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A field-collected Aphis gossypii clone [Kushima resistant (KR) clone] was resistant to neonicotinoid insecticides (23.8- to
394-fold). RNA-seq and next-generation sequence analyses were conducted to identify nine cytochrome P450 (CYP) genes that
were significantly upregulated in the KR clone as compared with those in the insecticide-susceptible clone. A. gossypii P450s
were transiently and efficiently expressed in S2 cell to show that CYP6CY22 (c21228) and CYP6CY13 (c21368), which were
the most upregulated of the nine P450s in the KR clone, did not degrade sulfoxaflor, a new class of insecticides acting on insect
nAChRs, but markedly metabolized all of the neonicotinoids tested. Hence, P450s are likely to underpin neonicotinoid resistance
in other aphids as well in the future, and the P450 expression protocol established here will prompt studies on P450-medidated
insecticide resistance and structural analyses of relevant metabolites. © Pesticide Science Society of Japan
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Introduction

The cotton aphid (Aphis gossypii) is an important sucking pest
that causes severe crop losses in fields and greenhouses. Neo-
nicotinoid insecticides (Fig. 1), which achieve excellent control
of A. gossypii, target nicotinic acetylcholine (ACh) receptors
(nAChRs) of insects.!™® Resistance to neonicotinoid insecti-
cides has developed relatively slowly; however, it is recognized
as an important issue,” particularly because of the resistance of
numerous species such as whiteflies (Bemisia tabaci and Trial-
eurodes vaporariorum),>” brown planthoppers (Nilaparvata lu-
gens),®) Colorado potato beetles (Leptinotarsa decemlineata),”
and western flower thrips (Frankliniella occidentalis).'” Resis-
tance to neonicotinoid insecticides is attributed in some cases
to mutations in nAChRs or to increased rates of insecticide de-
toxification. Target-site insensitivity occurs in field-caught peach
potato aphids (Myzus persicae) and A. gossypii.''? These aphids
harbor a point mutation (R81T) in the loop D region of the
nAChR f1 subunit. Moreover, numerous studies indicate that
R81 within this loop is a key determinant required for the bind-
ing of neonicotinoid insecticides to nAChRs.!3~1%
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In most cases, cytochrome P450-mediated detoxification
plays a primary role in the resistance to insecticides of diverse
insects.”!*1”) Cytochrome P450 (CYP) occurs widely in nature
and plays roles in many biological processes, such as hormone
synthesis and the metabolism of xenobiotics. In insects, P450
is implicated in resistance to insecticides through the degrada-
tion of these foreign compounds to more soluble and less toxic
forms.'” This is accomplished via an increase in P450 expression
or structural changes that may alter substrate-specificity profiles
or catalytic activities.!®-2%)

We previously characterized a field-isolated A. gossypii
[Kushima resistant (KR) clone] that is resistant to nicotinoid
insecticides (23.8- to 394-fold) conferred by the nAChR f1
subunit R81T mutation.!? Further, piperonyl butoxide (PBO)
pretreatment reduces LCs, values of neonicotinoid insecticides
through synergizing with acetamiprid and imidacloprid (syn-
ergistic factors=3.6 and 6.0, respectively). Therefore, we used
next-generation sequencing (NGS) to identify P450 family
members involved in the metabolism of neonicotinoid insec-
ticides. Further, we molecularly cloned P450 cDNAs of A. gos-
sypii KR clone and expressed. The functional recombinant P450s
provide further evidence of the involvement of P450s in the me-
tabolism of neonicotinoid insecticides.

Materials and Methods

1. Insects
KR and Miyazaki susceptible (MS) clones were collected from a
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Fig. 1. Structure of acetamiprid, other neonicotinoids, and sulfoxaflor.

green pepper and a cucumber, respectively, in Miyazaki Prefec-
ture, Japan, in 2012.2% The Nippon soda susceptible clone (NS
clone) has been maintained since 1993 at the Odawara Research
Center, Nippon Soda Co., Ltd. (Odawara, Kanagawa, Japan).
These clones were reared on cucumber seedlings at 25°C and
60% relative humidity under a 16:8-hr light:dark photoperiod in
the absence of insecticides.

