








initially estimated among Mendelian-inherited AFLP and Seque-
nom SNP markers in non-Cry1Fa control groups from pedigrees
FQ4 (n ¼ 44) and FQ5 (n ¼ 22) using MAPMAKER 3.0 (Lincoln et al.,
1992) as described by Coates et al. (2013). A merged dataset of
Sequenom Typer® output and de novo SNP loci called from sorted
BAM alignments (n ¼ 58) were analogously used to construct a
second linkage map with MAPMAKER 3.0 using methods as
described above.

2.3.2. QTL mapping of Cry1Fa resistance
Since FQ4 Cry1Fa phenotype data were categorical (survivor

only) and devoid of a susceptible group, traditional quantitative
genetic interval mapping procedures could not be applied. Thus the
application of the degree of deviation of Mendelian markers in the
Cry1Fa survivor group from expected genotypic ratios was used as a
proxy for a positional mapping statistic as previously developed by

Heckel et al. (1998) as described by Coates et al. (2011a; 2013). In
brief, the Chi-square (c2) statistic was used to assess any deviation
in genotype frequency at a SNP locus among Cry1Fa survivors with
a Bonferroni-adjusted significance threshold (a/N; N ¼ number of
markers on the associated LG). The relative position of a QTL was
determined by plotting Bonferroni-adjusted P-values for each ge-
netic marker according to the estimated centiMorgan (cM) distance
along the length of each LG.

3. Results

3.1. Genotyping assays

3.1.1. Single nucleotide polymorphism (SNP) markers
Analysis of Sequenom MassARRAY® genotyping data from

multiplexes W1 to W20 detected 382 segregating SNPs among

Fig. 1. Schematic showing methods used to modify amplified fragment length polymorphism (AFLP) template by PCR-based attachment of Illumina HiSeq2500 flow cell adapter,
sequencing primer and unique barcode sequences in a genotyping-by-sequencing protocol.

Table 1
Illumina HiSeq 2500 reads generated from reduced representation libraries from pedigree FQ4 individuals and backcross parents; Pool01 (non-Cry1Fa control and backcross
parents: “Control þ parents”) and Pool02 (Cry1Fa survivors and backcross parents; “Survivors þ parents”).

Library Treatment Template & raw read data Processed read data

n Reads Mean L. Nts n Reads Mean L. Nts

Pool01 Control þ parents 70a 208.9 100 14,943 63c 175.1 83 11,511
Pool02 Survivors þ parents 66b 146.8 100 11,081 60d 127.0 83 10,642

Number of reads (Reads) and nucleotides (Nts) reported in millions. a. PCR libraries from control (n ¼ 68) and parents (n ¼ 2); b. PCR libraries from Cry1Fa survivors (n ¼ 64)
and parents (n ¼ 2); c. Successfully sequenced PCR libraries from control (n ¼ 61) and parents (n ¼ 2); d. PCR libraries from control (n ¼ 58) and parents (n ¼ 2).
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non-Cry1Fa control progeny genotypes (n ¼ 22) and Cry1Fa survi-
vors (n ¼ 24) in pedigree FQ5. Of these markers, 70 SNPs exhibited
both Mendelian inheritance (c2 associated P-values � 0.05) and
were in a configuration that allowed detection of segregating al-
leles from heterozygote F1rS\ and homozygote BCPrr_ parents
(Table S2A). Genotyping of FQ4 F1rS_ and BCPrr\ (n ¼ 2) parents,
non-Cry1Fa control (n ¼ 44) and Cry1Fa toxin survivors (n ¼ 72)
with this subset of SNP markers (Sequenom MassARRAY® multi-
plexes W1, W2, W3, W7, W8 and W12) detected 128 segregating
markers. Among these 128 markers, 57 were inherited from a
heterozygous male parent genotype and showed no deviation from
a predicted 1:1 Mendelian ratio of homozygote to heterozygote
genotypes among FQ4 non-Cry1Fa control individuals (c2 P-
values � 0.05; Table S2B).

