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Abstract

Pyrethroid resistance was first reported in 2013 for the navel orangeworm, Amyelois transi-
tella, but the genetic underpinnings of pyrethroid resistance are unknown. We investigated
the role of cytochrome P450 monooxygenases (P450s) belonging to the CYP3 and CYP4
clans using colonies derived from individuals collected in 2016 from almond orchards in two
counties. One colony (ALM) originated from an almond orchard in Madera County with no
reported pyrethroid resistance and the second colony (R347) originated from the same Kern
County orchard where pyrethroid resistance was first reported. We used high-throughput
quantitative real-time PCR (qRT-PCR) analyses of 65 P450s in the CYP3 and CYP4 clans
of A. transitella to identify P450s induced by bifenthrin and associated with pyrethroid resis-
tance. Nine P450s were constitutively overexpressed in R347 compared to ALM, including
CYP6AES54 (11.7-fold), belonging to a subfamily associated with metabolic pesticide detoxi-
fication in Lepidoptera and CYP4G89 (33-fold) belonging to a subfamily associated with
cuticular hydrocarbon (CHC) synthesis and resistance via reduced pesticide penetrance.
Cuticular hydrocarbons analysis revealed that R347 produced twice as many total CHCs in
the egg and adult stages as ALM. Topical toxicity bioassays for R347 determined that egg
mortality was reduced at low bifenthrin concentrations and larval mortality was reduced at
high concentrations of bifenthrin compared to ALM. Our discovery of both changes in
metabolism and production of CHCs for R347 have implications for the possible decreased
efficacy of other classes of insecticide used to control this insect. The threat of widespread
pyrethroid resistance combined with the potential for cross-resistance to develop through
the mechanism of reduced penetrance warrants developing management strategies that
facilitate insecticide passage across the cuticle.
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Introduction

The acquisition of resistance to synthetic insecticides by agricultural pests is a continuing chal-
lenge to sustainable pest management [1]. Cytochrome P450 monoxygenases (P450s) are
Phase I detoxification enzymes that catalyze oxidation reactions involving both endogenous
and exogenous compounds and are critical to insect development, communication, and detox-
ification [2]. Cytochrome P450 monoxygenases have been extensively investigated for their
roles in metabolism of xenobiotics, and their genetic diversity, broad substrate recognition,
and catalytic versatility enabled insect pests to acquire resistance to multiple classes of insecti-
cides through various mechanisms, including constitutive overexpression, mutations affecting
substrate specificity, and induction through food sources [2,3].

The highly polyphagous navel orangeworm Amyelois transitella Walker (Lepidoptera: Pyrali-
dae) is the most economically important pest of almonds and pistachios in California orchards.
The damage inflicted is direct when larvae feed on kernels and indirect loss occurs when A. tran-
sitella facilitate contamination of aflatoxin-producing Aspergillus spp. [4]. The high value of
these tree nut crops, representing a $7 billion industry, has led to increased insecticide applica-
tions to reduce A. transitella damage to acceptable levels [5,6]. Insecticides are sprayed for A.
transitella control at hull split, when nuts are vulnerable to oviposition. Pyrethroids are the pesti-
cides of choice for management because of their activity against other orchard hemipteran pests
and their significantly lower cost relative to other insecticide families (as low as $1.00-5.00 per
treated acre compared to $25.00-45.00 for other insecticides) [7,8]. A. transitella resistance to
the pyrethroid bifenthrin was first reported from an almond orchard in Kern County in 2013,
and a strain derived from this orchard (R347) had an 8.7- fold and 7.1-fold resistance ratio in
feeding assays using bifenthrin and beta-cyfluthrin, respectively [7] Further studies aimed at
identifying resistance mechanisms using synergists implicated P450 enzymes [7]. However,
these studies did not identify the specific P450s directly involved in insecticide metabolism.

Insect P450s are divided into 4 clans: CYP2, CYP3, CYP4, and mitochondrial [9]. The func-
tions of P450s in the relatively small CYP2 and mitochondrial clans, generally conserved across
insect species, include biosynthesis and metabolism of steroid hormones [10]. Thus, there is
limited variability in gene number and amino acid sequence of CYP2 and mitochondrial
P450s [11]. In contrast, P450s in the CYP3 and CYP4 clans have proliferated as a result of
duplication events enabling diversification and neofunctionalization [12]. Within Clan 3 there
are multiple xenobiotic-metabolizing families involved with phytochemical detoxification and
insecticide resistance, including CYP6, CYP9, and CYP321 [13-15]. CYP6ABI 1, the first P450
functionally characterized in A. transitella [16], metabolizes imperatorin, a phytochemical
present in some hostplants, but there was no detection of the metabolism of the pyrethroid
insecticide alpha-cypermethrin.

