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Abstract

between the two strains.

midgut of the susceptible and resistant strains.

response, RNA-Seq

Background: Despite a number of recent reports of insect resistance to transgenic crops expressing insecticidal
toxins from Bacillus thuringiensis (Bt), little is known about the mechanism of resistance to these toxins. The purpose
of this study is to identify genes associated with the mechanism of Cry1F toxin resistance in European corn borer
(Ostrinia nubilalis Hibner). For this, we compared the global transcriptomic response of laboratory selected resistant
and susceptible O. nubilalis strain to Cry1F toxin. We further identified constitutive transcriptional differences

Results: An O. nubilalis midgut transcriptome of 36,125 transcripts was assembled de novo from 106 million
lllumina HiSeq and Roche 454 reads and used as a reference for estimation of differential gene expression analysis.
Evaluation of gene expression profiles of midgut tissues from the Cry1F susceptible and resistant strains after toxin
exposure identified a suite of genes that responded to the toxin in the susceptible strain (n=1,654), but almost
20-fold fewer in the resistant strain (n=84). A total of 5455 midgut transcripts showed significant constitutive
expression differences between Cry1F susceptible and resistant strains. Transcripts coding for previously identified
Cry toxin receptors, cadherin and alkaline phosphatase and proteases were also differentially expressed in the

Conclusions: Our current study provides a valuable resource for further molecular characterization of Bt resistance
and insect response to Cry1F toxin in O. nubilalis and other pest species.

Keywords: European corn borer, Ostrinia nubilalis, Insect resistance, Cry1F resistance, Bt-toxin, Transcriptomics, Cry1F

Background

The European corn borer, Ostrinia nubilalis Hiibner
(Lepidoptera: Crambidae), is an economically important
pest of corn in the United States and Europe. In the US
alone, O. nubilalis has been reported to cause over $1
billion in yield losses and control expenditures annually
[1]. The introduction of transgenic corn plants express-
ing Bacillus thuringiensis (Bt) crystalline (Cry) toxins in
1996 revolutionized pest management for O. nubilalis.
Corn hybrids that express CrylAb and CrylF toxins are
effective at suppressing O. nubilalis feeding damage, and
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( BioMed Central

have contributed to recent significant population declines
observed throughout the Midwest compared to years prior
to 1996 [2]. Grower adoption of Bt-transgenic corn hybrids
has been high. These hybrids comprised an estimated 80 %
of the US corn crop in 2014 (http://www.ers.usda.gov/
data-products/adoption-of-genetically-engineered-crops-
in-the-us/recent-trends-in-ge-adoption.aspx). This wide-
spread adoption of Bt-transgenic corn imposes an
immense selection pressure on pest insects, leading to the
evolution of resistance in the corn pest species Helicoverpa
zea, Spodoptera frugiperda, Busseola fusca and Diabrotica
virgifera virgifera (Reviewed in [3]). CrylF expressing
transgenic corn was introduced in 2002 in the US and
though resistance to this toxin has not yet been reported
in field populations of O. nubilalis, resistance has been
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observed following laboratory selection [4, 5] and resist-
ance alleles have been detected in field populations [6].

B. thuringiensis is a gram-positive, spore-forming soil
bacterium that produces insecticidal crystal (Cry) pro-
teins in insoluble inclusion bodies during the sporulation
phase of growth [7]. Individual Cry proteins show tox-
icity toward a subset of arthropod or nematode species,
and hence have been deemed safe for mammalian
consumption. The generalized mode of action for Bt
begins with toxin ingestion and culminates in the
death of these insects following disruption of midgut
epithelial cells [8, 9]. Two models have been pro-
posed regarding the mechanism by which cell dis-
ruption occurs in susceptible lepidopteran species as
a result of Bt toxin exposure: 1) the pore formation
model and 2) the signal transduction model. Accord-
ing to the pore formation model, toxin monomers
bind to receptors on the luminal surface of midgut
epithelial cells which leads to toxin oligomerization
and insertion into the cell membrane. Embedded
toxins are believed to form a pore which affects an
ionic balance across the cell membrane and results
in cell death due to osmotic lysis (reviewed in [7]).
In contrast, the signal transduction model proposes
that the binding of the Bt toxin to specific receptors
stimulate the G-protein coupled signaling pathway
leading to activation of protein kinase A and apop-
tosis [10]. The specific cell receptors that CrylF
toxins interact with and lead to subsequent toxicity
have yet to be identified for O. nubilalis [11], although
cadherin and aminopeptidases have been implicated based
on ligand blot assays [12, 13]. Furthermore, CrylAb and
CrylFa were shown to compete for one or more of the
same O. nubilalis midgut receptors [14]. Changes in
CrylAc susceptibility among the laboratory selected
Heliothis virescens colony YHD2 have been linked to both
cadherin and ABCC transporter genes, whereas repression
of aminopeptidase N transcripts were linked to CrylAc
and CrylAb resistance in Trichoplusia ni [15] and O.
nubilalis [16], respectively.

