
resistance trait. These reports suggest that mutations which affect
the transcription of membrane-bound aminopeptidase N genes is
likely to decrease subsequent translation such that the protein re-
ceptor is effectively eliminated it from the midgut epithelium. The
reoccurrence of apn1 transcript suppression as a potential mecha-
nism for Cry1 toxin resistance suggests that APN1 (and potentially
APN3) is a critical binding receptor in the Cry1 toxin mode of action
in Lepidoptera. Indeed, both apn1 and apn3 orthologs are known to
bind Cry1A toxin in other species of Lepidoptera (reviewed by
Piggot and Ellar, 2007). Post-translational glycosylation of T. ni apn3
was shown to be a requirement for Cry1Ac binding (Gill et al., 1995;
Garner et al., 1999), and suggested that in vivo insect cell expression
systems are necessary for proper binding analyses. Subsequent
expression of H. armigera apn3 in T. ni cell lines demonstrated the
capacity to bind Cry1Ac, but not Cry1Ab or Cry1Aa (Rajagopal et al.,
2003). Similar results were obtained from purified endogenous
apn3 from L. dispar (Valaitis et al., 1997). In contrast, the O. nubilalis
apn3a isoform was shown only to bind Cry1Fa when expressed in
Sf21 cells (Crava et al., 2013). apn1 has repeatedly been shown to be
involved in Cry1A resistance mechanisms of lepidopteran species
(see Introduction). Since the control of gene expression can be
enacted through a network of interconnected genetic factors or
multiple pathways that are often co-regulated within a biological
system (Jovelin and Phillips, 2009), genes within the apn gene
family may retain shared ancestral regulatory mechanisms. It is
conceivable that correlation of decreased onapn3 transcriptionwith
Cry1Ab resistance may be a consequence of placement within the
same gene regulatory network as onapn1, and that correlation of
onapn3 with Cry1Ab resistance results from mutations in trans-
acting regulatory factors that modulate the major Cry1Ab binding
receptor (onapn1). Understanding the genetic control of apn tran-
scripts may be important for deciphering of mechanism(s) involved
in Cry1 resistance in lepidopteran species, and will be a focus of
future studies.

Using evidence from the segregation of genetic markers,
Coates et al. (2008a) previously showed that the onapn1 locus
was independent of the Cry1Ab resistance trait in the same
O. nubilalis Cry1AbR strain used in this study. This was not sur-
prising since loci for candidate Bt binding receptors have been
shown not to be linked to associated resistance traits (Baxter
et al., 2008; Coates et al., 2011a,b), but such studies have the
major drawback of limiting the genomic loci at which associa-
tions can be made with the trait (Tabor et al., 2002; Wayne and
McIntyre, 2002). In our current analyses the genetic location of
onapn1 was predicted on LG2, which was unlinked and segre-
gating independently of QTL identified on LG24 and LG27. These
QTL results confirmed previous observations by Coates et al.
(2008a), as well as our phenotypic evidence which suggested
that Cry1Ab resistance in the Cry1AbR colony has an additive
(polygenic) genetic component. QTL results also suggested that
genetic factors on LG24 and LG27 may be controlling transcrip-
tion of onapn1 on LG2. Specifically, mutations that decrease the
transcription at a genetic locus may be caused by changes in cis-
or trans-regulatory mechanisms. Since genes are physically
linked to proximal cis-regulatory elements (promoters or en-
hancers) chromosomal segregation or recombination are not
likely to cause significant linkage disequilibrium between the
causal gene and QTL. In contrast, trans-regulatory control of a
gene can be mediated by soluble protein factors that bind cis-
promoter or enhancer elements, such that gene products that act
as trans-regulatory factors (transcription factors) move within
the nucleus to affect transcription at unlinked loci. Although not
a novel concept in genetics, the control of transcription for a Bt
toxin receptor and associated resistance traits by putative mu-
tations in trans-acting regulation has only been described once

previously (Tiewsiri and Wang, 2011), but reinforces that com-
plexities of gene interactions (epistasis) can contribute to
phenotypic variance.

Since the reduced expression of apn1 has a role in Cry1 resis-
tance traits from multiple lepidopteran species, deciphering the
genetic control of this gene in Lepidoptera may be important in
order to understand the evolution of these resistance mechanisms.
Seven aminopeptidase N genes are duplicated in tandem in the
B. mori genome, which agreed with prior inference that a dupli-
cation of apn genes was ancestral to the lepidopteran lineage
(Chang et al., 1999; Angelucci et al., 2008). Seven apnelike paralogs
were defined from O. nubilalis cDNA (Crava et al., 2010) and were
subsequently identified in physically overlapping genomic inserts
from two O. nubilalis BAC clones in this study. When compared to
B. mori genome assembly, a lineage-specific duplication of onapn3
was suggested by prediction of the onapn3 gene (Crava et al., 2010)
and confirmed by our BAC insert sequences that contained onapn3a
and onapn3b, but assembly predicted presence of a third paralog,
onapn3c. This suggest that sequencing of genome intervals might
be more successful for the identification of genes compared to
cDNA-based methods due to lack of transcriptional dependence.