2. Chemicals

Acetamiprid and other neonicotinoids were synthesized at the
Odawara Research Center. The purities of the test compounds
(Fig. 1) were >99%.

3. RNA-seq and data analysis
Aphids were treated with acetamiprid (0.08 ppm for susceptible
NS and MS clones and 5ppm for the KR clone) or vehicle.!?)
Three biological replicates were performed using each condi-
tion. Total RNA of each biological replicate was extracted from
the bodies of 10-15 wingless, viviparous females using TRizol
reagent (Thermo Fisher Scientific K.K., Tokyo, Japan) and an
RNeasy Mini Kit (QIAGEN K.K., Tokyo, Japan), in accordance
with the manufacturer’s instructions.

cDNA libraries were prepared from the total RNAs and nu-
cleotide sequencing using an Illumina HiSeq 2000 sequencer
(paired-end, 101bp) by Macrogen Japan Corp. (Kyoto, Japan).
RNA-seq raw reads of each replicate were filtered using Trim-
momatic.2” The filtered reads of the KR clone were merged and
assembled de novo using Trinity.?® The contigs were used as ref-
erence transcript sequences for further analysis. Each contig was
annotated with a description of the top protein hit in the NCBI
nr database using Blastx (e-value threshold: 1e7%). Coding se-

quence (CDS) prediction was performed using TransDecoder
bundled with Trinity, and the predicted CDSs were annotated
with a description of the homologous domains of the Pfam pro-
tein family database acquired using an HMMERS3 search.?”)

The sequences of genes involved in insecticide resistance,
such as those that encode detoxification enzymes (cytochrome
P450s, glutathione S-transferases [GSTs], and carboxylesterases
[COEs]), were identified according to the results of the Blastx
and HMMERS3 searches. For each sample, expression levels (tag
count and TMM-normalized FPKM) of all genes (Trinity com-
ponents) of the three replicates were calculated by aligning the
filtered reads to the reference sequences using align_and_esti-
mate_abundance.pl and abundance_estimates_to_matrix.pl
bundled with Trinity. Differentially expressed gene (DEG) anal-
ysis of each susceptible and resistant clone was performed using
iDEGES/edgeR, which is a statistical DEG analysis method that
employs the tag counts of the two groups of RNA-seq data (three
biological replicates for each group).?® Threshold values for
identifying DEGs were a false discovery rate (FDR) of 0.05 and a
fold change =2. The raw RNA-seq reads of the six samples were
deposited in the DDBJ under accession number DRA005446.

4. Isolation of cDNA clones encoding A. gossypii P450s

Total RNA was isolated from adult aphids using ISOGEN and
Spin Columns (Nippon Gene Co., Ltd., Tokyo, Japan), in ac-
cordance with the manufacturer’s instructions. First-strand
c¢DNA was synthesized from total RNA using the Transcrip-
tor First Strand cDNA Synthesis Kit (Roche Diagnostics K.K,,
Tokyo, Japan) with oligo-dT primers. PCR amplification was
performed using KOD -Plus- Neo polymerase (TOYOBO Bio-
Technology Co., Ltd., Osaka, Japan) and gene-specific primers
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as follows: c21228_g1-F (5'-ATA GGT ACCCAA AAT GAT ATC
GTATCT GACCAACTT GT-3'), c21228_gl1-R (5'-ATA GGG
CCCATGTTCAAT GAT CGGTCTAAATT-3"), c21368_gl-F
(5"-ATA GAATTC CAA AAT GAT TTC GTG GAC GAT CGA
TTG-3'), and c21368_gl-R (5'-ATA GGG CCCAACCGCAAC
GACTGGCTTTAGAC-3"). PCR amplification was performed
using the following cycling conditions: 2min at 94°C, fol-
lowed by 35 cycles for 10sec at 98°C and 50sec at 68°C. Am-
plicons of the c21228_gl gene were digested with KpnI and
Apal, and those of the c21368_gl gene were digested using
EcoRI and Apal. Amplicons of the expected sizes were puri-
fied using the QIAquick Gel Extraction Kit (QIAGEN). Puri-
fied amplicons were ligated to the pAc5.1(+) vector (Thermo
Fisher Scientific K.K., Tokyo, Japan). Each ¢cDNA clone was
sequenced using the BigDye Terminator V3.1 Cycle Sequenc-
ing Kit (Applied Biosystems, Foster City, CA, USA). The se-
quences were confirmed using the following primers: pAc5.1-
F (5'-ACACAAAGCCGCTCCATCAG-3'), c21228_gl-S1
(5'-TTCGTACTT CACCGA CCACG-3") and ¢21228_gl-S2
(5"-TGCAGG CGC GTAAAGAAT TG-3') for c21228_gl, and
c21368_g1-S1 (5'-AAGACTTTG CGCACT TCA CG-3") and
c21368_gl-S2 (5'-GGA ACGATGTGG CACAAA CA-3") for
21368_gl.