Understanding how a susceptible and resistant insect
respond to sublethal exposure to CrylF may potentially
identify genes associated with the mode of action of this
toxin. Moreover, comparing the changes in midgut tran-
scriptomes of CrylF resistant and susceptible insect
strains could detect the differential expression of genes
in biochemical pathways associated with CrylF resist-
ance and provide novel insights into resistance mecha-
nisms in this species. However, the lack of adequate
genomic resources has hindered molecular-level studies
among lepidopteran pest insects. Transcriptome profil-
ing through massively parallel RNA-Sequencing (RNA-
Seq) has transformed research in non-model organisms
without prior genomic resources [17, 18]. In this study,

Page 2 of 11

we examined the transcriptional differences between a
susceptible and resistant O. nubilalis strain using the
RNA-Seq technology. Due to the lack of reference gen-
ome or transcriptome for the O. nubilalis, a reference
transcriptome was generated by assembly of Roche-454
and Illumina ¢cDNA sequencing data from third instar O.
nubilalis midgut. In order to examine the molecular
mechanisms underpinning the CrylF toxin response in
O. nubilalis, we compared transcriptional changes oc-
curring in susceptible and resistant third instars of O.
nubilalis when exposed to CrylF protoxin. These strains
were selected in the lab for CrylF resistance and were
back-crossed to minimize the genetic background be-
tween them. Identifying and comparing transcriptional
changes in response to CrylF protoxin in susceptible
and resistant larvae provides unique insight into CrylF
mode of action. In addition, we compared the midgut
transcriptional repertoire of third instars of O. nubilalis
CrylF susceptible and resistant strains. Analysis of consti-
tutive transcriptional differences between the susceptible
and resistant O. nubilalis strains provides a global per-
spective of the evolution of resistance to Bt toxins and the
genes that contribute to resistance. Taken together, this
approach enhances our understanding pest response to
Cry toxin exposure and evolution of Bt resistance.

Results

De novo assembly, annotation and quality check of the O.
nubilalis midgut transcriptome

An assembly of 106 million Illumina HiSeq and Roche
454 reads (see Methods section for details) using the
short read assembler Trinity yielded 142,083 contigs
with an N50 of 1.99 kb and mean length of 1.05 kb in-
cluding 86,753 unique genes. These contigs were assem-
bled from 501 million reads after filtering and ranged
from 201 bases to 24.14 kb in length. After removing re-
dundant sequences and those with low read-counts (less
than an average of ten total counts in all samples), the
curated assembly consisted of 36,125 transcripts, with an
N50 of 2.26 kb (Table 1). The length distribution of
these transcripts is shown in Additional file 1: Figure S1.

Table 1 O. nubilalis denovo assembly statistics

Number of reads obtained after sequencing 775 million
Number of reads after quality filtering 501 million
Number of assembled transcripts 36,125

N50 2.25 Kb
Mean length of transcripts 1.27 Kb
Minimum transcript length 201 bases
Maximum transcript length 2412 Kb
No of annotated transcripts 11,967
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To further assess the quality of the assembled transcrip-
tome, we calculated the ortholog hit ratio (OHR) to
estimate the percentage of orthologous genes from
B. mori contained in each of the assembled O. nubilalis
transcript. Of the 12,446 O. nubilalis contigs that had a
BLAST hit to B. mori proteins, 6,284 (50.5 %) had
OHR>0.8 and 8,765 (70.4 %) had OHR>0.5. This
indicates that most of the O. nubilalis contigs assembled
to their full lengths when compared to their orthologs
(Fig. 1). A similarity search against the available O. nubilalis
EST sequences yielded 33.9 % hits, most of which included
full length coding regions (67 % had a hit ratio > 0.80). To
annotate the assembled transcriptome, a similarity search
was done against the protein sequence set from five
insect species (Bombyx mori, Tribolium castaneum, Danaus
plexipus, Apis mellifera and Drosophila melanogaster) as
well as the non-redundant protein database. In total,
33 % of the de novo assembled transcripts yielded
BLASTX hits. O. nubilalis transcripts had the highest
similarities with other lepidopteran sequences including
B. mori and D. plexipus.
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Midgut transcriptional repertoire of the susceptible, but
not the resistant larvae significantly changes in response
to the Cry1F protoxin