The role of CYP4 P450s in general is less well understood, with fewer examples connecting
functions to insecticide resistance [10]. However, since 2016, several studies have confirmed
the participation of CYP4G P450s in cuticular hydrocarbon (CHC) biosynthesis in the epicu-
ticular wax layer, which in turn could mediate insecticide resistance by reducing the rate of
penetrance through the cuticle [17-20]. The role of CYP4Gs was first described when Qiu
et al. (2012) [21] demonstrated that CYP4G1 and CYP4G2 catalyze the final step of CHC syn-
thesis in Drosophila melanogaster and Musca domestica. The functional association of CYP4Gs
with insecticide resistance was demonstrated in Anopheles gambiae, because overexpression of
CYP4G16 and CYP4G17 was present in a highly insecticide resistant strain possessing a thick-
ened epicuticle that reduced the rate of deltamethrin penetration [17]. The suppression of
CYP4Gs using RNA interference increased penetration and the susceptibility to insecticides in
Nilaparvata lugens and pyrethroid-resistant Blattella germanica [18,19]. A mechanism that
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reduces penetration into the cuticle may also increase the time available for enzymes to metab-
olize insecticides before they reach their target sites [17-20], conferring tolerance to insecti-
cides and contributing to the development of resistance. To date, for lepidopterans, resistance
resulting from enhanced CYP4G synthesis of CHCs has been documented in only a single spe-
cies, Helicoverpa armigera [22].

In this paper we present the results of an integrated approach to identifying mechanisms of
resistance combining a gene expression screening of the complete inventory of the A. transitella
P450s, a quantitative and qualitative analysis of CHC, and insecticide bioassays targeting eggs and
first instar larvae We used two strains collected from almond orchards in 2016, one strain (R347)
originating from the same Kern County orchard where resistance was first identified and the other
strain (ALM) collected in Madera County from an almond orchard with no history of resistance.
Calla ef al. (2017) [11] established a complete A. transitella P450 inventory comprising 89 total
P450s, with 65 in the CYP3 and CYP4 Clans. We conducted high-throughput quantitative real-
time PCR (qRT-PCR) analysis of all P450s within the CYP3 and CYP4 clans for both strains, in
order to identify transcripts inducible by bifenthrin and therefore potentially involved in resistance.
We then quantified the CHC differences between these strains via gas chromatography-mass spec-
trophotometry (GC/MS) and conducted both feeding assays with first instar larvae to quantify oral
toxicity and spray application assays targeting eggs and larvae to quantify contact toxicity.

Materials and methods
Insects

In 2016, the strain designated as ALM was established from larvae collected from unharvested
almonds (mummies) in Madera County (by Joel P. Siegel) and a strain (R347) was established
from eggs originating from larvae collected from almond mummies in the same Kern County
orchards (by Brad S. Higbee) where the original 2013-R347 [7] were present and where insecti-
cide failures had occurred. The A. transitella larvae received at University of Illinois at
Urbana-Champaign were reared to adulthood on a wheat-bran based diet [23] in 500-ml
Mason jars and maintained in an incubator set at 27 + 4°C with a photoperiod of 16:8 (L:D).
Adults were collected and placed in Mason jars with dry paper towels to serve as a substrate
for oviposition. Eggs were collected every 48 h to provide neonate larvae for use in qRT-PCR
experiments and for use in bioassays.

Insect sample preparation for qRT-PCR experiments

All insects were reared on semi-synthetic artificial diet [24] in 28-ml (1-0z) plastic cups (Solo
Cup Company, Lake Forest, IL) without insecticides until fifth instar. Within 24 h of molting
into fifth instar, larvae were removed from the rearing diet and placed on the same type of arti-
ficial diet into separate cups (1 larva per cup) containing either 0.5 ppm bifenthrin dissolved in
methanol or with methanol as the control solvent. After testing a range of concentrations, we
determined that 0.5 ppm bifenthrin was the maximum level that maintained consistent feeding
by fifth instars after transfer. Six larvae from each strain fed on control diets containing 200 pl
of methanol in 5 g of artificial diet and six from each strain fed on 200 pl of 0.5 ppm bifenthrin
in 5 g of diet (2.5 micrograms of bifenthrin per cup), for a total of 24 larvae. After 48 h, the
midguts were dissected from all larvae and flash-frozen in liquid nitrogen.

Sample processing

The RNA from each of the 24 samples was extracted using a Nucleospin®™ RNA kit
(Macherey-Nagel, Diiren, Germany) according to the manufacturer’s protocol. The RNA was
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quantitated with a Nanodrop spectrophotometer (ThermoFisher Scientific, Waltham, MA),
and one pg was used to synthesize cDNA with Protoscript II kit (New England Biolab, Ipswich,
MA). The cDNA for each of the 24 samples was tested by end-point PCR with primers specific
for the A. transitella Actin-5 (NCBI Gene ID: LOC106142213) and evaluated in a 2% agarose
gel. Primers were designed to target intron-spanning transcript regions when possible, and to
amplify regions between 70-120 bp. Primers for each of the target genes were designed using
Primer3 software [25] as implemented in the Geneious software version 11.0.2 (Aukland, New
Zealand) [26]. All primers used in a single BioMark™ (Fluidigm, San Francisco, CA) chip were
evaluated for cross-amplification of targets using BLAST against the sequences of the full set of
P450s. Primers were then evaluated with PCR in a 2% agarose gel and re-designed if necessary.
Primer sequences are in S1 and S2 Tables.