5. Conclusions

Mutations that create variance in gene interactions (epistasis) in
a population lead to novel phenotypes that are manifested within
the context of a given environmental condition, therefore differ-
ences in transcription-level regulation and interactions among
different alleles in unique genome architectures contribute to
phenotypic diversity (West et al., 2007). Regulatory mutations have
previously been shown to be the likely cause of a Cry1Ac resistance
trait (Tiewsiri and Wang, 2011), but in the currently study we
uniquely show that two independent genetic loci affect the co-
regulation of apn1 and apn3 transcription occurs in trans.
Furthermore, control of expression in the aminopeptidase N gene
network shows interconnectivity through the co-regulation of
onapn1 and onapn3. Unraveling the mechanism used to regulate
the expression of this gene family may lead to a better under-
standing of the genetic basis of Cry1A resistance in Lepidoptera.
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Table S1 Oligonucleotide primers used in study of O. nubilalis aminopeptidase N genes 

 
Primer Sequence Use Size (bp) 

OnAPN1 RT1-F 5'-AAC TAC GAT GAC ACC AAC TGG GCT-3' qPCR 161 
OnAPN1 RT1-R 5'-AGG AAC GAC AGA AGG TTG AGC ACT-3'   
OnAPN2 RT1-F 5'-ACA TGC ACA TGT GGT TCG GAA ACG-3' qPCR 149 
OnAPN2 RT1-R 5'-TAC GGC AAT CAC GTA CTG GTC CAT-3'   
OnAPN3 RT1-F 5'-ACA GTA TCG GTG ATG AGT GGG TCA-3' qPCR 186 
OnAPN3 RT1-R 5'-GGG CGA ATT GGA ACA CAT CGT TGA-3'   
OnAPN4 RT1-F 5'-TCC ASA AAC TCA ACA GGG CTC AGA-3' qPCR 140 
OnAPN4 RT1-R 5'-AAT GGC GCC GTT CCA GAC ATA GTA-3'   

-actin RT1-F 5'-TCG GTA TGG GCC AGA AAG ACT CCT A-3' qPCR 132 

-actin RT1-R 5'-TGT GGT GCC TGA TCT TCT CCA TGT-3' Control  

Onapn1 PCR-F 5'-CGT GTC GCC AAT ATC GTG TC-3' SNP 670 

Onapn1 PCR-R 5'-AAG ATG CAC GCT CCT CTT GC-3'   

Onapn2 PCR-F 5'-CTG ACC TCC ACT GAC CGT TG-3' SNP 682 

Onapn2 PCR-R 5'-CCA CGA AGA CCG GAG CAG TA-3'   

Onapn3 PCR-F 5'-GCT ACG GCT AGT GAC CCA GA-3' SNP 681 

Onapn3 PCR-R 5'-AAC TGG ATC AGG AAC AGG CTC-3'   

onapn4 PCR-F 5'-GGT GCA GAA TCC CTG GTT CCC-3' SNP 855 

onapn4 PCR-R 5'-TCC TAA TCC ATT CCA GCT GAG-3'   

Onapn5 PCR-F 5'-TAC GTT CCC GAG GAA TCT GA-3' SNP 422 

Onapn5 PCR-R 5'-GGC CTG GAT CCT TTG GTA GT-3'   

 



 

Table S2. Chi-square (χ
2
) tests for 140 SNP markers segregating within backcross BC3C progeny reared 

on A) control (non-Cry1Ab toxin) diet and B) surviving and molting to 2nd instar on diet overlay of 200 ng 
cm

-2
 Cry1Ab toxin.  Markers with significant deviation from a 1:1  Mendelian expectation of homozygote 

(Hmz) to heterozygote (Htz) genotype are highlighted. 
 
A) control (non-Cry1Ab toxin) diet 

 
 