In order to understand the differential effects of CrylF
protoxin on midgut transcriptome of susceptible and re-
sistant O. nubilalis strains, we estimated transcript
quantities before and after CrylF protoxin exposure
using RNA-Seq data. A total of 1,654 transcripts were
differentially expressed between the susceptible larvae
fed on artificial diet with 500 ng/ml CrylF and suscep-
tible larvae on artificial diet without CrylF toxin (Fig. 2).
Of these differentially expressed genes, 779 transcripts
were upregulated and 875 transcripts were down-
regulated in the CrylF toxin exposed larvae in compari-
son to the unexposed larvae (Additional file 2: Table S1).
Eight transcripts annotated as cytochrome P450 mono-
oxygenases were upregulated in the susceptible strain
exposed to CrylF toxin compared to unexposed con-
trols. Genes encoding carboxypeptidases, aminopepti-
dase N3, an ABCC2 transporter, and transcripts involved
in ion channel activity were down-regulated in the
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Fig. 1 Ortholog hit ratio analysis of the O. nubilalis transcriptome assembly. OHR values for the O. nubilalis transcripts when compared to B.
mori sequences. Of the 12,446 O. nubilalis sequences with a BLAST hit, 70.42 % have an ortholog hit ratio (OHR) =0.5 and 50.49 % have an
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Fig. 2 Transcripts that show significant differential expression in the O. nubilalis midgut. Results shown for transcriptional response to Cry1F
protoxin in the susceptible strain (S), transcriptional response to Cry1F protoxin exposure in the resistant strain (R), and Constitutive differences
between the Cry1F resistant and susceptible strains. Cutoffs for estimated differential expression set at FDR adjusted p-values < 0.05

constitutive difference
between R and S strains

Il Up-regulated genes
I Down-regulated genes

susceptible strain when exposed to CrylF toxin. In con-
trast, when the gene expression of CrylF protoxin ex-
posed resistant larvae was compared against the
unexposed resistant larvae, only 84 transcripts were dif-
ferentially expressed in the resistant strain (Fig. 2). Of
this differentially expressed set, 25 genes were upregu-
lated and 59 genes were down-regulated in the toxin ex-
posed resistant larvae compared to the unexposed
larvae (Additional file 3: Table S2). Transcripts found
to be upregulated in the CrylF exposed resistant larvae
included serine type endopeptidases and transcripts
with transporter activity.

Majority of the transcripts up- or down-regulated in
response to CrylF toxin exposure regardless of strain
were assumed to comprise of genes associated with
response to protein and might not be involved in toxin
resistance or mode of action. A total of 26 genes were
up-regulated in both the CrylF treated resistant and sus-
ceptible strains when compared to their untreated coun-
terparts (Additional file 4: Table S3). These included
transcripts coding for transmembrane transporter activ-
ity, serine type endopeptidase activity and oxido-
reductase activity. Expression of 60 transcripts was
down-regulated in both strains after CrylF exposure
(Table S3), and included genes coding for metallocar-
boxypeptidases, GTPases, phosphoinositide 3-kinase and
protein transport.

We also catalogued the genes that responded dif-
ferently to CrylF toxin exposure in the two strains.
For the 842 genes that exhibited significant inter-
action (P<0.05) between strains and CrylF treat-
ments, we observed three distinct profiles of gene
expression (Additional file 5: Figure S2). The first
set (profile 1) included genes with reduced expres-
sion after CrylF exposure in the susceptible strain, but
slightly increased expression in the resistant strain after
exposure to the toxin (Additional file 6: Table S4). Inter-
estingly, expression of seven transcripts coding for cyto-
chrome P450s were significantly down-regulated in the
susceptible strain after toxin exposure compared to the
unexposed controls. These transcripts also included serine
type carboxypeptidase and those involved in ion channel
and transmembrane transport. The second set (profile 2)
included genes that were actively transcribed after CrylF
exposure in susceptible strain, but did not change their ex-
pression in the resistant strain after exposure to the toxin.
This list includes transcripts coding for arylphorin precur-
sor, arylphorin, metallocarboxypeptidase and cysteine-type
endopeptidase. A third set of genes (profile 3) did not
change their expression in the susceptible strain after
toxin exposure, but exhibited slightly increased expression
in the resistant strain after exposure to the toxin and in-
cluded genes involved in lipid and chitin metabolism and
transmembrane transport.
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The midgut transcriptional landscape of the resistant
larvae differs from the susceptible larvae