High-throughput qPCR

Two 96-well plates were prepared per run, the first containing 29 cDNA samples consisting of
the cDNA synthesized from the RNA samples, a no-template control, and pooled cDNA at
serially diluted concentrations of 1, 1:10, 1:100, 1:1000, and 1:10000 made up from a mixture
of all the samples, as well as the 200 uM forward and reverse mixtures of primers for each of
the CYP3 clan P450s and housekeeping controls (actin, EF-alpha, GADPH, Rpl32, and tubu-
lin). The second 96-well plate contained the same 29 cDNA samples, the 200 uM forward and
reverse mixtures of primers for each of the CYP4 clan P450s, and housekeeping controls
(actin, EF-alpha, GADPH, Rpl32, and tubulin). These plates were submitted to the Functional
Genomics Unit of the William Keck Center for Comparative and Functional Genomics at the
University of Illinois at Urbana-Champaign, where a microfluidics-based qPCR was run on a
Biomark® 48x48 Fluidigm-Chip (San Francisco, CA) after a pre-amplification step of 15
cycles.

Quantification of cuticular hydrocarbons in eggs and adults

Cuticular hydrocarbons were extracted from 10 clusters of 30 three-day-old eggs and from 10
individual adults, selected at random, three to five days post-eclosion (based on preliminary
experiments, showing that many of the identifiable cuticular hydrocarbons were present at this
age) from each strain, following the methods of Nelson and Buckner (1995) [27] with modifi-
cations [28]. Cuticular hydrocarbons were extracted by submerging individual adults or eggs
for 10 minutes in 200 pl hexane (Sigma-Aldrich, St. Louis, MO) containing 25 ng per l 1-bro-
mooctadecane (Sigma-Aldrich, St. Louis, MO) as the internal standard; extracts were then
transferred to clean glass vials. The adults or eggs were rinsed with an additional 200 pl of hex-
ane containing the internal standard. Washed adults were visually inspected to ensure that no
physical damage to the cuticle had occurred. Extracts from the rinses were added to the initial
extracts and stored at -4°C until use.

Gas Chromatography-Mass Spectrophotometry (GC-MS) analysis of
cuticular hydrocarbons

GC-MS analysis of extracted CHCs was carried out on a Hewlett-Packard (HP) 6890 GC
(Hewlett-Packard, Sunnyvale, CA) in splitless mode, interfaced to an HP 5973 mass selective
detector (MSD), with helium carrier gas. The column was programmed from 100°C/2 min,
50°C/min to 250°C, then 250 to 320°C at 4°C/min. Injector and transfer line temperatures
were 320°C. Prior to GC-MS analysis, samples were removed from the refrigerator, concen-
trated to dryness under a steady stream of nitrogen, and resuspended in 30 pl of hexane with
internal standard from which one ul was injected into GC-MS for analysis. A control sample
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of hexane was run through the GC-MS every day before samples were analyzed to confirm
that the GC column was clean. The adults and egg clusters were analyzed as individual repli-
cates from each strain. Hydrocarbon peaks were identified based on their relative retention
time. The abundance of each identified hydrocarbon peak was calculated relative to the inter-
nal standard.

Egg contact toxicity assays

Eggs were selected within 24 h after turning pink-an indication that fertilization had occurred
[29]. Eggs deposited on paper towels were counted under a microscope, after which the ovipo-
sition substrate paper was cut into strips containing 25 fertilized eggs per strip. Strips were cut
so that eggs were evenly dispersed within strips, and only clusters of four eggs or less were
used to mitigate the potential effects of larval cannibalism at high density [30]. The eggs strips
were then pinned (Bioquip, black enameled—size 0) to the center of 90 mm diameter filter
papers (Whatman 1004-090 Grade 4 Qualitative Filter Paper, Maidstone, United Kingdom).
Each strip of eggs pinned to a single filter paper was sprayed with a 1.5-mL solution containing
1 mL water and 0.5 mL bifenthrin (in methanol) using a spray gun kit (Badger, Franklin Park,
IL) at four concentrations: 5 ppm (5.0 g/ha, 2.2% field rate), 10 ppm (9.9 g/ha, 4.4% field rate),
20 ppm (19.9 g/ha, 8.9% field rate), and 40 ppm (39.8 g/ha, 17.8% field rate). The field rates
were calculated based on the amount of active ingredient bifenthrin in Bifenture EC™ (25.1%
AL, United Phosphorous, Inc., Mumbai, India) at the maximum label rate for A. transitella
control, and represent plausible field exposure rates based on our current knowledge of insec-
ticide coverage for A. transitella [31,32]. All bifenthrin solutions were diluted from a 100 ppm
stock that was stored at -20°C. Sprayed eggs pinned to filter papers were then placed inside
Petri dishes (100 x 15 mm, Corning Incorporated, NY) on top of the same wheat bran diet
used for rearing larvae. Prior to bifenthrin sprays, filter papers were trimmed to an 80 mm
diameter in order to fit inside the 88 mm inner diameter of the Petri dishes. All sprays were
repeated to include a total of ten egg strips and filter papers per concentration. Egg mortality
and larval mortality were scored together for all unhatched eggs and larvae dead on the surface
of filter paper at four d. Larvae that survived bifenthrin exposure in the contact toxicity assay
were provided with unamended semi-defined diet for three weeks to assess delayed effects
from encountering the insecticide and were counted after three weeks (25 d after exposure). A
larva was recorded as “normal” if it reached the fourth or fifth instar in a time period typical of
development on artificial diet in the absence of insecticide. Individuals were recorded as
stunted [33] if they were only the size of a first through third instar larva after the three-week
observation period. Any replicates with egg mortality greater than two standard deviations
from the mean at their respective concentrations were considered outliers and removed from
further analysis. Two statistical analyses were conducted; the first used the number of surviving
larvae considered as normal and the second used the total number (normal and stunted) for
each strain.