Number 
 

SNP marker 
 

χ
2
 1:1 

 
P-value 

 
Significance 

 
Hmz 

 
Htz n 

 
LG 

1 contig00048.1292.1292 0.73 0.39377 ns 13 9 22 LG1 

2 contig00054.547.547 0.00 1.00000 ns 11 11 22 LG2 

3 contig00078.322.322 0.18 0.66982 ns 12 10 22 LG3 

4 contig00166.201.201 0.18 0.66982 ns 10 12 22 LG4 

5 contig00373.283.283 0.18 0.66982 ns 10 12 22 LG5 

6 contig00382.237.237 0.00 1.00000 ns 11 11 22 LG6 

7 contig00676.849.849 1.64 0.20083 ns 8 14 22 LG7 

8 contig00855.689.689 11.64 0.00065 *** 3 19 22 LG8 

9 contig00868.575.575 0.18 0.66982 ns 10 12 22 LG9 

10 contig01188.255.255 0.18 0.66982 ns 10 12 22 LG10 

11 contig01257.497.497 1.19 0.27523 ns 13 8 21 LG11 

12 contig01503.1195.1195 0.18 0.66982 ns 10 12 22 LG9 

13 contig02302.253.253 0.73 0.39377 ns 9 13 22 LG12 

14 contig02740.758.758 1.19 0.27523 ns 8 13 21 LG7 

15 contig02956.858.858 0.00 1.00000 ns 11 11 22 LG6 

16 contig05821.209.209 1.64 0.20083 ns 8 14 22 LG7 

17 contig05844.367.367 0.18 0.66982 ns 10 12 22 LG4 

18 contig05852.999.999 0.73 0.39377 ns 9 13 22 LG12 

19 contig05884.301.301 0.73 0.39377 ns 13 9 22 LG13 

20 contig05921.308.308 1.00 0.31731 ns 6 3 9 NA 

21 contig05979.160.160 6.55 0.01052 * 5 17 22 LG8 

22 contig06004.217.217 0.73 0.39377 ns 13 9 22 LG11 

23 contig06061.219.219 1.64 0.20083 ns 14 8 22 LG14 

24 contig06413.283.283 11.64 0.00065 *** 19 3 22 LG15 

25 contig06451.546.546 0.05 0.82726 ns 11 10 21 LG16 

26 contig06497.261.261 0.18 0.66982 ns 10 12 22 LG17 

27 contig06815.304.304 0.00 1.00000 ns 11 11 22 LG2 

28 contig06857.529.529 0.00 1.00000 ns 11 11 22 LG6 

29 contig06864.843.843 0.05 0.82726 ns 11 10 21 LG18 

30 contig06889.429.429 0.18 0.66982 ns 10 12 22 LG5 

31 contig06963.557.557 0.00 1.00000 ns 11 11 22 LG2 

32 contig07051.1181.1181 2.91 0.08808 ns 7 15 22 LG19 

33 contig07051.633.633 2.91 0.08808 ns 7 15 22 LG19 

34 contig07148.295.295 0.18 0.66982 ns 12 10 22 LG18 

35 contig07181.760.760 0.00 1.00000 ns 11 11 22 LG2 

36 contig07194.596.596 0.05 0.82726 ns 11 10 21 NA 

37 contig07228.416.416 0.00 1.00000 ns 11 11 22 LG20 

38 contig07249.409.409 0.73 0.39377 ns 13 9 22 LG13 

39 contig07329.403.403 0.73 0.39377 ns 13 9 22 LG21 

40 contig07376.627.627 0.18 0.66982 ns 10 12 22 LG22 

41 contig00151.209.209 0.00 1.00000 ns 11 11 22 LG23 

42 contig00154.201.201 11.64 0.00065 *** 19 3 22 LG15 

43 contig00275.984.984 0.18 0.66982 ns 12 10 22 LG18 

44 contig00375.602.602 1.64 0.20083 ns 8 14 22 LG24 



45 contig00375.951.951 1.64 0.20083 ns 8 14 22 LG24 

46 contig00521.300.300 0.00 1.00000 ns 11 11 22 LG25 

47 contig00717.226.226 0.18 0.66982 ns 12 10 22 LG26 

48 contig00747.723.723 11.64 0.00065 *** 3 19 22 LG8 

49 contig00790.525.525 0.73 0.39377 ns 13 9 22 LG13 

50 contig00810.311.311 0.18 0.66982 ns 12 10 22 LG27 

51 contig00915.331.331 0.00 1.00000 ns 11 11 22 LG2 

52 contig00975.591.591 2.91 0.08808 ns 15 7 22 NA 

53 contig01147.251.251 0.73 0.39377 ns 13 9 22 LG11 

54 contig01195.433.433 0.00 1.00000 ns 11 11 22 LG6 

55 contig01195.448.448 4.55 0.03301 * 6 16 22 NA 

56 contig01207.182.182 0.73 0.39377 ns 13 9 22 LG28 

57 contig01244.577.577 0.73 0.39377 ns 9 13 22 NA 

58 contig01352.743.743 1.64 0.20083 ns 8 14 22 LG24 

59 contig01501.265.265 0.18 0.66982 ns 12 10 22 LG18 

60 contig01744.579.579 0.00 1.00000 ns 11 11 22 LG26 

61 contig01843.348.348 0.00 1.00000 ns 11 11 22 LG2 

62 contig01843.373.373 0.00 1.00000 ns 11 11 22 LG2 

63 contig01874.600.600 0.00 1.00000 ns 11 11 22 LG25 

64 contig01874.661.661 0.00 1.00000 ns 11 11 22 LG25 

65 contig01995.279.279 1.64 0.20083 ns 8 14 22 LG7 

66 contig02148.243.243 0.00 1.00000 ns 11 11 22 LG2 

67 contig02180.393.393 0.18 0.66982 ns 10 12 22 LG5 

68 contig02302.286.286 0.73 0.39377 ns 9 13 22 LG12 

69 contig02505.232.232 1.64 0.20083 ns 8 14 22 LG7 

70 contig03322.404.404 0.00 1.00000 ns 11 11 22 LG6 