3.1.2. Illumina sequencing read data
A total of 208.9 and 146.8 million reads were received within

Illumina HiSeq 2500 raw sequence data files for Pool01 (FQ4
Controls þ parents) and Pool02 (FQ4 Cry1Fa survivors þ parents),
respectively (Table S3). A total of 22.1 billion nucleotides remained
after reads were trimmed to remove adapter sequences and nu-
cleotides with a q < 20 from Pool01 and Pool02 (processed reads;
Table 1).

3.2. Next generation sequence data and de novo mutation discovery

Processed read data included demultiplexing of fastq formatted
sequences, which recovered barcoded libraries for multiplexed
samples in the two pools; Pool01, 63 of 68 Controls þ parents, and
Pool02, 60 of 66 Cry1Fa toxin Survivors þ parents (Table 1;
Table S3). Clustering of short read data from FQ4 BCPrr\ parent by
CD-HIT produced 67,641 sequences >82-bp (data not shown).
Alignment of processed Illumina read data from parental and FQ4
progeny to the CD-HIT reference clusters resulted in mapping of
175.1 and 127.0 million reads from Pool01 [Controls
(n ¼ 61) þ parents (n ¼ 2); Total n ¼ 63] and Pool02 [FQ4 Cry1Fa
Survivors (n ¼ 58) þ parents (n ¼ 2); Total n ¼ 60] (Table 1;
Table S1), but varied across libraries (Pool01 2.9 ± 0.4 and Pool02
2.2 ± 0.2 million reads per individual library; Table 2). When
considering only the reads that mapped to a single position in the
reference, a mean of 1.3 ± 0.3 and 1.0 ± 0.1 million reads were
mapped per individual in Pool01 and Pool02, respectively (e.g. pu-
tatively unique mapping reads that are putatively unaffected by
repetitive DNA elements), while �801,297 reads from FQ4 parents
were similarly mapped to the reference (Table S3).

Read depths among alignments were not taken into account
within BAM files, but subsequent calling of mutations from sorted
BAMfiles requiring aminimum read depths of 10 as well as removal
of SNPs �5 nucleotides away from any alignment gap resulted in
calling of 12,621 putative segregating mutations. Specifically,
segregating mutations were defined as being inherited from het-
erozygous FQ4 F1rS_ (0/1) and homozygous BCPrr\ (1/1 or 0/0)
parental genotypes in the VCF file output, which were further
culled to 1389 after highly stringent filtering out loci with GT < 20
for any parental or progeny genotype. The number of segregating
markers was further reduced to 1026 following removal of those

with significant departures from a Mendelian 1:1 ratio among FQ4
control genotypes (P-values � 0.05: Table S4).

3.3. Quantitative trait locus mapping

3.3.1. Mapping with single nucleotide polymorphism (SNP) markers
The aim of genotyping FQ5 progeny on the Sequenom Mas-

sARRAY® was only to identify markers on non-recombining LGs
that are linked to the QTL. These results identified 54 segregating
Mendelian Sequenom SNP markers among the non-Cry1Fa control
genotypes in pedigree FQ5, which were assembled into 15 LGs
(Table S2A) with 3.86 ± 1.95 markers per LG (range 2e7) and the
greatest number assigned to LGs 6 and 12. Due to achiasmatic
oogenesis in female Lepidoptera, FQ5 F1rS\ parent LGs were
inherited as intact haplotypes without recombination such that
markers on a LG collapsed to a single position between which cM
distances could not be estimated (remaining data not shown).
Although Mendelian inheritance was expected among all markers
segregating in the non-Cry1Fa exposed control group, significant
deviations among the same markers from the Cry1Fa survivor
group were expected when linked to the QTL. From the set of
markers that exhibited Mendelian inheritance in the control group,
Chi-square tests detected deviation from 1:1 genotypic ratios
below a Bonferroni-adjusted significance threshold of 0.0083 for 7
SNP markers in the Cry1Fa survivor group (P-values � 7.1 � 10�6;
Table 3; Table S2A). Due to the absolute linkage of these 7 markers

Table 2
Illumina HiSeq 2500 readmapping statistics across individuals in reduced representation library constructed from pedigree FQ4 Pool01 (parents and non-Cry1Fa toxin control)
and Pool02 (parents and Cry1Fa toxin survivors).