Data analysis

Data collected from the Biomark™ platform were assessed for quality with the Real-Time PCR
Analysis software (Fluidigm) utilizing a quality threshold of 0.8 (quality scores ranging from 0
to 1, with 1 being an ideal exponential amplification curve). Melting curves were also evaluated
for secondary peaks for each of the 2,304 assays. To correct for fluorescence drift and other
background noise, a baseline correction for the amplification curve was set utilizing the linear-
derivative method (Fluidigm Real-Time PCR Analysis, Fluidigm). Ct-values were obtained by
setting a gQPCR cycle threshold in a by-gene basis (i.e., setting the “by-detector” option in the
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Fluidigm software) to account for variability between primer pairs and to allow for assays of
each gene to be treated as a separate experiment. We then used SAS “Data Step” processing
(SAS University Edition v. 9.4, SAS Institute Cory, NC) to process the data and SAS Proc
Mixed Procedure to analyze the data starting from the obtained Ct values. The delta-Ct value
(ACt) for each of the assays was calculated by subtracting the Ct-value for each reaction from
that of the chosen reference housekeeping gene GADPH in the same sample, and this value
was used for statistical analyses. One-way and multi-factor analysis of variance (ANOVA)
were conducted after checking the assumption of independence by analyzing the distribution
of residuals for normality, examining scatterplots of predicted vs. residual values for indepen-
dence of variances, and conducting a Bartlett’s test for equal variances in the case of the multi-
factor ANOVA. All pairwise tests were corrected for multi-testing with the false discovery rate
(FDR) method. The negative of the estimate from the t-test is equivalent to the log, scaled
AACt, and this measure was used to report differential expression between pairs of treatments,
strains, and the combination of both factors.

A two-way ANOVA (SPSS version 24, SPSS Inc., Chicago, IL) identified differences in egg
mortality, larval mortality, normal size larvae, stunted larvae, and total mortality in spray
assays with bifenthrin. Total CHC counts across 10 egg clusters and 10 adults from each popu-
lation were analyzed as pooled samples and tested for significance using the Student’s t-test.
Two Principal Components Analyses of the egg and adult data for ALM and R347 were per-
formed using JMP version 14.0.0 (SAS Institute, Cary, NC). The grouping obtained was con-
firmed using Discriminant Analysis with hierarchical clustering. Additionally, differences
between ALM and R347 for the top four CHCs by mass extracted in eggs and adults were
assessed using the Student’s t-test. We applied the Bonferroni Correction using P < 0.01 as
our level of statistical significance because there were five comparisons made from the same
data set.

Results

Quantification of expression differences in ALM and R347 A. transitella
strains via qPCR

The RNA from midguts of final instar larvae fed artificial diet with or without bifenthrin was
extracted and subjected to microfluidics-based qQPCR analysis in order to compare constitutive
and inducible expression of Clan 3 and Clan 4 P450s. We excluded results from CYP6B44v2,
CYP6B54, CYP6B55, CYP6B56, and CYP6AES55 in the CYP3 clan and CYP341J2 and
CYP341M3 in the CYP4 clan because they did not meet the quality detection threshold score
of 0.8 for the amplification curve in the Fluidigm analysis software across each sample. Addi-
tionally, amplification results were highly variable in the ALM strain controls for CYP341K1,
CYP341]1, and CYP341M-, which affected comparisons with R347 and produced constitutive
overexpression differences of 84.7, 272.2, and 281.2-fold, respectively.

The levels of P450 expression in larvae that did not consume bifenthrin (control) were con-
sidered baseline indicators of constitutive expression (ALM control vs R347 control, R347 con-
trol vs ALM control) (Table 1), and the levels of P450 expression in larvae that consumed
bifenthrin as indicators of induced expression—that is, upregulation or downregulation by
bifenthrin in both strains (ALM control vs ALM bifenthrin, R347 control vs R347 bifenthrin)
(Table 2). We chose to report all expression differences as significant when P < 0.1 because of
the stringency of the FDR correction factor. Only P450s with > 2-fold changes were reported.
Six Clan 3 P450s were constitutively overexpressed—four in the ALM strain and two in the
R347 strain (Table 1). Ten CYP4 clan P450s were constitutively overexpressed—seven in the
R347 strain and three in the ALM strain (Table 1). Of the seven P450s in R347 constitutively
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Table 1. Differences in cytochrome P450s constitutively overexpressed in the midguts of larvae that fed on control (methanol) artificial diets in strain ALM and

strain R347 of A. transitella.