We examined the genes that showed constitutive differ-
ences between the CrylF resistant and susceptible strains
on normal diet treatments. Even though we backcrossed
the resistant and susceptible strains in order to minimize
genetic differences, a large number of constitutively differ-
entially expressed genes were detected. Specifically, 2,660
transcripts were up-regulated and 2,795 transcripts were
down-regulated in the resistant strain compared to the sus-
ceptible strain (Fig. 2 and Additional file 7: Table S5). Man-
ual inspection of these differentially expressed genes
revealed transcripts reported to be involved in Bt resistance
and mode of action in other species including cadherins, al-
kaline phosphatases, aminopeptidases, amylases, flotillins,
chymotrypsins, cathepsins, G protein coupled receptors,
superoxide dismutases, acetyl cholinesterases, carboxyles-
terases, and endopeptidase activity (Fig. 3). Cadherins, alka-
line phosphatases and aminopeptidases have been reported
as receptors for Cry toxins (reviewed in [19]). Our data
show that four cadherin genes were upregulated in the re-
sistant strain compared to the susceptible strain. The CrylF
susceptible O. nubilalis strain expressed more alkaline
phosphatase and aminopeptidase genes than the resistant
strain. The resistant strain had higher expression of cathep-
sins, cytochrome P450s and carboxylesterases. In contrast,
V-ATPase, genes associated with proteolysis (endopeptidase
activity, serine protease, chymotrypsin) and G- protein
coupled receptor expression were down-regulated in the re-
sistant strain compared to the susceptible strain. Most of
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these changes were relatively small with a fold change ran-
ging from 1.4 to 10.6.

A subset of transcripts in the susceptible strain after
Cry1F exposure shifts its expression to resemble the
expression in the resistant strain

In this study, we first compared the transcriptional
profile of the resistant and susceptible strain to iden-
tify the constitutively expressed genes that were dif-
ferentially expressed. We next identified genes that
responded to CrylF exposure in the susceptible
strain. Furthermore, common transcripts that were
differentially expressed in both comparisons were
identified (Additional file 8: Figure S3). This set in-
cluded 101 genes that were up-regulated in the resist-
ant strain compared to the susceptible strain and also
were up-regulated in the susceptible strain after
CrylF exposure (Additional file 9: Table S6). Tran-
scripts coding for cytochrome P450, potassium chan-
nel and transmembrane transport were included in
this group. Nearly 200 genes found to be down-regulated
in the susceptible strain when compared to the resistant
strain and also were found to be repressed in the suscep-
tible strain after CrylF exposure. These genes included
lipases, carboxypeptidases, aminopeptidase N, and
V-ATPase subunits (Additional file 10: Table S7).

qRT-PCR validation
Eight differentially expressed transcripts identified by the
different comparisons from RNA-Seq analysis were

V-ATPase

Endopeptidase activity

Carboxypeptidase

G-protein coupled receptor

Amylase

Alkaline phosphatase

Aminopeptidase

Cadherin

Hm Susceptible strain (S)
Il Resistant strain (R)

T
0 5 10

Number of constitutively differentially expressed genes between S and R strains

Fig. 3 Transcripts differentially expressed between the Cry1F resistant and susceptible O. nubilalis strains. The x-axis indicates the total numbers
of genes differentially expressed in each category. Only the constitutive differences between the Cry1F resistant and susceptible strains are shown

in the figure

T
15 20 25 30
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selected based on their fold change for independent val-
idation of gene expression using quantitative real-time
PCR (qRT-PCR). Expression profiles determined by
RNA-Seq analysis were consistent with the pattern de-
termined by qRT-PCR, confirming results of the RNA-
seq analysis (Table 2).

Discussion
In this study, we exposed the CrylF resistant and sus-
ceptible O. nubilalis strains to sublethal levels of CrylF
protoxin to analyze the midgut transcriptional response.
Our results indicate that the resistant O. nubilalis strain
generally does not exhibit a strong transcriptional re-
sponse to CrylF protoxin exposure. In contrast, the sus-
ceptible strain exhibited substantial changes in midgut
gene expression in response to this toxin. Specifically,
875 transcripts were down-regulated in the susceptible
strain after toxin exposure, and importantly, genes puta-
tively involved in Bt toxin mode of action, such as ami-
nopeptidase N3 (apn3), an ABCC2 transporter and
several serine proteases were identified. Such responses
may represent the first line of host defense against the
toxin to prevent further tissue damage. We identified
five transcripts (two coding for trypsin-like serine prote-
ases and three coding for chymotrypsin- like serine pro-
teases) that were down-regulated after CrylF exposure
in the susceptible strain. Yao et al.[20] reported that O.
nubilalis responds to CrylAb protoxin treatment by
regulating its protease expression, and suggested that
these enzymes might provide a possible mechanism of
defense against Cry toxins. Transcripts involved in lipid
metabolism were also found to be associated with toxin
response. A total of 13 lipases were down-regulated after
toxin exposure in the susceptible strain, suggesting that
toxins also alter some aspects of lipid metabolism. Col-
lectively, our results indicate a complex response to
CrylF protoxin in O. nubilalis, involving regulation of
proteases, detoxification enzymes and metabolism.