Library Treatment Total read mapped Reads mapped 1X Reads mapped >1X

Pool01 Control þ parents 175.1 (2.9 ± 0.4) 78.9 (1.3 ± 0.3) 60.5 (1.0 ± 0.2)
Pool02 Survivors þ parents 127.0 (2.2 ± 0.2) 58.9 (1.0 ± 0.1) 39.6 (0.7 ± 0.1)

Data partitioned across total reads, reads that mapped exactly once (1X) and greater than once to the reference sequences (>1X) (all values in millions of reads).

Table 3
Significance of deviations of Mendelian-inherited SNP markers among Cry1Fa sur-
vivors using the Chi-square (c2) statistic in pedigrees A) FQ5 and B) FQ4.

A) Pedigree FQ5

Marker LG Non-Cry1Fa controls
(n ¼ 22)

Cry1Fa survivors
(n ¼ 24)

c2 (1:1) P-value c2 (1:1) P-value

contig00154.201 12 0.18 0.66982 24.00 <0.0001
contig00580.451 12 4.00 0.04550 24.00 <0.0001
contig02302.286 12 0.73 0.39377 24.00 <0.0001
contig05497.424 12 0.73 0.39377 24.00 <0.0001
contig05852.999 12 0.73 0.39377 24.00 <0.0001
contig06890.614 12 0.43 0.51269 24.00 <0.0001
contig07101.351 12 0.73 0.39377 24.00 <0.0001

B) Pedigree FQ4

Marker LG Non-Cry1Fa controls
(n ¼ 22)

Cry1Fa survivors
(n ¼ 72)

c2 (1:1) P-value Marker LG

contig00580.451 12 0.11 0.74560 33.82 <0.0001
contig02302.253 12 2.27 0.13167 60.50 <0.0001
contig02302.286 12 2.27 0.13167 60.50 <0.0001
contig06911.320 12 0.36 0.54649 53.39 <0.0001
contig06890.614 12 2.27 0.13167 60.50 <0.0001
contig07101.351 12 1.88 0.16991 41.00 <0.0001
ABCC2 12 1.14 0.28575 63.23 <0.0001

Progeny fed on control diet containing no Cry1Fa toxin were used to determine
Mendelian inheritance among SNP markers, and linkage to Cry1Fa resistance esti-
mated by significance of deviation from expected 1:1 genotypic proportions among
Cry1Fa survivors using the Chi-square (c2) statistic.
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segregating from the FQ5 female F1rS\ parent, all of these SNPs
mapped to a single position on LG12 (remaining data not shown).

Genetic recombination among linked markers from the FQ4
male F1rS_ parent genotype allowed for the estimation of cM dis-
tances among 57 Mendelian SNP markers segregating among FQ4
control individuals. Genetic linkage was detected among 36 of
these segregating SNP markers and resulted in assignments to 14
LGs (2.64 ± 1.39 markers per LG; range 2e7; Table S2B). Most
importantly, 7 of these SNP markers and AFLP-PCR markers E-
ACT_700-M-GA-0124 and E-ACT_800-M-CTA-0185 were posi-
tioned on LG12 in FQ4 (Fig. 2; Table S2B), of which the latter AFLP
markers had previously been linked to the Cry1Fa QTL (Coates et al.,
2011a). Estimated recombination between these 9 markers
inherited from F1rS_ parent haplotypes resulted in an approximate
55.0 cM distance across LG12 (11 ± 6.35 cM between adjacent
markers). Furthermore, four markers on LG12 in FQ4 (con-
tig00580.451, contig02302.286, contig06890.614, and con-
tig07101.351) were also positioned on the same LG12 constructed
from FQ5 pedigree data (Table 3), and allowed for comparison of
QTL position between pedigrees.