71 contig05310.395.395 0.18 0.66982 ns 10 12 22 LG9 

72 contig05870.585.585 11.64 0.00065 *** 19 3 22 LG15 

73 contig05884.1799.1799 0.73 0.39377 ns 9 13 22 LG29 

74 contig05884.352.352 0.73 0.39377 ns 13 9 22 LG13 

75 contig05897.157.157 0.18 0.66982 ns 12 10 22 LG18 

76 contig05917.1024.1024 1.64 0.20083 ns 14 8 22 LG14 

77 contig05917.247.247 1.64 0.20083 ns 14 8 22 LG14 

78 contig05972.563.563 0.18 0.66982 ns 10 12 22 LG5 

79 contig05998.290.290 1.64 0.20083 ns 8 14 22 LG24 

80 contig06004.432.432 0.73 0.39377 ns 13 9 22 LG11 

81 contig06369.597.597 0.73 0.39377 ns 13 9 22 LG13 

82 contig06411.372.372 2.91 0.08808 ns 15 7 22 NA 

83 contig06461.409.409 14.73 0.00012 *** 20 2 22 NA 

84 contig06565.424.424 0.18 0.66982 ns 12 10 22 LG18 

85 contig06735.552.552 0.00 1.00000 ns 11 11 22 LG23 

86 contig06832.618.618 0.18 0.66982 ns 10 12 22 LG5 

87 contig06832.744.744 0.05 0.82726 ns 10 11 21 LG5 

88 contig07024.732.732 0.73 0.39377 ns 13 9 22 LG1 

89 contig07224.214.214 0.00 1.00000 ns 11 11 22 NA 

90 contig07242.215.215 0.00 1.00000 ns 11 11 22 LG20 

91 contig07334.1974.1974 0.18 0.66982 ns 10 12 22 LG10 

92 ontig07355.805.805 0.18 0.66982 ns 12 10 22 NA 

93 Onapn4 0.00 1.00000 ns 11 11 22 LG2 

94 Onbrn 0.00 1.00000 ns 11 11 22 LG3 

95 OnS109 0.73 0.39377 ns 13 9 22 LG28 

96 OnS180_b 0.43 0.51269 ns 9 12 21 LG22 

97 OnS192 1.19 0.27523 ns 13 8 21 LG11 

98 contig00069.585.585 0.18 0.66982 ns 12 10 22 LG26 



99 contig00235.424.424 11.64 0.00065 *** 19 3 22 LG15 

100 contig00280.181.181 0.18 0.66982 ns 10 12 22 LG9 

101 contig00324.463.463 0.43 0.51269 ns 12 9 21 LG21 

102 contig00345.349.349 1.19 0.27523 ns 8 13 21 LG12 

103 contig00373.155.155 0.05 0.82726 ns 10 11 21 LG5 

104 contig00382.154.154 0.05 0.82726 ns 10 11 21 LG6 

105 contig00513.196.196 0.43 0.51269 ns 9 12 21 LG27 

106 contig00513.347.347 0.43 0.51269 ns 9 12 21 LG27 

107 contig00519.709.709 0.06 0.80837 ns 8 9 17 LG24 

108 contig00626.187.187 0.18 0.66982 ns 12 10 22 NA 

109 contig00857.247.247 1.19 0.27523 ns 8 13 21 NA 

110 contig01115.196.196 1.19 0.27523 ns 13 8 21 LG11 

111 contig01278.344.344 0.05 0.82726 ns 11 10 21 LG26 

112 contig01712.343.343 0.73 0.39377 ns 9 13 22 LG16 

113 contig01712.424.424 1.19 0.27523 ns 8 13 21 LG16 

114 contig02148.341.341 0.18 0.66982 ns 12 10 22 LG30 

115 contig02302.523.523 1.19 0.27523 ns 8 13 21 LG12 

116 contig03621.171.171 0.05 0.82726 ns 10 11 21 LG5 

117 contig05303.397.397 0.00 1.00000 ns 11 11 22 LG20 

118 contig05764.298.298 0.05 0.82726 ns 11 10 21 LG31 

119 contig05764.532.532 0.18 0.66982 ns 12 10 22 LG31 

120 contig05855.192.192 0.00 1.00000 ns 11 11 22 NA 

121 contig05862.1478.1478 1.19 0.27523 ns 13 8 21 LG13 

122 contig05876.213.213 0.05 0.82726 ns 11 10 21 LG30 

123 contig05917.972.972 1.19 0.27523 ns 13 8 21 LG14 

124 contig05998.293.293 0.73 0.39377 ns 9 13 22 LG24 

125 contig06376.422.422 0.05 0.82726 ns 10 11 21 LG5 

126 contig06429.683.683 0.43 0.51269 ns 9 12 21 LG9 

127 contig06497.443.443 0.05 0.82726 ns 10 11 21 LG17 

128 contig06498.471.471 1.19 0.27523 ns 8 13 21 LG24 

129 contig06565.189.189 0.05 0.82726 ns 11 10 21 LG18 

130 contig06588.344.344 0.05 0.82726 ns 11 10 21 LG31 

131 contig06832.1056.1056 0.05 0.82726 ns 10 11 21 LG5 

132 contig07066.588.588 1.19 0.27523 ns 13 8 21 LG11 

133 contig07096.441.441 0.05 0.82726 ns 11 10 21 NA 

134 contig07161.337.337 0.05 0.82726 ns 11 10 21 NA 

135 contig07249.618.618 1.19 0.27523 ns 8 13 21 LG29 

136 contig07249.627.627 1.19 0.27523 ns 8 13 21 LG29 

137 contig07283.185.185 0.05 0.82726 ns 11 10 21 LG3 

138 contig07283.662.662 0.00 1.00000 ns 11 11 22 LG3 

139 ABC transporter 0.73 0.39377 ns 9 13 22 LG12 

140 Cadherin 1.64 0.20083 ns 14 8 22 LG14 

NA not assigned to a linkage group. 

 

 

 

 

 

 

 

 

 



 

 
 