We also identified several cytochrome P450 transcripts
that were differentially expressed after toxin exposure in
the susceptible strain. Six cytochrome P450 genes were

Table 2 Comparison of RNA-seq and qRT-PCR results
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found to be down-regulated and eight cytochrome P450
genes were upregulated in the toxin treated larvae.
These monooxygeneases play an important role in the
degradation of insecticides [21] and were also ob-
served to respond to CrylAb protoxin in Lepidoptera
(C. fumiferana and M. sexta) [22]. The precise role of
cytochrome P450 in Cry protoxin processing is uncer-
tain as these enzymes are generally thought to be in-
volved in biotransformation of lipophilic xenobiotics
[23]. However, they also function to regulate titers of
many endogenous compounds [21, 24] involved in
other pathways that may indicate general response to
environmental stress (e.g., CrylF toxin exposure).

In contrast to results with susceptible larvae, gene ex-
pression in the midgut of CrylF resistant larvae changed
very little in response to CrylF toxin in agreement with
very high levels of resistance associated with this strain.
This suggests that the toxin fails to engage in the typical
mode of action or is incapable of inflicting cellular dam-
age in the midgut of resistant larvae.

Our current understanding of Bt toxin resistance in in-
sects is generally associated with either altered binding
of toxins to midgut receptors [25-27] or differences in
post binding proteolytic processing of the toxin by the
receptors [28, 29]. Decreased binding of the toxins to its
midgut receptors in a resistant strain might be due to
the structural changes in the receptors or due to de-
creased expression of these specific receptors in the
midgut. Known Cry toxin receptors in Lepidoptera in-
clude cadherins [30, 31], glycosylphophatidylinositol
(GPI) anchored aminopeptidase N and alkaline phospha-
tases [32—35]. The majority of the documented molecu-
lar mechanisms of Bt resistance in insects are due to
mutations of toxin receptor genes [36—39]. In this study,
we found four upregulated cadherin transcripts in resist-
ant O. nubilalis larvae when compared to the susceptible
larvae. Out of these four, two (comp25570_c0_seql and
comp26081_c0_seq4) had sequence similarity to mutant
Helicoverpa armigera cadherin (Genbank ID: ACY69027.1)
associated with resistance to CrylAc. In contrast, other re-
ported Cry toxin receptors such as aminopeptidase N,

Transcript

Comparison

RNA seq Fold change

RT-PCR Fold change

comp30419_c0_seq3
comp55172_c0_seq1
comp4659_c0_seq1

comp53943_c0_seq1
comp32281_c0_seq1
comp52754_c0_seq1
comp28866_c0_seq1
comp29067_c0_seq1

Susceptible Vs Resistant
Susceptible Vs Resistant
Susceptible Vs Resistant
Susceptible Vs Resistant
Susceptible Vs Bt treated
Susceptible Vs Bt treated
Susceptible Vs Bt treated
Susceptible Vs Bt treated

89.6x up in susceptible
371.2x up in resistant
10x up in susceptible
248x up in susceptible
116.3x up in susceptible
59.5x up in susceptible
33.1x up in Bt treated
33.2x up in Bt treated

92x up in susceptible
16x up in resistant
8x up in susceptible
98x up in susceptible
90x up in susceptible
90x up in susceptible
75x up in Bt treated
85x up in Bt treated
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amylase and alkaline phosphatase were down-regulated in
the resistant relative to the susceptible strain. Isoforms of
aminopeptidase have been shown to bind to CrylF toxins
in O. nubilalis [12]. Our results show that the expression of
comp49786_cl_seql coding for an aminopeptidase N3 was
repressed in the susceptible strain when exposed to CrylF
toxin, indicating that this transcript might be involved in
toxin response and also in developing toxin resistance.
Similar reduction in aminopeptidase N expression has been
associated with CrylAc resistance in cabbage looper [15]
and CrylAb resistance in O. nubilalis [16] indicating that
this could be a common mechanism of Cry toxin resistance
among Lepidoptera.