Given that relative positions of Mendelian-inherited markers
were made on the FQ4 genetic linkage map, subsequent positional
mapping of the QTL for larval Cry1Fa resistance was accomplished
by estimating the strength of significant statistical deviations from
a 1:1 genotypic ratio among segregating markers in the Cry1Fa
survivor group. Resulting Chi-square tests detected significant de-
viations at only 7 SNP marker loci using a Bonferroni-adjusted P-
value threshold of 0.0055 (Table 3; Table S2B) and one AFLPmarker,
E-ACT_700-M-GA-0124. In contrast, the AFLP marker E-ACT_800-
M-CTA-0185 was below the re-adjusted significance threshold (all
AFLP data imported from Coates et al., 2011a). Furthermore, all 8 of
these markers were genetically linked and the most significant
deviations were predicted among 4 markers at the proximal end of
LG12 (Fig. 2). The SNP marker that detected variation among an
abcc2-like transcript previously described by Coates et al. (2013)
was strongly linked to the QTL on LG12, but linkage to Cry1Fa

resistance was not absolute since recombinant genotypes were
detected among 2 of 71 Cry1Fa toxin survivors that were genotyped
(2.8%; Table S2B).

3.3.2. Mapping with SNP and NGS marker data
A genetic linkage map with higher marker density was con-

structed by merging Mendelian-inherited marker datasets from
both Sequenom MassARRAY® and 1026 GBS-predicted mutations
segregating among FQ4 non-Cry1Fa controls (Table S5). This ge-
netic linkage map assigned 981 markers to 39 LGs (25.2 ± 20.2
markers per LG; range 4e109 markers per LG) and spanned a total
of 3409.5 cM (87.4 ± 77.6 cM per LG; Table S5). Analysis of these
combined data predicted that 102 GBSmarkers were linked to the 7
Cry1Fa QTL linked Sequenom MassARRAY® SNP markers (Fig. 2),
and defined the new 268.8 cM LG12 (n¼ 109 markers; 5.9 ± 6.9 cM
between adjacent markers; Fig. 3). Markers located on LG12 were
inclusive of the marker for an abcc2-like gene. Analogous geno-
types from the FQ4 Cry1Fa toxin survivor group showed significant
deviation from Mendelian expectations at 37 of 109 loci on LG12
(33.9%) after Bonferroni adjustment for multiple tests (P-value
cutoff ¼ 0.00045). Plotting of all P-values from Chi-square esti-
mated deviations from Mendelian expected genotypic proportions
at GBS loci among Cry1Fa survivors (n ¼ 102) showed an approxi-
mate normal distribution, such that markers within a pseudo-95%
confidence interval were used to define the boundaries of the
QTL. Specifically, this calculation of (102 markers � 0.05) indicated
5 markers with the most significant deviation from expected
Mendelian ratios should define the QTL, and subsequently included
marker clusters 697, 456, 24, 64, and 51 that were in an approxi-
mate 2.1 cM interval adjacent to the abcc2 marker on LG12 (Fig. 3).
GBS markers 476, 304 and 302 were at the same genetic map
location as 697, 456, 24, 64, and 51 (based on linkage among Control
group individuals), and although outside of the Pseudo-95% con-
fidence interval, Chi-square P-values estimating significance of
deviation fromMendelian expectationwere�3.13� 10�9. Themale
derived allele from marker 697 (cluster 697) co-segregated with
the Cry1Fa resistance trait at a greater frequency (98.0%) compared
to the abcc2 marker (97.1%) as well as compared to all other
markers within the QTL (�95.7%).

4. Discussion

Field-evolved resistance to transgenic Bt toxins expressed by GE
crop plants has been documented among a few important species
of Lepidoptera (see Introduction), as well as by the coleopteran, the
western corn rootworm, D. virgifera virgifera, which exhibits resis-
tance to Bt Cry3Bb1 and mCry3A toxins (Gassmann et al., 2011,
2014). Such instances of resistance highlight potential shortcom-
ings in our scientific understanding of biochemical and ecological
factors that lead to selection within natural populations. Biological
factors have lead to an increasing proportion of functionally resis-
tant individuals in these target insect populations such that
economically-significant levels of crop damage have been
observed. Methods to remediate inherent phenotypic and under-
lying genotypic changes that occur in response to Bt toxin exposure
(e.g. selection) through the HDR strategy are based on the premise
that homozygous resistant individuals that develop on transgenic
crops are “rare” (q � 10�3; Onstad and Guse, 1999) and more likely
to mate at random with an overwhelming excess of susceptible
individuals the emerge from non-Bt refuge. Secondly, the “high-
dose” component of this strategy assumes that toxins expressed by
Bt crops are sufficient to cause mortality among 100% of any het-
erozygous insects (Alstad and Andow, 1995; Tabashnik, 2008).
Studies challenging these tenants have shown that resistance al-
leles are not always rare (Huang et al., 2014; Siegfried et al., 2014) or