B) surviving and molting to 2nd instar on diet overlay of 200 ng cm

-2
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Number 
 

SNP marker 
χ

2
 1:1 

 
P-value 

 
Significance 

 
Hmz 

 
Htz N 

 
LG 

1 contig00048.1292.1292 0.18 0.66982 ns 12 10 22 LG1 

2 contig00054.547.547 0.18 0.66982 ns 12 10 22 LG2 

3 contig00078.322.322 1.64 0.20083 ns 14 8 22 LG3 

4 contig00166.201.201 0.73 0.39377 ns 13 9 22 LG4 

5 contig00373.283.283 0.18 0.66982 ns 12 10 22 LG5 

6 contig00382.237.237 0.18 0.66982 ns 12 10 22 LG6 

7 contig00676.849.849 0.00 1.00000 ns 11 11 22 LG7 

8 contig00855.689.689 8.91 0.00284 ** 4 18 22 LG8 

9 contig00868.575.575 0.00 1.00000 ns 11 11 22 LG9 

10 contig01188.255.255 2.91 0.08808 ns 7 15 22 LG10 

11 contig01257.497.497 1.64 0.20083 ns 14 8 22 LG11 

12 contig01503.1195.1195 0.00 1.00000 ns 11 11 22 LG9 

13 contig02302.253.253 0.00 1.00000 ns 11 11 22 LG12 

14 contig02740.758.758 0.00 1.00000 ns 11 11 22 LG7 

15 contig02956.858.858 0.18 0.66982 ns 12 10 22 LG6 

16 contig05821.209.209 0.00 1.00000 ns 11 11 22 LG7 

17 contig05844.367.367 0.73 0.39377 ns 13 9 22 LG4 

18 contig05852.999.999 0.00 1.00000 ns 11 11 22 LG12 

19 contig05884.301.301 0.73 0.39377 ns 9 13 22 LG13 

20 contig05921.308.308 1.67 0.19671 ns 5 10 15 NA 

21 contig05979.160.160 6.55 0.01052 * 5 17 22 LG8 

22 contig06004.217.217 1.64 0.20083 ns 14 8 22 LG11 

23 contig06061.219.219 0.18 0.66982 ns 10 12 22 LG14 

24 contig06413.283.283 0.73 0.39377 ns 13 9 22 LG15 

25 contig06451.546.546 0.60 0.43858 ns 6 9 15 LG16 

26 contig06497.261.261 2.91 0.08808 ns 7 15 22 LG17 

27 contig06815.304.304 0.18 0.66982 ns 12 10 22 LG2 

28 contig06857.529.529 0.18 0.66982 ns 12 10 22 LG6 

29 contig06864.843.843 0.73 0.39377 ns 9 13 22 LG18 

30 contig06889.429.429 0.18 0.66982 ns 12 10 22 LG5 

31 contig06963.557.557 0.18 0.66982 ns 12 10 22 LG2 

32 contig07051.1181.1181 0.18 0.66982 ns 10 12 22 LG19 

33 contig07051.633.633 0.18 0.66982 ns 10 12 22 LG19 

34 contig07148.295.295 0.73 0.39377 ns 9 13 22 LG18 

35 contig07181.760.760 0.18 0.66982 ns 12 10 22 LG2 

36 contig07194.596.596 1.64 0.20083 ns 8 14 22 NA 

37 contig07228.416.416 0.18 0.66982 ns 10 12 22 LG20 

38 contig07249.409.409 0.73 0.39377 ns 9 13 22 LG13 

39 contig07329.403.403 0.00 1.00000 ns 11 11 22 LG21 

40 contig07376.627.627 0.73 0.39377 ns 13 9 22 LG22 

41 contig00151.209.209 0.18 0.66982 ns 12 10 22 LG23 

42 contig00154.201.201 1.19 0.27523 ns 13 8 21 LG15 

43 contig00275.984.984 0.73 0.39377 ns 9 13 22 LG18 

44 contig00375.602.602 8.05 0.00456 ** 17 4 21 LG24 

45 contig00375.951.951 8.05 0.00456 ** 17 4 21 LG24 

46 contig00521.300.300 0.43 0.51269 ns 9 12 21 LG25 



47 contig00717.226.226 2.91 0.08808 ns 15 7 22 LG26 

48 contig00747.723.723 0.73 0.39377 ns 9 13 22 LG8 

49 contig00790.525.525 0.43 0.51269 ns 9 12 21 LG13 

50 contig00810.311.311 3.86 0.04953 * 6 15 21 LG27 

51 contig00915.331.331 0.18 0.66982 ns 12 10 22 LG2 

52 contig00975.591.591 0.18 0.66982 ns 12 10 22 NA 

53 contig01147.251.251 1.64 0.20083 ns 14 8 22 LG11 