Strain Clan
R347 CYP3
CYP4
ALM CYP3
CYP4

Gene Fold-change t-statistic DF P-value
CYP6AE54 11.72 6.03 19 <0.01
CYP6AN17 8.83 3.90 20 0.05

CYP4G89 33.04 2.78 20 0.05
CYP4G170 5.13 3.63 20 0.03
CYP340A]J1 26.77 2.69 20 0.06
CYP341S1 4.08 3.49 20 0.04
CYP341T1 18.72 2.88 20 0.05
CYP367B8 3.25 4.20 20 0.02
CYP367A1 2.78 2.73 20 0.05
CYP6AB40 20.92 4.07 20 0.04
CYP4AU1 2.47 3.02 20 0.04
CYP4AU2 2.01 3.42 20 0.03
CYP4AU8 2.12 3.76 20 0.03

Differences were assessed through one-way and multi-factor ANOV As followed by a series of pairwise t-tests. Significance values from pairwise comparisons were

corrected through the FDR method and are reported as significant when P < 0.1.

https://doi.org/10.1371/journal.pone.0245803.t001

overexpressed in the CYP4 clan, six of them occurred as pairs within the CYP4G, CYP341,
and CYP367 subfamilies. The two P450s with the highest difference in expression between
strains occurred in R347 with the CYP4 clan P450s CYP4G89 and CYP340A]1, at 33.04 and
26.77-fold difference, respectively. Only two P450s were upregulated by bifenthrin, and they
were both in the ALM strain-CYP321C1v2 in the CYP3 clan and CYP367B8 in the CYP4 clan
(Table 2). Bifenthrin treatment resulted in the downregulation of multiple CYP4 clan P450s in
both strains relative to their respective controls. In the ALM strain, the P450s downregulated
included CYP4AU1, CYP4AU2, and CYP4AUS. In R347, CYP4G89 and CYP340A]1 were dra-
matically downregulated by bifenthrin, with 39.81 and 45.77-fold-decreases, respectively.

Evaluation of cuticular hydrocarbon content in eggs and adults of ALM
and R347 strains

There were twice as many CHCs identified from adults as from eggs. The total CHC masses
extracted were greater for both eggs and adults of R347 strain, with 1.71-fold more CHCs

Table 2. Differences in cytochrome P450 expression in midguts of larvae that fed on artificial diets containing 0.5 ppm bifenthrin in strain ALM and strain R347 of

A. transitella.

Response Strain
Upregulated ALM
Downregulated ALM
R347

Clan Gene Fold-change t-statistic DF P-value
CYP3 CYP321Cl1v2 5.12 3.14 20 0.08
CYP4 CYP367B8 2.00 2.46 20 0.08
CYP4 CYP4AU1 -3.13 3.81 20 0.03
CYP4AU2 -2.40 4.28 20 0.02
CYP4AU8 -2.47 4.51 20 0.02
CYP4 CYP4G89 -39.81 2.93 20 0.05
CYP340A]J1 -45.77 3.13 20 0.04

Differences were assessed through one-way and multi-factor ANOV As followed by a series of pairwise t-tests. Significance values from pairwise comparisons were

corrected through the FDR method and are reported as significant when P < 0.1.

https://doi.org/10.1371/journal.pone.0245803.t002
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extracted from R347 eggs than from the ALM eggs (f = 3.20, df = 18, P = 0.005) (Fig 1), and
2.14-fold more CHCs extracted from R347 adults than from ALM adults (t = 5.22, df = 18,

P < 0.001) (Fig 2). The four most prevalent CHCs from eggs were pentacosane, nonacosane,
heptacosane, and tricosane, which represented 83.7% of the total CHC mass extracted (Fig 1).
There was a greater mass extracted from R347 eggs than ALM eggs for pentacosane (f = 4.11,
df =18, P < 0.001) and heptacosane (¢ = 3.62, df = 18, P = 0.002) (Fig 1); although the mass
extracted of the remaining two CHCs was numerically greater for R347 the difference was not
significant at P < 0.01. The four most prevalent CHCs from adults were pentacosane, nonaco-
sane, heptacosane, and 13, 23 —dimethyl pentacontriane, which represented 62.2% of the total
CHC mass extracted (Fig 2). There was a greater mass extracted from R347 adults than for
ALM adults for all four CHCs: pentacosane (t = 3.63, df = 18, P < 0.001), heptacosane
(t=3.36,df = 18, P = 0.004), nonacosane (t = 8.19, df = 18, P < 0.001), and 13, 23 -dimethyl
pentacontriane (¢ = 4.38, df = 18, P < 0.001).

Principal component analyses of egg and adult samples in ALM and R347

For eggs the first two principal components accounted for 72.6% and 13.6% of the total varia-
tion, respectively (Fig 3). A plot of the first two principal components revealed three distinct
clusters consisting of a cluster containing three R347 and 6 ALM samples (cluster A), a cluster
containing two R347 and four ALM samples (cluster B) and a homogeneous cluster containing
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Fig 1. Cuticular hydrocarbons (CHCs) extracted (ng) from ten clusters of thirty eggs in ALM and R347 strains of A. transitella (n = 10 per strain) and identified

through GC-MS analysis.
https://doi.org/10.1371/journal.pone.0245803.g001
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Fig 2. Cuticular hydrocarbons (CHCs) extracted from ten adult moths in ALM and R347 strains of A. transitella (n = 10 per strain) and identified through GC-MS

analysis.

https://doi.org/10.1371/journal.pone.0245803.9002

five R347 samples (cluster C). For adults, the first three principal components accounted for
75.0% and 11.2% of the total variation, respectively (Fig 4). Strain ALM was homogeneous
because eight adults clustered together (cluster A) while R347 formed two distinct clusters with
each cluster containing a single ALM adult (clusters B and C). There was a single R347 adult
(point D) that was separate from the two clusters of R347 but it still linked with the R347 adults.

