGCTTATCA-ACACCAAC Majority
T T T T T T T T T T

3910 3920 3930 3940 3950 3960 3970 3980 3990 4000

ITTCCTGGCCAC'G_’IIGTTATT ‘ CCTCTTCTTECTGTTGCIIICCAATT STICATOGAGCTTATCAAQCRRC Galeria melonela
crrdireccfaccercs ‘ CCTRTTCTTGGCCCTGTT CTGT(iAATT TCATCGA 18 f§-ACACCEAC Helicoverpa zea
CTTCCTGG T TGGTACTCAACCTCTTCTTGGCCCTGIT CTG'I‘CCAATTTTG TCATCGAGTTATCA-ACACCAAC  Spodoptera frugiperda
CTTCCTGG TCG TdTGGTACTCARCCTCTTCTTGGCCCTGTTRCTGTCCARTTTTGGTTCATCGAGHT TATCA-ACACCAAC  Spodoptera fitura

’I‘TCC’I'GCCA 1 'TGGTAC;I::ECTCTTCT dcrermgercrecrarrifcdreardgacertardg-adicdiac Achroia griseiia

"GCIACCGTCGTTA TGGTAC ICTCTTCTTRGCCCTGTTGC CCAATTTTGGTT;’ACGAGCTTATCA— ICCAAC  Bombyx mori

C'I‘ c GCCACCGTCGTTATTGGC :Ii’I’ACTCAACCTCT:‘TTGGCCCTGTTGC TG j:lj:l'rc ccﬂ
TC cc

CT C IGCCACCGTCGTTATTGGC TACTCAACCTCTTYTTGGCCCTGTTGC TTTG

IGACGA' GGAGC
IGACGATRGGAGCH

Varroa destructor (Susceptible)
Varroa destructor (L925 resistance mutation)

|
L1014

Fig. 3. Alignment of Voltage-Gated Sodium Channel DNA sequences across six lepidopteran species, including Galleria mellonella, with com-
parison to susceptible and resistant variants of Varroa destructor. Target resistance-associated mutation regions are indicated by black boxes
and arrows. In G. mellonella, the corresponding codons are ATG for M918, TTA for L925, ACC for T929, and CTT for L1014. In susceptible V.
destructor, the TTG codon at .925 and the CTT codon at L.1014 are substituted by CTG; however, these substitutions are synonymous and do not
alter the encoded amino acids. In contrast, the L925 resistance mutation involves a CTG-to-GTG substitution, resulting in a nonsynonymous
amino acid change from leucine to valine.

DKDMEKALKSGNYFFTATFGIEATLKLVAMSPKFYFQEGWNIFDFI IVALSLLELGLEGVQGLSVLRSFRLLRVFKLAKSWPALNLL ISIMGRTVGALGN Majority
T T T T T T T T

910 920 930 940 950 960 970 980 990 1000

1 1 1
aDMEKALKSGNYFFTATFGIEATLKLIAMS PKIYFQEGWNI FDFI IVALSLLELGLEGVQGLSVLRSFRLLRVFKLAKSWPALN IS Galleria mellonella
DKDM.E!ALKSGNYFFTATFGIE LKLVAMSPKFYFQEGWNIFDFIIVALSLLELGLEGVQGLSVLRSFRLLRVFKLAKSWPALNIMIS
DKDMEKALKSGNYFFTATFGIEARSLKLVAMSPKFYFQEGWNIFDFIIVALSLLELGLEGVQGLSVLRSFRLLRVFKLAKSWPALNIMIS
DKDMEKALKSGNYFFTATFGIEASLKLVAMSPKFYFQEGWNIFDFIIVALSLLELGLEGVQGLSVLRSFRLLRVFKLAKSWPEMLNLLIS
liDM.EKALKSGNYFFTATFGIEATLKLVAMSP MYFOEGWNIFDFIIVALSLLELGLEGVQGLSVLRSFRLLRVFKLAKSWESLNLLIS
{YFQEGWNIFDFI IVALSLLELGLE‘.GVQGLSVLRSFRLLRVFKLAKSWPALNL'I S