54 contig01195.433.433 0.18 0.66982 ns 12 10 22 LG6 

55 contig01195.448.448 2.91 0.08808 ns 7 15 22 NA 

56 contig01207.182.182 1.64 0.20083 ns 14 8 22 LG28 

57 contig01244.577.577 1.64 0.20083 ns 8 14 22 NA 

58 contig01352.743.743 8.91 0.00284 ** 18 4 22 LG24 

59 contig01501.265.265 1.19 0.27523 ns 8 13 21 LG18 

60 contig01744.579.579 0.73 0.39377 ns 13 9 22 LG26 

61 contig01843.348.348 0.18 0.66982 ns 12 10 22 LG2 

62 contig01843.373.373 0.18 0.66982 ns 12 10 22 LG2 

63 contig01874.600.600 0.73 0.39377 ns 9 13 22 LG25 

64 contig01874.661.661 0.73 0.39377 ns 9 13 22 LG25 

65 contig01995.279.279 0.00 1.00000 ns 11 11 22 LG7 

66 contig02148.243.243 0.18 0.66982 ns 12 10 22 LG2 

67 contig02180.393.393 0.18 0.66982 ns 12 10 22 LG5 

68 contig02302.286.286 0.00 1.00000 ns 11 11 22 LG12 

69 contig02505.232.232 0.00 1.00000 ns 11 11 22 LG7 

70 contig03322.404.404 0.18 0.66982 ns 12 10 22 LG6 

71 contig05310.395.395 0.00 1.00000 ns 11 11 22 LG9 

72 contig05870.585.585 1.19 0.27523 ns 13 8 21 LG15 

73 contig05884.1799.1799 0.73 0.39377 ns 13 9 22 LG29 

74 contig05884.352.352 0.43 0.51269 ns 9 12 21 LG13 

75 contig05897.157.157 0.43 0.51269 ns 12 9 21 LG18 

76 contig05917.1024.1024 0.18 0.66982 ns 10 12 22 LG14 

77 contig05917.247.247 0.05 0.82726 ns 10 11 21 LG14 

78 contig05972.563.563 0.18 0.66982 ns 12 10 22 LG5 

79 contig05998.290.290 8.91 0.00284 ** 18 4 22 LG24 

80 contig06004.432.432 1.19 0.27523 ns 13 8 21 LG11 

81 contig06369.597.597 0.73 0.39377 ns 9 13 22 LG13 

82 contig06411.372.372 0.00 1.00000 ns 11 11 22 NA 

83 contig06461.409.409 6.55 0.01052 * 17 5 22 NA 

84 contig06565.424.424 0.73 0.39377 ns 9 13 22 LG18 

85 contig06735.552.552 0.18 0.66982 ns 12 10 22 LG23 

86 contig06832.618.618 0.05 0.82726 ns 11 10 21 LG5 

87 contig06832.744.744 0.05 0.82726 ns 11 10 21 LG5 

88 contig07024.732.732 0.18 0.66982 ns 12 10 22 LG1 

89 contig07224.214.214 0.18 0.66982 ns 12 10 22 NA 

90 contig07242.215.215 0.18 0.66982 ns 10 12 22 LG20 

91 contig07334.1974.1974 2.91 0.08808 ns 7 15 22 LG10 

92 ontig07355.805.805 0.00 1.00000 ns 11 11 22 NA 

93 Onapn4 0.18 0.66982 ns 12 10 22 LG2 

94 Onbrn 1.19 0.27523 ns 13 8 21 LG3 

95 OnS109 1.19 0.27523 ns 13 8 21 LG28 

96 OnS180_b 0.73 0.39377 ns 13 9 22 LG22 

97 OnS192 1.19 0.27523 ns 13 8 21 LG11 

98 contig00069.585.585 0.73 0.39377 ns 13 9 22 LG26 

99 contig00235.424.424 1.19 0.27523 ns 13 8 21 LG15 

100 contig00280.181.181 0.18 0.66982 ns 12 10 22 LG9 



101 contig00324.463.463 0.00 1.00000 ns 11 11 22 LG21 

102 contig00345.349.349 0.05 0.82726 ns 10 11 21 LG12 

103 contig00373.155.155 0.05 0.82726 ns 11 10 21 LG5 

104 contig00382.154.154 0.05 0.82726 ns 11 10 21 LG6 

105 contig00513.196.196 3.86 0.04953 * 6 15 21 LG27 

106 contig00513.347.347 3.86 0.04953 * 6 15 21 LG27 

107 contig00519.709.709 8.05 0.00456 ** 17 4 21 LG24 

108 contig00626.187.187 0.18 0.66982 ns 10 12 22 NA 

109 contig00857.247.247 0.05 0.82726 ns 11 10 21 NA 

110 contig01115.196.196 1.19 0.27523 ns 13 8 21 LG11 

111 contig01278.344.344 0.43 0.51269 ns 12 9 21 LG26 