Fig. 2. Positional mapping of a single major quantitative trait locus (QTL) which de-
termines the inheritance of a Cry1Fa resistance trait in Ostrinia nubilalis larvae in
pedigree FQ4 which confers the ability to survive on reproductive stage transgenic
corn. Markers near a single end of the 55.0 cM linkage group 12 (LG12) show the
greatest deviation from expected Mendelian genotypic proportions as indicated by P-
values from associated Chi-square (c2) tests (x-axis), and significance of departures set
at a Bonferroni adjusted threshold of 0.0055 (a ¼ 0.05/9) is shown at the dotted line.
Segregating SNP markers, including one for an abcc2-like gene, within a 16.6 cM in-
terval (labeled Cry1Fa) shows the most significant deviation.
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Fig. 3. Integrated genetic linkage map constructed from 109 segregating de novo genotyping-by-sequencing (GBS) and Sequenom MassARRAY®-based SNP markers on the 268.8 cM
LG12. Markers linked to a QTL that determines Cry1Fa toxin resistance among Ostrinia nubilalis larvae in backcross pedigree FQ4 are shown as significance of Chi-square (c2)
estimated deviations from Mendelian expectation in the Cry1Fa toxin survivor group. Markers in an estimated 46.5 cM region (markers 469 thru 389, and including abcc2) show
departures below a Bonferroni adjusted significance threshold of 0.00045 (a ¼ 0.05/109) as shown at the dotted line.
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functionally recessive in insect populations (Zhang et al., 2012; Jin
et al., 2013; Campagne et al., 2013). Furthermore, the level of Bt
toxin varies across plant tissues (Siegfried et al., 2001) and de-
creases with increasing plant maturities (Greenplate et al., 2003).
Possible lower dose exposures may be encountered in situations
where plants senesce during their life cycles, and was demon-
strated by in survival of the O. nubilalis Cry1Fa strain only on
reproductive stage transgenic corn that likely would be encoun-
tered by larvae produced the second generation bivoltine moths
(Pereira et al., 2008a).

Understanding the genetic mechanisms that increase the sur-
vivorship of target insects when exposed to pesticides, as well as
biological and ecological factors that influence persistence of causal
alleles in a population, may reveal means bywhich to better predict
and manage the evolution of resistance (Siegfried et al., 2007;
Tabashnik et al., 2009). The isolation of mutations directly linked to
Bt resistance traits have remained elusive due to difficulties in
dissecting complex biochemical interactions and the realization
that independent modes of resistance were possible (Griffitts and
Aroian, 2005). For instance, previous ligand blotting results indi-
cated that both Cry1Fa and Cry1Ab toxins could bind strongly to the
O. nubilalis midgut receptors cadherin, and/or apn protein isoforms
(Hua et al., 2001; Crava et al., 2013; Tan et al., 2013). Although Bt
toxin binding to aminopeptidase N and cadherin is likely important
within the context of the sequential binding model (Bravo et al.,
2007), studies have failed to show co-segregation of molecular
genetic markers within these gene coding regions with Bt resis-
tance traits in Plutalla xylostella (Baxter et al., 2005), H. virescens
(Gahan et al., 2005), Trichoplusia ni (Zhang et al., 2012), or the O.
nubilalis Cry1Fa resistance investigated in this study (Coates et al.,
2011a). These reports suggest that Bt resistance is not ubiqui-
tously linked to mutations that cause protein structural changes or
cis-acting mutations. Indeed, the involvement of gene regulatory
mutations that act in trans- to affect the expression of midgut re-
ceptors were implicated in the inheritance of resistance to Cry1Ac
in T. ni (Tiewsiri and Wang, 2011), Cry1Ab in O. nubilalis (Coates
et al., 2013), and Cry1Ac in P. xylostella (Guo et al., 2015) which
highlight the possible importance of genetic background and
epistatic effects on the evolution of Bt resistance.