The CrylF resistant strain expressed seven transcripts
coding for V-ATPase subunits at much lower levels when
compared to the susceptible strain. Moreover, when the
susceptible strain was CrylF toxin challenged, expression
of four transcripts coding for V-ATPase subunits were sig-
nificantly reduced in response to toxin exposure. Two of
these four transcripts, comp42022_c0_seql (coding for
subunit E) and comp49953_c1_seql (coding for VO do-
main) were also expressed at lower levels in the resistant
strain. A number of V-ATPase subunits have been re-
ported to bind to different Cry proteins, including
CrylAb, Cry4Ba and CrylAc [40-42] although a role for
V-ATPase as a Bt toxin receptor is not yet confirmed.
However, V-ATPase subunits have been shown to be in-
volved in sensing and maintaining pH in the insect midgut
[43, 44], and are critical to maintaining alkaline conditions
of the midgut [45]. Therefore, reduced expression of genes
coding for V-ATPase subunits could result in a more
acidic midgut in the resistant strain. The pH of the larval
midgut is known to affect Cry toxin activity, including
solubilization of the crystalline protoxins, protease activity
of the midgut and pore formation. As a consequence, al-
terations in the midgut pH might result in changes in sus-
ceptibility. Altered midgut pH and reduced protease
activity have been associated with resistance to CrylAc
and Cry2A protoxins in H. virescens [46]. Interestingly, we
also observed a number of genes coding for proteases to
be down-regulated in the resistant strain compared to the
susceptible strain (Fig. 3). Most of these upregulated pro-
teases in the susceptible strain belonged to serine-type en-
dopeptidases which are active at neutral to alkaline pH.
On the other hand, proteases upregulated in the resistant
strain belonged to aspartic- or cysteine- type endopepti-
dases with their optimal activities at acidic pH. Examining
the role of midgut pH in O. nubilalis resistance to CrylF
may provide further insight into potential resistance
mechanisms.

There are some reports that have used similar tran-
scriptome sequencing experiments to investigate the
mechanism of Bt resistance in other insect species
[47-49]. Although different species and Bt toxins
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were examined, some similarities exist between our
observations and these other reports. V-ATPase and
alkaline phosphatase were associated with Bt suscepti-
bility in O. furnacalis and Aedes aegypti [47, 49] and
in the present investigation. Genes associated with
proteolytic activity seems to be upregulated in the
susceptible strain in at least three of the four reports
including the current study [48, 49]. Cadherin recep-
tors were found to be upregulated in the resistant
strain of Aedes aegypti when compared to the suscep-
tible strain in one other report along with the current
study [49]. Though such studies are limited, it is in-
teresting to note common transcripts associated with
Bt resistance.

Based on our observations, CrylF resistance in O.
nubilalis may involve a combination of several factors al-
though an earlier report identified a single quantitative
trait locus associated with Cry1F resistance in O. nubila-
lis that is not linked to any known Bt receptors confer-
ring resistance [50]. This identified QTL is ~19.1 cM in
length and is likely to contain more than one gene or
encode a transcription factor that can act as a master
controller of resistance associated genes. In addition,
there is a possibility that several variants of Cry toxin re-
ceptors exist rather than a single gene. Therefore, the
global transcriptomic analysis described in this report
may be more appropriate to capture these genes.

Conclusion

In this study, we report the first midgut transcriptome
for O. nubilalis, an economically important pest of corn
in the US in which 36,125 transcripts were assembled
from the midgut, a target organ for Bt toxin in host in-
sects. We identified a large number of transcripts differ-
entially expressed in CrylF exposed susceptible O.
nubilalis strain, with gene functions involved in Bt toxin
binding, detoxification and proteolysis. Genes associated
with Bt toxin binding, V-ATPase and proteolysis were
differentially expressed between the CrylF resistant and
susceptible strains. Results from this study provide key
information on the possible molecular mechanisms
underlying CrylF resistance and will serve as a founda-
tion for future investigations into pathways underlying
host response to Bt toxins and the evolution of resist-
ance in this and related pest species.

Methods

European corn borer rearing and cDNA sequencing

A strain of O. nubilalis, BENY (2BE) that was originally
collected from a field near Geneva, NY in 1985 was used
as a susceptible strain. The CrylF-resistant strain origi-
nated from adult O. nubilalis collected throughout the
United States Corn Belt in 1996 (115 females and 135
males). Selection for CrylF resistance was initiated in