5. Expression of A. gossypii P450 and metabolic studies
Drosophila melanogaster S2 cells were maintained at 28°C in a
T-75 flask in Insectagro DS2 medium (Corning Inc., Corning,
NY, USA) supplemented with 4mM Ala-Glu (Sigma-Aldrich,
Tokyo, Japan). The transient expression of A. gossypii P450 was
performed using S2 cells seeded 24 hr before transfection in six-
well plates (8X10° cells per well) incubated at 28°C. The trans-
fection mixture in each well contained 3.6 ug of A. gossypii P450
DNA, 0.4ug of D. melanogaster NADPH-cytochrome P450 re-
ductase (CPR), and 4uL of X-tremeGENE HP DNA Transfec-
tion Reagent (Roche Diagnostics K.K., Tokyo, Japan) in a final
volume of 100 4L of Insectagro DS2 medium. D. melanogaster
CPR (GenBank accession number Q27597) was synthesized by
FASMAC (Kanagawa, Japan) and inserted into the pAc5.1 vec-
tor.

The medium was exchanged with serum-free CYP expres-
sion medium (supplemented with 0.1 mM ferric citrate, 0.1 mM
5-aminolevulinic acid, and 4mM Ala-Glu in Insectagro DS2
medium) 6hr after transfection. Next, the medium was ex-
changed with 2mL of CYP expression medium 48 hr after trans-
fection; test compounds (35uL each) were added to a well and
then sampled immediately (0hr) and 72hr later. All incubations
were performed at 28°C. Test compounds were dissolved in di-
methyl sulfoxide to prepare a 40,000 ppm stock, which was then
diluted to 400 ppm with phosphate-buffered saline (final con-
centration=7 ppm).

After incubation, samples from the wells were transferred
to 15-mL centrifuge tubes and diluted with an equal volume
of acetonitrile (final volume 2mL). The samples were vortexed
for 10sec, centrifuged at 14,000Xg for 5min at room temper-

ature, and then filtered through a 0.45-um filter. The extracts
were analyzed using high-performance liquid chromatography
(HPLC) (Shimadzu LC20A system; Shimadzu Corporation,
Kyoto, Japan) with an Inertsil ODS-5, 150X4.6 mm, 5-ym parti-
cle column (GL Sciences Inc., Tokyo, Japan), with UV detection
at 254nm. Samples were separated using gradient elution with
a mobile phase comprising 0.1% (v/v) formic acid, 5mM am-
monium acetate in HPLC-grade water, and methanol at 1.0mL/
min for 40 min. The gradient elution conditions were as follows:
0 min methanol:water 10:90, 10 min methanol:water 10:90,
30 min methanol:water 70:30, 32 min methanol:water 10:90,
and 40 min methanol: water 10:90. The injection volume was
25 uL. Each well of a six-well plate was analyzed three times.
Electrospray-ionization mass spectrometry (ESI-LC-MS
spectra) was performed using a TSQ Vantage (Thermo Fisher
Scientific K.K., Tokyo, Japan) operated in positive-ion mode.
High-purity nitrogen (450°C) was used as the sheath gas, and
argon served as the collision gas. After 72hr incubation, poten-
tial metabolites of acetamiprid and imidacloprid were analyzed
using LC-MS, as indicated by the detection of extracted ions of
the parents (223+ for acetamiprid and 256+ for imidacloprid)
and metabolites (209+ for acetamiprid and 272+ for imidaclo-
prid). Separation was performed using an Inertsil ODS-5 col-
umn (150X2.1 mm, 5-ym-diameter particle) and a gradient