Traditional genetic mapping aims to associate the segregation of
anonymous molecular markers with the inheritance of a pheno-
type, and operates independent of a priori assumptions regarding
mode of action such that background genetic affects can be
detected. Application of GBS for high throughput marker discovery
and subsequent QTL mapping, such as that used in the current
study, provide methods to detect thousands of segregating muta-
tions and to improve the resolution of QTL position. Analogously,
the co-segregation of anonymous molecular genetic markers was
successful in identifying a novel genome region that determined
Cry1Ac resistance in the H. virescens strain YEE, and led to the
discovery of a previously unknown candidate Bt binding receptor,
the abcc2 transporter (Gahan et al., 2010), and was crucial for a
proposed extension of the sequential bindingmodel (Heckel, 2012).
Subsequent genetic mapping approaches have implicated abcc2
gene family members in Cry1Ac resistance in P. xylostella and T. ni
(Baxter et al., 2011) as well as Bombyx mori (Atsumi et al., 2012).
Most recently, a bulk segregate analysis associated different
members of the abcc2 transporter gene family with Cry1Ac and
Cry1Ca resistance in Spodoptera exigua (Park et al., 2014). Mutations
in alleles at the abcc2 locus in resistant individuals, compared to
susceptible counterparts, include a truncation due to a premature
stop codon preceding transmembrane domain 1 in H. virescens
(Gahan et al., 2010), deletion of all or part of the cytoplasmic tail for
P. xylostella (Baxter et al., 2011) and S. exigua (Park et al., 2014), and
a single point mutation in the second extracellular loop among

Cry1Ac resistant B. mori strains (Atsumi et al., 2012). In the current
study, fine mapping with 109 segregating GBS and SNP markers
positioned on the 268.8 cM O. nubilalis LG12 defined a 46.5 cM QTL
for Cry1Fa resistance that included a marker for an abcc2-like gene
(Fig. 3). Incorporation of GBS markers significantly increased the
marker density on this LG compared to use of single base extension
SNP assays alone (Fig. 2). Interestingly, the abcc2 genetic marker
was mapped to a position �2.8 cM from the QTL. Even though the
GBS marker 697 was estimated to be within 2.1 cM of the QTL and
closer compared to the abcc2 marker, estimates of map distances
are relative and potentially subject to error incurred during sam-
pling of progeny. Furthermore, tight but lack of absolute linkage
between the abcc2-like transporter and Cry1Fa resistance in O.
nubilalis might be affected by minor errors incurred during bio-
assays, or the possibility that another member of the abcc2 trans-
porter gene family may be directly involved in the inheritance of
this resistance trait. Specifically, the members of the abcc2 gene
family members are clustered within a narrow interval in the H.
virescens (Gahan et al., 2010) and similarly shown for their othol-
ogous B. mori genomes (Xie et al., 2012), which suggests that
another gene within the O. nubilalis QTL may potentially show
greater or absolute linkage with Cry1Fa resistance. This latter
assumption may be partially confirmed by a recent study that
demonstrated a mitogen-activated protein kinase (mapk4) gene in
the same P. xylostella region genome as abcc2 may function in a
trans-regulatory pathway to control the expression of the alp
binding receptor and abcc2 (Guo et al., 2015). The position of the
mapk4 ortholog in the O. nubilalis genome remains unknown, but
given the high degree of synteny between lepidopteran genomes at
this locus (Baxter et al., 2011), our GBS mapping results might be
considered in agreement with finding by Guo et al. (2015) that
implicate a gene in proximity to abcc2 as the causal genetic factor of
Cry1 toxin resistance.