Egg and contact toxicity assays

We compared the contact toxicity of bifenthrin to eggs and larvae of both strains to determine
whether the differential P450 gene expression and CHC production observed resulted in dif-
ferences in tolerance between the two strains. The main effects of strain and bifenthrin con-
centration were significant for egg mortality (strain: F (1,99) = 6.411, P = 0.013; concentration:
F(4,99) = 12.827, P < 0.001) (Table 3). Pairwise comparisons using Least Squares Means
(LSM) revealed that R347 eggs experienced half the mortality of ALM at 5 ppm bifenthrin

(P =0.03) and at 10 ppm (P = 0.01). There were no differences between strains in contact tox-
icity for the larvae assessed after 4 days and there was no significant interaction.

Larval survivorship three weeks after bifenthrin exposure

Survivorship did not differ between strains for the normal or stunted larvae, although the percent-
age of stunted larvae was approximately double for R347 at bifenthrin concentrations above

PLOS ONE | https://doi.org/10.1371/journal.pone.0245803  January 22, 2021 9/18


https://doi.org/10.1371/journal.pone.0245803.g002
https://doi.org/10.1371/journal.pone.0245803

PLOS ONE Cytochrome P450s and resistance to bifenthrin in the navel orangeworm

Component 2 (13.6 %)

:I
-4 -3 -2 -1 0 1 2 3 4
Component 1 (72.6 %)

Fig 3. Plot of the first and second principal components of the analysis of the cuticular hydrocarbons of the egg
samples (n = 10 per strain) belonging to R347 (triangle) and ALM (circle). Component 1 accounts for 72.6% of the
total variation and component 2 accounts for 13.6% of the total variation. Cluster A consists of six ALM and three
R347 egg samples. Cluster B consists of four ALM and two R347 egg samples, and Cluster C contains five R347 egg
samples.

https://doi.org/10.1371/journal.pone.0245803.9003

10 ppm (Table 4). Evaluation of the total number of larvae surviving after three weeks revealed sig-
nificant differences between strains (F (1,99) = 7.722, P = 0.01) and across bifenthrin concentra-
tions (F (4,99) = 51.525, P < 0.001). Pairwise comparisons using LSM showed that survivorship in
R347 was almost double that of ALM at 20 ppm bifenthrin (P = 0.02) and 40 ppm (P = 0.05).

Discussion

Our study is unique because we circumvented the limitation of single-gene qPCR, which
becomes inefficient as the number of samples and genes increases, by screening the entire
inventory of 65 CYP3 Clan and CYP4 Clan P450s in A. transitella across 24 total treatments
(with a total of 2,304 assays per run). This method also proved more effective than RNA-seq,
which, due to cost, limits the number of samples and treatments that can be simultaneously
tested. Our results demonstrate the efficacy of applying this high-throughput method directed
to a specific gene family. Although we had tested primer specificity prior to qPCR, some genes
were eliminated because they failed the quality test based on the expected amplification curve;
these P450s all fall into groups of very closely related sequences. We attribute this failure to
either inadequate primer specificity or to unresolved/incorrect genome assembly that might
have obscured gene copy number or produced other artifacts.
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Fig 4. Plot of the first and second principal components of the analysis of the cuticular hydrocarbons of the adults
(n = 10 per strain) belonging to strains R347 (triangle) and ALM (circle). Component 1 accounts for 73.2% of the
total variation and component 2 accounts for 11.2% of the total variation. Cluster A consists of eight ALM adults,
Cluster B consists of three R347 adults and one ALM adult, and Cluster C consists of five R347 and one ALM adult.
There is one outlier adult marked by D; this outlier produced more cuticular hydrocarbons than any other adult from
R347.

https://doi.org/10.1371/journal.pone.0245803.9004

Table 3. Egg and larval mortality following bifenthrin sprays on filter papers at four concentrations for strain ALM and strain R347 of A. transitella.

ALM R347
Concentration n % Egg Mortality % Larval Mortality n % Egg Mortality % Larval Mortality
Control 400 10.5 (£1.4) 0 375 10.4 (£1.6) 0
5 ppm 250 16.4 (£2.1)* 2.4 (£0.9) 250 8.8 (£1.4)* 2.0 (£0.9)
10 ppm 250 22.0 (+2.5)* 9.6 (£1.8) 225 10.7 (£2.1)* 11.6 (£2.2)
20 ppm 250 29.6 (£6.7) 21.2 (£3.4) 225 28.4 (£5.6) 16.0 (+4.8)
40 ppm 250 30.4 (£4.5) 35.2 (£3.0) 250 28.8 (£5.5) 29.2 (£5.8)

Control solution consisted of 33% methanol. One replicate was removed from R347 in the control, at 10, and at 20 ppm because the egg mortality exceeded two
standard deviations from the mean. Parentheses indicate the standard error.
* Difference between ALM and R347 at respective concentrations of bifenthrin were significantly different (LSM, P < 0.05).

https://doi.org/10.1371/journal.pone.0245803.t003
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Table 4. Larval survivorship on bran diet following bifenthrin egg sprays on filter papers at four concentrations for strain ALM and strain R347 of A. transitella.