Table 1. The number of RNA-seq paired-end reads acquired for the
three A. gossypii clones (NS, MS, and KR)

No. of RNA-seq paired-end reads”

Sample ID® Replicate ID

Raw Filtered Mapped to

reference

NS (N) repl 36,807,970 29,952,366 23,732,526
rep2 36,718,120 29,131,314 23,566,250

rep3 36,417,536 29,158,596 23,333,644

NS (T) repl 33,581,112 27,099,350 22,090,390
rep2 34,283,634 27,316,198 22,119,944

rep3 37,757,450 30,506,432 23,567,262

MS (N) repl 38,883,482 30,185,406 26,480,438
rep2 30,302,292 23,917,022 20,556,194

rep3 32,049,156 25,433,864 21,541,656

MS (T) repl 38,463,596 33,257,728 28,917,210
rep2 36,832,066 31,746,908 27,596,414

rep3 35,566,136 30,776,962 26,170,864

KR (N) repl 35,392,952 30,615,400 25,700,126
rep2 37,300,282 29,893,988 21,960,964

rep3 35,562,908 28,725,344 23,160,986

KR (T) repl 34,926,706 28,174,146 22,975,134
rep2 32,963,336 28,548,450 23,747,834

rep3 32,474,320 28,474,746 22,322,760

9 (N) means without acetamiprid treatment, and (T) means with acet-
amiprid treatment (0.08 ppm and 0.5ppm for the susceptible and resis-
tant clone, respectively). ¥ The number of raw reads, filtered reads, and
reads mapped to the reference transcript sequences are shown for three
biological replicates (repl, rep2, and rep3) of each clone treated without
or with acetamiprid.
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(same conditions as for the HPLC analysis above, except that
the mobile phase comprised 0.1% [v/v] formic acid and 5mM
ammonium acetate in HPLC water and acetonitrile) delivered at
1.0mL/min. The injection volume was 25 uL.

An EzRIPA Lysis Kit (Atto Corporation, Tokyo, Japan) was
used to prepare samples from the cells in each well for Western
blotting analysis. The samples were added to equal volumes of
2XLaemmli sample buffer and heated at 100°C for 5min. The
samples were then separated using a 10% SDS-PAGE gel and
transblotted onto a polyvinylidene fluoride membrane. The
membrane was probed with an anti-V5 antibody, subsequently
incubated with an anti-IgG2a-HRP antibody, and the immu-
nocomplexes were visualized using EzWestBlue (Atto Corpora-
tion).

Results

1. RNA-seq and DEG analysis of A. gossypii genes encoding de-
toxification enzymes

The numbers of RNA-seq paired-end reads (raw reads, filtered
reads, and reads mapped to reference transcriptome sequences)
of each clone are shown in Table 1. Reference transcriptome se-
quences of 81,316 contigs (70,664,259bp in total) were gener-
ated using de novo assembly of the RNA-seq paired-end reads of
the KR clone (21,070,670,904bp). The reference contigs repre-
sented 65,692 genes (Trinity components) encoding at least one
isoform (contigs).

Nine genes encoding A. gossypii detoxification enzymes were
expressed at significantly higher levels by the KR clone as com-
pared with those of the two insecticide-susceptible clones (Table
2). The nine genes encode cytochromes P450 according to an-
notation information acquired from the NCBI-nr and Pfam da-
tabases. In contrast, the transcriptional levels of genes encoding
detoxification enzymes such as GST and COE were not signifi-
cantly upregulated in the KR clone as compared with those of
the susceptible clones. Transcriptional levels of the P450, GST,
and COE genes were not significantly upregulated in the KR
clone or the two insecticide-susceptible clones treated with acet-
amiprid vs. the control. Two of the nine P450 genes, c21228_gl
and c21368_g1 (Trinity IDs), were highly upregulated under
the four conditions. The respective fold changes in the expres-
sion levels of the c21228_gl and c21368_gl genes were 46.21
and 7.46 for the KR/NS clones and 4.35 and 3.32 for the KR/
MS clones in the absence of acetamiprid. Similarly, the respec-
tive values of the two genes were 38.05 and 8.22 for the KR/NS
clones and 3.71 and 2.48 for the KR/MS clones in the presence
of acetamiprid. The amino acid sequences of c21228_g1 (513
aa) and c21368_gl (513 aa) are similar to those of CYP6CY22
(94.15% identical) and CYP6CY13 (99.61% identical) of Aphid
gossypii, respectively.