Nanoth Vellichirammal et al. BMC Genomics (2015) 16:558

1998 [5]. Insects were selected with increasing concen-
trations of CrylF incorporated into rearing diet for 30
generations, and maintained at 35 pg CrylF per ml of
diet for ten generations. Further selection was accom-
plished in 2001 and 2002 using CrylF applied to the sur-
face of artificial diet and exposing neonates for seven
days, after which surviving neonates were transferred to
untreated diet. Maintenance of the CrylF-selected strain
was accomplished by exposing neonates to 60 ng CrylF
per cm?, corresponding to the upper limit of the 95 %
confidence interval of the LCq9 for susceptible popula-
tions, every three generations [5]. This strain displayed a
resistance ratio of >3000-fold to CrylF on diet assays
[4, 5]. We repeatedly backcrossed the resistant strain to
the susceptible strain, followed by selection on CrylF,
resulting in strains with a common genetic background.
Specifically, the selected strain was back-crossed to the
susceptible strain, allowed to mate at random for an
additional generation, and then selected by rearing on
artificial diet with CrylF applied to the surface of the
diet. This process of crossing and selecting was re-
peated five times. The susceptible strain was main-
tained simultaneously (and separately). The resulting
resistant and susceptible strains were used for the
downstream RNA sequencing experiments described in
this manuscript. Third instars from the susceptible or
resistant strain were exposed to CrylF protoxin incor-
porated into the artificial diet [51] at a concentration of
500 ng/ml for 48 h. Third instars were selected for the
toxin exposure because they are able to tolerate higher
levels of CrylF protoxin exposure. After the exposure,
midguts of larvae were dissected, flash frozen in liquid
nitrogen and stored at —-80 °C till further processing.
Four larval midguts were pooled to process each sample
and three replicates were collected per experiment. From
each sample, RNA was isolated using the Qiagen RNA iso-
lation kit according to manufacturer’s instructions. The
quality of the isolated RNA was analyzed using Bioanalyzer
2100 (Agilent Technologies). From the experimental sam-
ples, cDNA libraries were prepared and sequenced on Illu-
mina HiSeq2500 system at the University of Nebraska
Medical Center to generate 100 base single end reads. A
total of 669 million short reads were generated from se-
quencing these libraries. Additional Illumina and 454 reads
(a total of 106 million reads) were obtained from sequen-
cing a cDNA library prepared from midgut of O. nubilalis
strain resistant to CrylF [4], strain resistant to CrylAb
[52]) and a strain susceptible to both CrylAb and CrylF
[5]) were also used for constructing the transcriptome
assembly.

Transcriptome assembly and curation
Pooled sequencing data from both Illumina and 454 se-
quencing consisted of approximately 775 million reads.
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The quality of the sequencing reads was analyzed using
FastQC v0.10.1 [53]. 454 reads were further processed to
remove sequences with more than 1 % N and trimmed
to remove adapters and low quality reads with
PRINSEQ-lite v0.20.3 [54]. [llumina reads were trimmed
to remove adapters and low quality bases using the soft-
ware Sickle v1.2 (github.com/najoshi/sickle). The resulting
501 million reads were assembled with the Trinity v.
r2013-11-10 [55] with default settings (fixed k-mer size 25).
Sequence redundancy in this de novo assembly was re-
moved by searching similar sequences with minimum
similarity cut-off of 90 % using CD-HIT-EST [56]. Reads
obtained from the experimental samples were aligned
against the transcripts with Bowtie v.1.0 [57] with the pa-
rameters —gS -n 2 —e 99999999 -1 25 -p 16 -a -m
200 —sam —phred33-quals. Aligned reads from all
the samples were further processed to pool sequences
representing possible isoforms. Also, contigs with low read
counts (average read count below ten across all samples)
were removed from further analysis.

Assessing the quality of the assembly

The quality of the de novo assembled transcriptome was
assessed using standard metrics including N50 and con-
tig length. In addition, we also calculated the ortholog
hit ratio (OHR), which provides an indication of the
completeness of a transcript in the assembly [58]. The
best BLASTX hit of a transcript against a closely related
species was considered to be its ortholog. OHR com-
pares the BLAST hit region in the assembled transcript
to the total length of the ortholog [58]. An OHR ratio of
1 would indicate that the transcript has assembled to its
full length. BLASTX with an E-value threshold of 107'°
was used to identify orthologous genes in the B. mori
protein database for each assembled O. nubilalis tran-
script. In addition, the transcriptome was also aligned
against the EST sequences of O. nubilalis available from
NCBI (downloaded on March 3, 2014) using BLASTN
with an E-value threshold of 107*°.

Annotation

The assembled transcripts were further analyzed to
identify putative gene descriptions, conserved domains
and gene ontology (GO) terms. The assembled tran-
scripts were searched against T. castaneum, B. mori,
D. plexipus, A. mellifera and D. melanogaster proteins
in the Uniprot database with an E-value threshold of
107'° using BLASTX. Sequences with no BLAST hits
were then searched against NCBI nr database with an
E-value threshold of 107° and classified functionally
by identifying GO terms of molecular function, cellu-
lar component, and biological process using the soft-
ware Blast2GO [59].
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Differential expression analysis

After pooling the isoforms and filtering transcripts with
low read counts, a total of 36,125 transcripts were used
for analysis of differential expression. DEseq2 was used to
identify differentially expressed (DE) transcripts for all
comparisons using default settings [60]. We used a gener-
alized linear model with strain, treatment and interaction
term as factors. Transcripts that responded to CrylF toxin
in both strains were identified by comparing the transcrip-
tional profile of CrylF exposed and unexposed larvae. We
identified the transcripts with altered expression between
the two O. nubilalis strains with different susceptibility to
the CrylF toxin by comparing their midgut larval tran-
scriptomes. The interaction term was used to identify the
genes that responded differently to CrylF exposure in re-
sistant and susceptible strains. Further, we also compared
the differentially expressed genes between the two strains
and the genes that responded to CrylF treatment in sus-
ceptible strain to identify similar expression profiles. Dif-
ferent comparisons in this study are represented in Fig. 4.
Transcripts were considered significantly differentially
expressed when corresponding false discovery rate [61]
corrected p-values was <0.05.