112 contig01712.343.343 0.73 0.39377 ns 9 13 22 LG16 

113 contig01712.424.424 1.19 0.27523 ns 8 13 21 LG16 

114 contig02148.341.341 0.73 0.39377 ns 9 13 22 LG30 

115 contig02302.523.523 0.05 0.82726 ns 10 11 21 LG12 

116 contig03621.171.171 0.00 1.00000 ns 11 11 22 LG5 

117 contig05303.397.397 0.43 0.51269 ns 9 12 21 LG20 

118 contig05764.298.298 0.43 0.51269 ns 9 12 21 LG31 

119 contig05764.532.532 0.18 0.66982 ns 10 12 22 LG31 

120 contig05855.192.192 4.55 0.03301 * 6 16 22 NA 

121 contig05862.1478.1478 0.43 0.51269 ns 9 12 21 LG13 

122 contig05876.213.213 0.05 0.82726 ns 10 11 21 LG30 

123 contig05917.972.972 0.05 0.82726 ns 10 11 21 LG14 

124 contig05998.293.293 6.55 0.01052 * 17 5 22 LG24 

125 contig06376.422.422 0.05 0.82726 ns 11 10 21 LG5 

126 contig06429.683.683 0.05 0.82726 ns 11 10 21 LG9 

127 contig06497.443.443 2.33 0.12663 ns 7 14 21 LG17 

128 contig06498.471.471 8.05 0.00456 ** 17 4 21 LG24 

129 contig06565.189.189 1.19 0.27523 ns 8 13 21 LG18 

130 contig06588.344.344 0.43 0.51269 ns 9 12 21 LG31 

131 contig06832.1056.1056 0.05 0.82726 ns 11 10 21 LG5 

132 contig07066.588.588 1.19 0.27523 ns 13 8 21 LG11 

133 contig07096.441.441 2.33 0.12663 ns 14 7 21 NA 

134 contig07161.337.337 2.33 0.12663 ns 14 7 21 NA 

135 contig07249.618.618 0.43 0.51269 ns 12 9 21 LG29 

136 contig07249.627.627 0.73 0.39377 ns 13 9 22 LG29 

137 contig07283.185.185 1.19 0.27523 ns 13 8 21 LG3 

138 contig07283.662.662 0.73 0.39377 ns 13 9 22 LG3 

139 ABC transporter 0.05 0.82726 ns 10 11 21 LG12 

140 Cadherin 0.18 0.66982 ns 10 12 22 LG14 

NA not assigned to a linkage group. 

 

 

 

 



 

Table S3.  Linkage group assignment of SNP markers within backcross BC3C 

 

SNP Marker 
Linkage 
group 

Candidate 
Bt receptor 

contig00048.1292.1292 LG1 
 

contig07024.732.732 LG1  
contig00054.547.547 LG2  
contig06815.304.304 LG2  
contig06963.557.557 LG2  
contig07181.760.760 LG2  
contig00915.331.331 LG2  
contig01843.348.348 LG2  
contig01843.373.373 LG2  
contig02148.243.243 LG2  
Onapn4 LG2 + 
contig00078.322.322 LG3  
Onbrn (brainiac/bre5) LG3 + 
contig07283.185.185 LG3  
contig07283.662.662 LG3  
contig00166.201.201 LG4  
contig05844.367.367 LG4  
contig00373.283.283 LG5  
contig06889.429.429 LG5  
contig02180.393.393 LG5  
contig05972.563.563 LG5  
contig06832.618.618 LG5  
contig06832.744.744 LG5  
contig00373.155.155 LG5  
contig03621.171.171 LG5  
contig06376.422.422 LG5  
contig06832.1056.1056 LG5  
contig00382.237.237 LG6  
contig02956.858.858 LG6  
contig06857.529.529 LG6  
contig01195.433.433 LG6  
contig03322.404.404 LG6  
contig00382.154.154 LG6  
contig00676.849.849 LG7  
contig02740.758.758 LG7  
contig05821.209.209 LG7  
contig01995.279.279 LG7  
contig02505.232.232 LG7  
contig00855.689.689 LG8  
contig05979.160.160 LG8  
contig00747.723.723 LG8  
contig00868.575.575 LG9  
contig01503.1195.1195 LG9  
contig05310.395.395 LG9  
contig00280.181.181 LG9  
contig06429.683.683 LG9  
contig01188.255.255 LG10  
contig07334.1974.1974 LG10  
contig01257.497.497 LG11  
contig06004.217.217 LG11  