2. A. gossypii P450 expression and CYP6-mediated metabolism

The expression levels of CYP6CY22 (c21228_gl) and CYP-
6CY13 (c21368_gl) were highly upregulated in the insecticide-
resistant KR clone as compared with their levels in the insec-

ticide-susceptible NS and MS clones (Table 2). We, therefore,
attempted to express these two P450 genes using a Drosophila
expression system to assess their metabolic activities. CYP-
6CY22 (c21228_gl) and CYP6A13 (c21368_gl) expression was
detected in cells incubated in CYP expression medium 48 hr
after transfection (Fig. 2); however, they were weakly expressed
in normal medium (SDM containing 10% FBS) (Fig. 2).

All neonicotinoid insecticides were almost completely re-
covered after they were incubated with untransfected D. me-
lanogaster S2 cells (Table 2). However, when acetamiprid or
imidacloprid was incubated with D. melanogaster S2 cells ex-
pressing CYP6CY22 (c21228_gl), little of the parent compound
was recovered. In contrast, moderate amounts of the parent
compounds were recovered from cultures of the CYP6CY13
(c21368_gl) transfectant. LC-MS analyses of D. melanogaster
S2 cell extracts showed that acetamiprid was converted to N-
desmethyl acetamiprid (Fig. 3A-C), and imidacloprid was con-
verted to a hydroxylated metabolite (Fig. 3C).

LC-MS analyses identified acetamiprid and its main metabo-
lite N-desmethyl acetamiprid (Fig. 3A, B). The retention times
and m/z values of the components detected were consistent with
those of the reference substance. Recoveries of thiacloprid, clo-
thianidin, thiamethoxam, nitenpyram, and dinotefuran from
cultures of cells expressing CYP6CY22 (c21228_gl) were 8.5%,
55.2%, 42.8%, 69.3%, and 55.8%, respectively (Table 3). Recov-
eries of thiacloprid, clothianidin, thiamethoxam, nitenpyram,

1 2 3 4 5 6 7

kD

75 ™. -

63 a .. -
48

35 "= ‘ ;

25 .

Fig. 2. Expression of A. gossypii CYP6CY22 and CYP6CY13 genes in
transfected D. melanogaster S2 cells. Lane 1=molecular weight standards.
Lanes 2 and 5=negative control, cells transfected only with the pAc5.1
vector without inserted genes. Lanes 3 and 4=cells transfected with
c21228_gl and c21368_g1 genes and cultured in normal medium (Schnei-
der’s Drosophila Medium with 10% FBS). Lanes 6 and 7=cells transfected
with ¢21228_gl and c21368_gl genes (59kDa) and cultured in CYP ex-
pression medium (Insectagro DS2 medium supplemented with 0.1 mM
ferric citrate, 0.1 mM 5-aminolevulinic acid, and 4mM Ala-Glu without
FBS).
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ESI-LC-MS spectra of acetamiprid and imidacloprid, structures of the metabolites, and percentages of metabolites. (A) LC elution profile of acet-

amiprid in extracts of D. melanogaster S2 cells expressing the c21228_g1 gene (12 hr after test compound was added). (B) LC-MS spectrum of acetamiprid
in an extract of D. melanogaster S2 cells expressing the c21368_gl gene. (C) Structures of the metabolites of acetamiprid and imidacloprid. (D) Metabolism
of test compounds in cultures of cells expressing the c21228_g1 gene. (E) Metabolism of test compounds in cultures of cells expressing the c21368_g1 gene.