ALM R347
Concentration n % Normal % Stunted Total Survivorship n % Normal % Stunted Total Survivorship
Control 400 68.8 (+3) 4.8 (£2.1) 73.5 (£3.7) 375 65.1 (£2.1) 9.3 (£2.6) 74.4 (£2.9)
5 ppm 250 61.6 (+4.3) 4.8 (+1.8) 66.4 (+4.8) 250 63.2 (+4.8) 8.4 (£3.3) 71.6 (+4.2)
10 ppm 250 32.4 (£5.2) 12.8 (£3.8) 45.2 (£3.1) 225 35.6 (£5.2) 12.9 (+3.0) 48.4 (£5.4)
20 ppm 250 18.4 (£5.6) 8.8 (+2.8) 27.2 (£6.1)" 225 28.4 (+6.1) 16.4 (£3.4) 449 (£7.2)*
40 ppm 250 11.2 (£2.4) 4 (£1.7) 15.2 (¥2.5)" 250 20.4 (£3.6) 7.6 (£2.5) 28.0 (£4.6)"

“Normal” larvae were fourth or fifth instars after three weeks whereas “stunted” larvae had not developed past third instar after three weeks. One replicate was removed
from R347 in the control, at 10, and at 20 ppm because the egg mortality exceeded two standard deviations from the mean. Parentheses indicate the standard error.
* Difference between ALM and R347 was significant (LSM, P < 0.05).

https://doi.org/10.1371/journal.pone.0245803.1004

In our examination of the expression differences among the 65 P450s of the CYP3 and
CYP4 clans, many of the P450s identified in R347 were highly expressed in larvae that fed on
control diet, suggesting that constitutive overexpression is a mechanism for pyrethroid toler-
ance in R347. In the absence of bifenthrin, nine P450s still displayed elevated expression in
R347 compared to ALM, two of which belong to the CYP3 clan and seven to the CYP4 clan.
The constitutive overexpression of P450s as a mechanism for pyrethroid resistance has been
observed in many insect pests across multiple orders [13,34-36]. In contrast, for the ALM
strain the expression of CYP321CIv2 was induced by bifenthrin, suggesting its involvement in
bifenthrin metabolism but not resistance. Such a function is consistent with the catalytic activi-
ties of CYP321 enzymes in other polyphagous lepidopterans including corn earworm Helio-
coverpa zea and tobacco cutworm Spodoptera litura [37-39]. We were surprised to detect that
for both strains there were more P450s in the CYP3 and CYP4 clans downregulated by bifen-
thrin rather than induced by it. Although little is known about the metabolic significance of
P450 downregulation, it may be a homeostatic response to toxins and divert transcriptional
machinery and energy from the maintenance of normal metabolism toward the synthesis of
components involved in detoxification [40].

Characterizing the function of CYP4 Clan enzymes remains elusive. In the diamondback
moth Plutella xylostella, expression of CYP340s have been identified in larval midguts and
linked to abamectin resistance, supporting the role of the family in xenobiotic metabolism
[9,41]. We found that CYP340A]1 is constitutively overexpressed in A. transitella larvae in the
absence of bifenthrin, but whether this overexpression confers tolerance to bifenthrin remains
an open question. Two of the CYP4 clan P450s constitutively overexpressed in R347 belong to
the CYP4G subfamily, which is linked to insecticide resistance via cuticular modification in
several insect species [17-20]. The expression of multiple CYP4Gs in the midgut was unex-
pected, in view of the fact that CHC-synthesis has been previously associated with oenocytes in
resistant insects [17,42]. In D. melanogaster and M. domestica, CYP4G1 and CYP4G2 encode
oxidative decarboxylases as precursors to CHC synthesis, but only CYP4G1 expression was
identified in the oenocytes [21]. However, CYP4G expression may not be restricted to oeno-
cytes because in D. melanogaster CYP4G15 is expressed in the nervous system [43]. In the yel-
low mealworm beetle Tenebrio molitor, CYP4G122 and CYP4G123 expression was greatest in
the fat body and cuticle of pupae, with the lowest expression detected in the gut [44]. Previ-
ously, RNA-seq screening in A. transitella larvae identified CYP4G89 expression in the midgut,
although at lower levels than many CYP3 Clan P450s [11,45].

Cuticular hydrocarbon production varied among strains for both life stages evaluated, and
our finding is consistent with Ngumbi et al. 2020 [28], who found that for both R347 and ALM
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the levels of CHC varied by adult age as well as between the two strains. In our study the eggs
of R347 were more homogeneous for CHC production than those of ALM because five sam-
ples clustered closely, while in contrast the adults of ALM were more homogeneous than R347
because eight clustered closely (significantly lower total CHC production). These groupings
are consistent with the variable production of CHCs by both strains, but the highest produc-
tion consistently occurred in the eggs and adults of R347. Despite the elevation in the levels of
pentacosane, heptacosane, and nonacosane in R347, the association between these specific
CHC:s and insecticide resistance/tolerance is unknown. Our individual comparisons of CHCs
between ALM and R347 were selected based upon total masses extracted from samples. Penta-
cosane, heptacosane, nonacosane, and tricosane are odd-numbered alkane CHCs, and their
predominance in R347 over ALM is suggestive of a regulatory difference in biosynthetic path-
ways between the strains.

The detection of multiple overexpressed CYP4Gs in R347 combined with the increase in
total CHCs in eggs and adults of this strain, supports the hypothesis that this overexpression
acts as another resistance mechanism. More than 20 years ago elevated constitutive expression
of CYP4Gs was linked to pyrethroid resistance in the lepidopteran Helicoverpa armigera [22]
although no mechanistic explanation was provided. Balabanidou et al. (2016) [17] and
Yahouédo et al. (2017) [20] measured epicuticle thickness with transmission electron micros-
copy to confirm differences in pyrethroid-resistant and susceptible mosquitoes, and a similar
approach could help to illuminate the precise relationship between CYP4Gs, CHCs, and bifen-
thrin resistance in A. transitella.