Monitoring remains the prescribed tactic for detecting the onset
of resistance within insect populations, and long duration studies
are necessitated to detect changes in phenotypic frequencies over
time to document field-evolved resistance (Tabashnik et al., 2008).
After nearly two decades since initial commercialization of Bt corn
O. nubilalis remains susceptible to those toxins deployed for its
control (Hutchison et al., 2010; Siegfried and Hellmich, 2012) the
HDR strategy may be credited for circumventing any potential
onset of Cry1Ab or Cry1Fa resistance (Bourguet et al., 2002; Gaspers
et al., 2011; Siegfried et al., 2014), even though the estimated fre-
quencies of Cry1Fa resistance alleles (q � 0.0286) are beyond
modeling thresholds (Siegfried et al., 2014). Similarly, initial F2
screens have estimated Cry2Ab and Vip3A toxin resistance alleles at
0.021 and 0.027, respectively, in populations of H. armigera and H.
punctigera in Australia prior to commercial Bt cotton expressing
either toxin (Downes and Mahon, 2012a,b; Mahon et al., 2012), but
cannot be predictive of any future field failures given the above case
with O. nubilalis. Determining the allelic variants that give rise to
functional resistance, and how biological or ecological factors
modulate the frequency of those alleles in an insect population to
levels that overcome the suppressive effects of the HDR strategy
remains an important unknown for the formulation of sustainable
IRM tactics.

Bioassay-based monitoring aimed to detect changes in resistant
phenotype frequencies in target insect populations are oftentimes
insufficient in scope to support a realistic assumption that
increased proportions of resistant individuals can be readily
detected. Cases of field-evolved resistance have thus far been
documented only after observation of significant crop damage, and
arguably after the point at which prescribed remediation plans
have limited effectiveness. One-to-one correlations have been
made between a single mutation in the Anopheles funestus
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glutathione S-transferase epsilon 2 (GSTe2) gene with pyrethroid
and DDT resistance (Riveron et al., 2014), as well as between an
gamma-aminobutryic acid (GABA) receptor mutation and organo-
chlorine resistance (ffrench-Constant et al., 2000; Wang et al.,
2013) such that opportunities are now present to directly
monitor changes in the frequency of resistance in field populations
using molecular genetic markers (Siegfried et al., 2007; Black and
Vontas, 2007; Riveron et al., 2014). Incorporating this principle of
monitoring direct genotypeephenotype associations into crop pest
management strategies has the potential to help evaluate resis-
tance management programs and guide regulatory and manage-
ment decisions. Defining genome regions and implicating
candidate genes as causal genetic factors as done in this study is a
crucial step in realizing a molecular assay based methods for field
monitoring. Ultra-fine mapping of Bt resistance traits using thou-
sands of GBS markers provide improved resolution of QTL position
as done for Cry1Fa resistance in this study, and may provide a
mechanism for identifying unknown mutations that are causal of
Cry1A resistance (Tiewsiri andWang, 2011; Coates et al., 2013), any
number of other insecticide resistance traits or phenotypes that
evolved from ecological diversification. Furthermore, GBS-based
methods and genome wide association studies (GWAS) of popula-
tion data may provide future paths for direct analyses of field-
evolved resistance that forego the need for establishing labora-
tory populations. Most importantly, identification of specific
resistance conferring mutations may also enhance our under-
standing of Bt toxin mode of action and the ability to track changes
in allele frequencies in response to selection.

5. Conclusions

Mutations in genes encoding putative midgut-expressed Cry
toxin binding receptors are known to result in reduced suscepti-
bilities among larvae, and is one of the principle modes by which Bt
toxin resistance is expected to develop. Alterations in genes and
transcripts encoding ABCC2 transporter proteins had previously
been implicated in lepidopteran resistance to Cry1Ac (Gahan et al.,
2010; Baxter et al., 2011; Atsumi et al., 2012) and Cry1Ca (Park et al.,
2014). The current study is the first to report direct linkage of an
abcc2 transporter to Cry1Fa resistance, which suggests it may
represent a major pathway by which Cry1F toxin resistance may
develop. In contrast, lack of cross resistance to Cry1A by Cry1Fa
resistant O. nubilalis likely demonstrates independent modes of
action for these groups of toxins, and is supported by independence
of QTL positions for these two traits (Coates et al., 2013). Although
both Cry1Fa and Cry1A toxins may share common midgut binding
sites (Hua et al., 2001; Crava et al., 2013; Tan et al., 2013), differ-
ences in ABCC2 transporter involvement in these two traits may
assist in future research to elucidate the participation of this re-
ceptor in the Bt mode of action. Alternatively, a unified underlying
mechanism may exist that controls the expression of one or more
Bt receptors and be actualized through mutations in yet unde-
scribed trans-regulatory factors.
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