Data are the mean*SD (n=3).

and dinotefuran from cultures of cells expressing CYP6CY13
(c21368_gl1) were 32.8%, 74.5%, 69.3%, 77.1%, and 51.2%, re-
spectively (Table 3). In contrast, sulfoxaflor was almost com-
pletely recovered from cultures of cells expressing CYP6CY22
(c21228_g1) or CYP6CY13 (c21368_gl). Lower and higher
concentrations of the insecticides and their metabolites, respec-
tively, were detected in cultures of D. melanogaster S2 cells that
expressed CYP6CY22 (c21228_gl) vs. CYP6CY13 (c21368_gl)
(Table 3).

Discussion

In the present study, we performed RNA-seq analysis and NGS
to identify P450 genes involved in the metabolism of neonic-
otinoid insecticides by A. gossypii. We identified nine upregu-
lated cytochrome P450 genes that were expressed at significantly
higher levels by the insecticide-resistant KR clone as compared
with those of insecticide-susceptible clones (Table 2). Genes en-
coding detoxification enzymes such as GST and COE were not
similarly upregulated. Moreover, we established an A. gossypii
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Table 3. Metabolism of test compounds by D. melanogaster S2 cells expressing CYP6CY22(c21228_g1) and CYP6CY13 (c21368_gl) genes

c21228_gl (CYP6CY22)

c21368_gl (CYP6CY13)

%Recovery (avg.£S.D.)? %Recovery (avg.£S.D.)? RF1Y RF29
%Metab. %Metab.
Control +transfection Control +transfection

Acetamiprid 102.2%0.2 26.0+0.1 84.0 99.5*1.0 38.8*1.0 61.2 65.4 104
Thiacloprid 99.8+0.7 8.5*0.7 91.5 95.6+0.3 32.8+0.8 67.2 23.8 17
Sulfoxaflor 99.60.6 95.6%0.6 4.4 101.2%£1.9 98.3*+2.8 1.7 22.6

Imidacloprid 101.5*%0.4 7.5%0.4 92.5 98.5+1.2 60.0*1.0 40.0 216 253
Clothianidin 98.2*+1.5 55.2%+3.0 44.8 96.5+0.4 74.5* 1.1 25.5 394 687
Thiamethoxam 95.6x1.1 42.8*+1.3 57.2 98.2+0.2 69.3+0.3 30.7 295 246
Nitenpyrum 97.5x1.2 69.3+1.0 30.7 96.5+1.3 77.1x2.3 22.9 253 43
Dinotefuran 103.4*1.2 55.8*+5.9 442 101.3*2.1 51.2*75 48.8 237 199

9% Recovery 72hr after incubation compared with time 0. Data represent the mean=SD (n=3). ¥ Resistance factor (LC5, MK clone/LCs, NS clone).
The resistance factor of sulfoxaflor was determined by method described previously.'? 9 Resistance factor (LCs, MK clone/LCs, MS clone).??

P450 expression method in the S2 insect cell expression system
to generate functionally active P450 by improving transient ex-
pression methods. This approach will enable the generation of
ample quantities of insect P450 for insecticide resistance studies
and structural analysis of metabolites of insecticides.

The P450 genes c21228_g1 and c21368_g1 were highly up-
regulated in the KR clone in the presence or absence of acet-
amiprid, as compared with the levels of upregulation in the in-
secticide-susceptible clones NS and MS (Table 2). The sequences
of the ¢21228_g1 and c21368_gl genes are similar to those of
the A. gossypii genes encoding CYP6CY22 and CYP6CY13, re-
spectively. Numerous P450s catalyze a highly restricted set of
reactions, although some metabolize diverse compounds. In
insects, members of the CYP4, -6, -9, and -12 families are im-
plicated in biological detoxifying functions in the environment,
and members of the CYP4 and CYP6 subfamilies are most com-
monly involved in the metabolism of and resistance to xenobiot-
ics.2930)

The CYP6CY22 (c21228_gl) gene was overexpressed 46-fold
in the KR clone, as compared with the NS clone, and 4-fold, as
compared with the MS clone when aphids were treated without
acetamiprid. Similarly, the CYP6CY13 (c21368_gl) gene was ex-
pressed at a 7-fold higher level by the KR clone vs. the NS clone
and a 3-fold higher level by the KR clone vs. the MS clone under
the same conditions. The findings were similar for acetamiprid
treatment. The levels of the two P450 genes expressed by the
KR clone were significantly increased as compared with those of
the NS clone. P450 genes were not upregulated in the KR clone
in the presence or absence of acetamiprid, indicating constitu-
tive upregulation, as compared with the insecticide-susceptible
clones.