SNP Marker 
Linkage 
group 

Candidate 
Bt receptor 

contig01147.251.251 LG11  
contig06004.432.432 LG11  
OnS192 LG11  
contig01115.196.196 LG11  
contig07066.588.588 LG11  
contig02302.253.253 LG12  
contig05852.999.999 LG12  
contig02302.286.286 LG12  
contig00345.349.349 LG12  
contig02302.523.523 LG12  
ABCC transporter-like LG12 + 
contig05884.301.301 LG13  
contig07249.409.409 LG13  
contig00790.525.525 LG13  
contig05884.352.352 LG13  
contig06369.597.597 LG13  
contig05862.1478.1478 LG13  
contig06061.219.219 LG14  
contig05917.1024.1024 LG14  
contig05917.247.247 LG14  
contig05917.972.972 LG14  
Cadherin LG14 + 
contig06413.283.283 LG15  
contig00154.201.201 LG15  
contig05870.585.585 LG15  
contig00235.424.424 LG15  
contig06451.546.546 LG16  
contig01712.343.343 LG16  
contig01712.424.424 LG16  
contig06497.261.261 LG17  
contig06497.443.443 LG17  
contig06864.843.843 LG18  
contig07148.295.295 LG18  
contig00275.984.984 LG18  
contig01501.265.265 LG18  
contig05897.157.157 LG18  
contig06565.424.424 LG18  
contig06565.189.189 LG18  
contig07051.1181.1181 LG19  
contig07051.633.633 LG19  
contig07228.416.416 LG20  
contig07242.215.215 LG20  
contig05303.397.397 LG20  
contig07329.403.403 LG21  
contig00324.463.463 LG21  
contig07376.627.627 LG22  
OnS180_b LG22  
contig00151.209.209 LG23  
contig06735.552.552 LG23  
contig00375.602.602 LG24  
contig00375.951.951 LG24  
contig01352.743.743 LG24  
contig05998.290.290 LG24  
contig00519.709.709 LG24  



SNP Marker 
Linkage 
group 

Candidate 
Bt receptor 

contig05998.293.293 LG24  
contig06498.471.471 LG24  
contig00521.300.300 LG25  
contig01874.600.600 LG25  
contig01874.661.661 LG25  
contig00717.226.226 LG26  
contig01744.579.579 LG26  
contig00069.585.585 LG26  
contig01278.344.344 LG26  
contig00810.311.311 LG27  
contig00513.196.196 LG27  
contig00513.347.347 LG27  
contig01207.182.182 LG28  
OnS109 LG28  
contig05884.1799.1799 LG29  
contig07249.618.618 LG29  
contig07249.627.627 LG29  
contig02148.341.341 LG30  
contig05876.213.213 LG30  
contig05764.298.298 LG31  
contig05764.532.532 LG31  
contig06588.344.344 LG31  
contig05921.308.308 Unassigned  
contig07194.596.596 Unassigned  
contig00975.591.591 Unassigned  
contig01195.448.448 Unassigned  
contig01244.577.577 Unassigned  
contig06411.372.372 Unassigned  
contig06461.409.409 Unassigned  
contig07224.214.214 Unassigned  
contig07355.805.805 Unassigned  
contig00626.187.187 Unassigned  
contig00857.247.247 Unassigned  
contig05855.192.192 Unassigned  
contig07096.441.441 Unassigned  
contig07161.337.337 Unassigned  

 



Table S4.  SNP and AFLP markers segregating in backcross BC4E that are genetically linked to a QTL 
for Cry1Ab resistance. 

 
 

SNP marker 
 

Treatment 
 

χ
2
 1:1 

 
P-value 

 
Significance 

contig00519.709.709 
A
 Control 0.22 0.63735 ns 

 Cry1Ab 3.28 0.05994  

contig03610.309.309 Control 0.89 0.34578 ns 

 Cry1Ab 4.15 0.04165 * 

contig05998.290.290
 A

 Control 0.89 0.34578 ns 

 Cry1Ab 4.65 0.03103 * 

Contig06606.695.695 Control 2.00 0.15730 ns 

 Cry1Ab 1.84 0.1823 ns 

E_ACC_700_M_TG_160 Control 0.89 0.34578 ns 

 Cry1Ab 8.32 0.00392 ** 

E_AGC_800_M_TG_177 Control 0.22 0.63735 ns 

 Cry1Ab 5.50 0.01902 * 

A: markers also segregating in backcross BC3C, located on LG24, and linked to the inheritance of 
Cry1Ab resistance traits. 
* : Significant at α = 0.05 
**: Significant at a Bonferroni adjusted significance threshold of 0.008 

 



 

Fig. S1.  

Cry1Ab toxin doses response curves constructed for larval Ostrinia nubilalis Cry1Ab
S
 and 

Cry1Ab
R
 strain survival upon Cry1Ab toxin overlay diet titrated from zero to 12,500 ng cm

−2
. 

The estimated LC50 values are shown for each strain. 

 
 
 

 