Validation of differentially expressed genes with qRT-PCR
qRT-PCR was used to validate the differentially
expressed gene set obtained from RNA-Seq analysis.
Eight genes identified as differentially expressed were
selected based on their fold change. Primer pairs were

3

<

Cry1F-S Cry1F-R
Fig. 4 Different gene expression comparisons in this study. 1: Cry1F
toxin induced transcriptional differences in the susceptible strain, 2:
Cry1F toxin induced transcriptional differences in the resistant strain,
3: Constitutive transcriptional differences between the susceptible
and resistant strain, 4: Strain and Cry1F toxin interactions. S and
Cry1F-S represents the susceptible and Cry1F treated susceptible
strain respectively. R and Cry1F-R represents the resistant and Cry1F
treated resistant strain respectively

Page 9 of 11

designed using Primer3plus (http://www.bioinformatics.
nl/cgi-bin/primer3plus/primer3plus.cgi) and qRT-PCR re-
actions were performed on the Applied Bio systems 7500
Real-Time PCR System using SYBR Green® (Applied Biosys-
tems) (Additional file 11 Table S8). Three genes [(glyceral-
dehyde-3-phosphate dehydrogenase (comp15818_c1_seql),
mitochondrial ribosomal protein 128 (comp48444._c2_seql)
and actin (comp11100_c0_seql)] were selected as reference
transcripts based on their gene expression stability across
all samples. Out of these three genes, actin was selected as
the best reference gene based on the results from Normfinder
[62]. Each of the three biological replicates were measured
with three technical replicates and fold change was calcu-
lated using the 27AACT method [63].

Availability of supporting data

All 454 and Illumina data have been deposited in NCBI’s
Sequence Read Archive (SRA) under accession number
SRP056082.

Additional files

Additional file 1: Figure S1. Transcript length distribution of the
assembled O. nubilalis midgut transcriptome. X-axis is the range of
transcript length in bases.

Additional file 2: Table S1. Genes differentially expressed in Cry1F
protoxin challenged susceptible larvae when compared to control
susceptible larvae.

Additional file 3: Table S2. Genes differentially expressed in Cry1F
protoxin challenged resistant larvae when compared to control resistant
larvae.

Additional file 4: Table S3. Genes responding to Cry1F protoxin in
both susceptible and resistant strains.

Additional file 5: Figure S2. Expression profiles of genes interacting
with strain and Cry1F toxin exposure. Lane 1: Cry1F untreated susceptible
strain 2: Cry1F treated susceptible strain 3: Cry1F untreated resistant strain
4: Cry1F treated resistant strain. Profile 1 includes transcripts that were
repressed in Cry1F treated susceptible larvae, but had slightly higher
expression in the toxin treated resistant strain. Profile 2 includes
transcripts that were upregulated in toxin treated susceptible, but had
stable expression in the toxin treated resistant strain. Profile 3 includes
transcripts that had stable expression in the toxin treated susceptible
strain, but had slightly higher expression in the toxin treated resistant
strain. All gene expression values were normalized with that of the Lane
1 (Cry1F untreated susceptible strain).

Additional file 6: Table S4. Genes that interacted with strain and
toxin response.

Additional file 7: Table S5. Genes differentially expressed in the Cry1F
resistant strain when compared to the susceptible strain.

Additional file 8: Figure S3. Common transcripts differentially
expressed between resistant and susceptible strains and between Cry1F
toxin response in the susceptible strain. Numbers of up- and down-
regulated transcripts are shown from the comparisons between exposed
and unexposed susceptible strains (red circle) and between resistant and
susceptible strains (green circle).

Additional file 9: Table S6. Genes that that were up-regulated in the
resistant strain compared to the susceptible strain and also was up-regulated
in the susceptible strain after Cry1F exposure.
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Additional file 10: Table S7. Genes that were down regulated in the
susceptible strain when compared to the resistant strain and also was
found to be repressed in the susceptible strain after Cry1F exposure.

Additional file 11: Table S8. List of primer sequences designed for
gRT-PCR.
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