EGWNIFDFIIVALSLLELGLEGVQGLSVLRSFRLLRVFKLAKSWEMLNLLIS
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1 1 1 1 1 1 1 1 1 1

[VLCIIIFI FAVMGMQLFGKNYTDYVDRFPIGDLPRWNFTDFMHS FMIVFRVLCGEWIESMWDCMLVGDVSCIPFFLATVVIGELYVLNLFLALLLSN Galleria mellonella
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[VLEIIIFIFAVMGMQLFGKN F PRWNFEDFMHSFMIVFRVLCGEWIESMWDCI IPFFLATVVIGELYVLNLFLALLL: Varroa destructor (L925 resistance mutation)

1929 L1014

=]

Fig. 4. Alignment of Voltage-Gated Sodium Channel amino acid sequences across six lepidopteran species, including Galleria mellonella,
with comparison to susceptible and resistant variants of Varroa destructor. Target resistance-associated mutation regions are indicated by black
boxes and arrows. The L925 resistance mutation in V. destructor results in a leucine-to-valine substitution.
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T T
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1719 GVIIDNFNEQKKKAGGSLEMFMTEDQKKYYIAMKKMGSKKPIKAIPRP IV TR DL TRANRIVIIDU 280 T8 IBNG TVISAME FIJESTIER Varroa destructor (Susceptible)
1524 GVIIDNFNEQKKKAGGSLEMFMTEDQKKYYNAMKKMGSKKPLKAIPRPRWRPQAIVFEIVTDKKFDMIIMLFIGLNMLTMTLDHYQOMSTFSIBVLDYLNM Apis mellifera
1587 GVIIDNFNEQKKKAGGSLEMFMTEDQKKYYNAMKKMGSKKPLKAT PRPI PQAIVFEIVTDKKFDMIIMLFIGLNMLTMTLDHYQQSDTFSMVLDYLNM  Galleria mellonella
1564 GVIIDNFNEQKKKAGGSLEMFMTEDQKKYYNAMKKMGSKKPLKAIPRPRWRPQAIVFEIVTDKKFDMIIMLFIGLNMYTMTL! EA) L[iL Musca domestica
1557 GVIIDNFNEQKKKAGGSLEMFMTEDQKKYYNAMKKMGSKKPLKAIPRPRWRPQATVFEIVTDKKFDMI IMLFIGLNMTMTL! A VLDYL! Drosophilamelanogaster
1571 GVIIDNFNEQKKKAGGSLEMFMTEDQKKYYNAMKKMGSKKPLKAIPRPRWRPQAIVFEIVTDKKFDMI IMLFIGLNMLTMTLDHYQQSITFSAVLDYLNM Bombyx mori

1

Fig. 5. Alignment of Voltage-Gated Sodium Channel (VGSC) amino acid sequences from Varroa destructor and insects, including Galleria
mellonella. The leucine (L) at position 1770 in the VGSC of V. destructor is substituted by proline (P) in resistant variants and is conserved
as leucine in insects (black box). The L1770P mutation is known to contribute to fluvalinate resistance in V. destructor.
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Fig. 6. Sequencing results of the M918 site in the Voltage-Gated Sodium Channel of Galleria mellonella. The wild-type codon at M918 was

ATG, and no resistance-associated mutations were detected.
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Fig. 7. Sequencing results of the L.925 site in the Voltage-Gated Sodium Channel of Galleria mellonella. The wild-type codon at L925 was

TTA, and no resistance-associated mutations were detected.
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Fig. 8. Sequencing results of the T929 site in the Voltage-Gated Sodium Channel of Galleria mellonella. The wild-type codon at T929 was
ACC. Minor peak variations were observed at the wobble position; however, these did not result in any amino acid substitutions.
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Fig. 9. Sequencing results of the L1014 site in the Voltage-Gated Sodium Channel of Galleria mellonella. The wild-type codon at L1014 was

CTT, and no resistance-associated mutations were detected.
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