In almonds, insecticides applications targeting A. transitella are primarily applied to protect
the nut during hull split when the shell/kernel is exposed. Insecticide residues kill eggs directly
or kill neonates when they begin feeding and as they wander across the treated hull and shell
[31,32]. Our hypothesis that the cuticle of the A. transitella R347 strain has been modified,
resulting in a reduction in insecticide penetration, is supported in part by our bioassays
designed to simulate bifenthrin field exposure through direct exposure to spray and through
contact with treated surfaces. The increased survival of R347 eggs in the bioassays suggests that
they may have modifications that reduce insecticide penetration at low concentrations through
the chorion. Exposure to bifenthrin spray did not differentially affect neonate mortality, but
the three-week larval assessment revealed that the combination of egg and contact toxicity
reduced survivorship in a concentration-dependent manner.

Insecticide resistance studies frequently omit comparisons of egg mortality relative to that of
host-damaging life stages. Although insecticide resistance has been documented in the eggs of
insect pests [46,47], the mechanisms contributing to enhanced survival of resistant eggs are
largely unknown. Differences in egg susceptibility in this study may be due to variations in the
chorion that facilitate the uptake of oxygen/or and reduce penetration of insecticides. The
increased survival of R347 eggs in our bioassays at low insecticide concentration suggests that
modifications to the chorion reduced insecticide penetration. However, insecticide susceptibility
is also influenced by age and changes during embryonic development [48]. Because our focus
was on recently fertilized A. transitella eggs, older eggs may differ in their bifenthrin tolerance.

An additional mechanism for pyrethroid tolerance/resistance is present in both strains.
Calla et al. 2020 [49] identified a selective sweep in both R347 and ALM indicating that these
strains contain a single point mutation in the para gene encoding the voltage-gated sodium
channel, conferring target-site insensitivity to pyrethroids. This mutation conferred more than
a 30-fold higher tolerance to bifenthrin compared to a laboratory baseline strain lacking it, and
the selection pressure from heavy bifenthrin use in tree nuts from 2006 to the present may
have facilitated its establishment throughout the San Joaquin Valley and perhaps the Sacra-
mento Valley as well. The presence of this mutation in both strains may help explain their
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tolerance to bifenthrin when compared to the baseline strain lacking the mutation but does
not explain the 3.3-fold higher tolerance of R347 relative to ALM.

A previous assessment of bifenthrin toxicity through a first instar feeding assay with these
populations revealed that the median-lethal concentration (LCsg) of bifenthrin for ALM and
R347 were 7.5 ppm and 24.3 ppm, representing 3.9-fold and 12.9-fold increases, respectively,
over the original LCs, reported for R347 in 2013 [7,49]. The ratio for R347 is now 113-fold
greater than the laboratory baseline susceptible strain while for ALM, the LCs; of 7.5 ppm indi-
cates that this strain is now 34.7-fold more tolerant than the laboratory baseline strain. We
now consider R347 to be resistant because of the 113-fold increase in the LCs, compared to
the original baseline but have not linked this to control failures in the field. In contrast, because
the change in ALM is only 34.7-fold, we consider it to be tolerant to bifenthrin. We emphasize
that bifenthrin is still effective in the field when applied properly (maximized coverage) but
local A. transitella populations rebound more rapidly now after insecticide application. We
purposefully chose to start colonies from populations exposed to all currently registered insec-
ticides because it increases our credibility when suggesting changes in practice to growers,
such as using the maximum label rate of insecticides and improving application efficiency
through improved timing and proper sprayer speed to maintain insect control.

In conclusion, cytochrome P450s represent a single superfamily associated with xenobiotic
detoxification, yet our analysis, limited to only a subset of A. transitella P450s, implicated two
mechanisms that contribute to bifenthrin resistance-constitutive overexpression leading to
increased detoxification combined with reduced cuticular penetrance. We acknowledge that
resistance may not be limited to these routes and other detoxification mechanisms including
glutathione-S-transferases (GSTs), carboxylesterases (COEs), and ABC transporters (ABCs)
have been linked to pyrethroid resistance in other pest species [50-52]. The additional mecha-
nism of changes in the target site sodium channel can also contribute to resistance. Current
insecticide resistance management strategy for A. transitella depends on rotating different
insecticide families, ensuring that consecutive generations are challenged by insecticides with
differing modes of action. This approach, however, disregards potential overlapping mecha-
nisms of detoxification and can be especially problematic if changes in the cuticle and/or cho-
rion slow the penetrance of insecticides belonging to different families, despite their varying
modes of action and chemical structural class [53,54]. Our finding that R347 possesses multi-
ple mechanisms for pyrethroid resistance should be an immediate concern for growers
because of the threat of cross-resistance to all registered classes of insecticides due to changes
in insecticide penetrance.

Supporting information

S1 Table. Primer sequences for all CYP3 clan P450s examined in QRT-PCR experiments.
(PDF)

$2 Table. Primer sequences for all CYP4 clan P450s examined in qQRT-PCR experiments.
(PDF)
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