The NS clone has been maintained at the Odawara Research
Center without insecticide selection since 1993. In contrast, the
levels of the two P450 genes expressed by the KR clone were
moderately increased as compared with those of the insecticide-
susceptible MS clone, and the levels of the latter were higher as
compared with those of the NS clone. The MS clone was col-

lected in a field in Miyazaki Prefecture, Japan, and is likely to
have been exposed to more insecticides, as compared with the
NS clone. This may explain the difference in expression levels
between the two insecticide-susceptible clones, as insecticide ex-
posure likely induced the expression of P450 genes.’" Further-
more, differences in expression levels between these two insec-
ticide-susceptible clones are explained by the exchange of host
plants.*>*» However, although the expression levels of the two
P450 genes of the two susceptible strains were significantly dif-
ferent, the resistance factors (LCs, resistant clone/LCs, suscep-
tible clone) for neonicotinoid insecticides of the KR/NS clones
are similar to those of the KR/MS clones.!??%

The contribution of P450-mediated detoxification to metabo-
lism is indicated by the use of PBO, an inhibitor of metabolic
enzymes, including P450s. Further, PBO pretreatment reduces
the LC5, values of neonicotinoid insecticides, and the synergistic
factors of acetamiprid and imidacloprid=3.6 and 6.0, respec-
tively.'? Furthermore, the two A. gossypii P450 genes metabolize
neonicotinoid insecticides (Fig. 3, Table 3). These findings sug-
gest that these P450s affect neonicotinoid resistance.

The neonicotinoids examined here were metabolized to vary-
ing degrees by D. melanogaster S2 cells expressing A. gossypii
CYP6CY22 (c21228_gl1) and CYP6CY13 (c21368_gl) (Table 3,
Fig. 3D, E). Under the conditions applied here, acetamiprid, thi-
acloprid, and imidacloprid were more extensively metabolized
than the other neonicotinoids (Table 3, Fig. 3), which is con-
sistent with the findings of a previous study (D. melanogaster
CYP6G1).>Y However, these results differ from those observed
for the monooxygenase CYP6CM1vQ, which is associated with
the imidacloprid resistance of B. tabaci.>®

Imidacloprid, thiacloprid, and clothianidin are metabolized
by CYP6CM1vQ, but not acetamiprid and thiamethoxam.>® In
the present study, all compounds were metabolized, although
sulfoxaflor was a poor substrate for A. gossypii CYP6CY22 and
CYP6CY13 (Table 3, Fig. 3D, E), which is consistent with re-
sults obtained for D. melanogaster CYP6G1.>Y Furthermore,
CYP6G1 metabolizes structurally diverse insecticides such
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as DDT, malathion, and pyrethroids.*® Thus, A. gossypii CYP-
6CY22 and CYP6CY13 may have broader substrate specificities.
The incubation of D. melanogaster S2 cells expressing A. gossypii
CYP6CY22 or CYP6CY13 with acetamiprid and imidacloprid
produced a metabolite with a hydroxyl group on the imidaz-
olidine ring and N-desmethyl acetamiprid, respectively (Fig.
3A-C).”-*) Hydroxylation and N-dealkylation are likely the key
reactions catalyzed by A. gossypii CYP6CY22 and CYP6CY13,
respectively.

In conclusion, we used RNA-seq to identify nine differentially
upregulated P450 genes involved in the metabolism of neonic-
otinoids by the A. gossypii KR clone. Among them, genes encod-
ing CYP6CY22 and CYP6CY13 were the most highly upregu-
lated. Furthermore, we constructed A. gossypii CYP6CY22 and
CYP6CY13 expression vectors and used them to transfect an
insect cell line to study P450-mediated insecticide metabolism,
although it was difficult to determine the catalytic constants
(e.g., K, and K,) of these recombinant P450s. Moreover, we
did not determine the P450 activities of microsomal membrane
fractions. Nevertheless, our findings contribute compelling evi-
dence that these P450s may contribute to aphids’ resistance to
neonicotinoids in the future.
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