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Abstract

Gene flow between Bt and non-Bt plants can have implications for resistance management. In 2013 and 2014, field trials
in Maryland and Louisiana measured gene flow in three refuge systems: (1) structured refuge stand of purple-seeded corn
flanked on both sides by stands of yellow corn; (2) seed blend of yellow corn containing purple corn as refuges; and (3) seed
blend of purple-seeded corn containing yellow corn as refuges. The presence of cross-pollinated purple kernels was used as
a marker to quantify gene flow. In the structured refuge, cross-pollination between Bt and structured refuge plants averaged
5.4% on adjacent rows and decreased significantly moving away from the interface. For refuge system 2, outcrossing of pollen
from the refuge plants was < 1% in ears of neighboring Bt plants both within and on adjacent rows. Cross-pollination was
generally higher for plants nearest to the refuge plant. In refuge system 3, outcrossing of pollen from neighboring Bt plants
caused 18.6% refuge kernels expressing the purple trait. Laboratory bioassay showed that consumption of a meridic diet
containing 6% refuge kernel tissue collected from a 95:5% seed blend field caused significant larval growth inhibition of the
corn earworm, Helicoverpa zea (Boddie). Overall findings suggest that effects of gene outcrossing from refuge plants to Bt
plants in the seed blend systems are likely not a great issue, but significant gene flow from neighboring Bt plants to refuge
plants could reduce the number of homozygous susceptible larvae produced and favor survival of heterozygotes.
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Key message ¢ Diet bioassays incorporating kernel tissue from refuge
plants in a 95:5% seed blend caused significant growth
inhibition of H. zea and O. nubilalis larvae.

e Cross-pollination between Bt and structured refuge plants

averaged 5.4% on adjacent rows and decreased signifi-

cantly moving away from the interface. Introduction
e Outcrossing of pollen from the refuge plant in a seed

blend averaged < 1% in neighboring Bt ears, but was  To prolong the durability of Bt crop technology, insect resist-

much greater from Bt pollen in the opposite direction,  ance management (IRM) plans are implemented to delay the

averaging 18.6% in refuge ears. evolution of resistance. The primary IRM tactic for trans-
genic corn expressing Bt insecticidal toxins is the high dose/
refuge strategy, where a refuge consisting of non-Bt corn is
planted adjacent to (structured), or within (seed blend) the

54 Galen P. Dively Bt corn (Gould 1998; Tabashnik et al. 2008; Huang et al.

galen@umd.edu 2011; Onstad et al. 2011). The refuge provides an area for
susceptible insect individuals to develop without selection
for resistance to Bt toxins, and thus available to interbreed
with potentially homozygous resistant individuals that may
emerge from the Bt plants.

The seed blend or so-called ‘refuge in a bag’ system
provides farmers with a convenient and easier compliance
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solution to satisfy federal regulations (Matten et al. 2012).
Seed blend simplifies refuge management and allows farm-
ers to plant Bt corn in every field, while still complying with
refuge requirements. The blend of non-Bt plants interspersed
with Bt plants serves as the refuge, which has become an
essential component of current IRM plans for Bt corn in the
US Corn Belt (Matten et al. 2012).

However, there is concern about the gene flow between
Bt and non-Bt plants in seed blend plantings. Gene flow in
plants occurs when pollen from one plant fertilizes another
plant carrying with it the genes from the first plant. Pollen-
mediated gene flow between Bt and refuge plants could
diminish the effectiveness of the seed blend refuge strategy
for IRM. Gene flow to refuges from Bt plants can result
in toxin expression in the kernels of refuge plants (Yang
et al. 2014). Conversely, gene flow to Bt plants from ref-
uges can reduce the toxin expression level in kernels of
Bt plants. Both routes of gene contamination may affect
target pests that feed on corn ears, such as the corn ear-
worm, Helicoverpa zea (Boddie), and European corn borer,
Ostrinia nubilalis (Hiibner) (Horner et al. 2003; Burkness
et al. 2011; Burkness and Hutchison 2012; Yang et al. 2014).
Chilcutt and Tabashnik (2004) reported that cross-pollinated
corn ears in the refuge can accelerate resistance evolution
if fewer susceptible moths are produced in a refuge or if
intermediate levels of toxin in cross-pollinated refuge ears
kill susceptible individuals but allow heterozygotes to sur-
vive (Yang et al. 2017). Heuberger et al. (2008) studied the
effect of refuge contamination in cotton growing systems
on resistance evolution in the pink bollworm, Pectinophora
gossypiella (Saunders). They concluded that Bt pollen con-
tamination in the cotton ecosystem has negligible effects on
resistance evolution in P. gossypiella, as long as contamina-
tion does not confer a selective advantage to heterozygotes
over homozygous susceptible larvae. For these reasons, the
seed blend refuge system was not considered an appropriate
IRM strategy for single-gene Bt corn, and thus, all registered
blended seed products contain pyramided Bt genes (USEPA
2011; Matten et al. 2012).

Corn is primarily wind-pollinated, with approximately
97% outcrossing between plants and fertilization occurring
at up to 200 m (Chilcutt and Tabashnik 2014). Research on
corn pollen movement has focused on the use of modeling,
small plot trials, or both to determine the likelihood of corn
pollen moving from Bt to non-Bt hybrids, and distances that
corn pollen may travel from the source field (Aylor 2002;
Aylor et al. 2003; Chilcutt and Tabashnik 2004; Kuparinen
et al. 2007; Bannert et al. 2008). Understanding the rate of
gene flow between non-Bt and Bt plants during pollen shed
is important in IRM, especially for seed blend systems. Here,
we present results from field plot experiments to quantify
the extent of cross-pollination in structured and seed blend
refuge systems, using purple-seeded corn as a phenotypic
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marker. We also provide supportive information from labo-
ratory bioassays as evidence of Bt toxin expression in ears
of refuge plants in the seed blend system.

Materials and methods
Field sites and treatments

Field plot experiments were repeated over 2 years at the
Central Maryland Research and Education Center, Belts-
ville, MD (2013 and 2014), and at two Louisiana State Uni-
versity Agricultural Center research stations in St. Joseph
(2013) and Winnsboro, LA (2014). At all sites, two simu-
lated refuge systems were established each year. System
1 represented a structured refuge consisting of a planting
of purple-seeded (PS) plants (hybrid ‘SL7571PG’; RM
113 days) flanked on both sides by stands of Bt yellow-
seeded (YS) plants (Agrisure hybrid ‘NK1284-3000GT’;
RM 112 days). System 2 represented a seed blend of Bt YS
plants containing PS plants as refuges. Another seed blend
planting (System 3) was evaluated only at the Maryland site
in 2014 and consisted of PS plants containing its closely
related non-Bt isoline YS plants (hybrid ‘NK1284-GT’; RM
112 days) as refuges.

Experimental plot design

Plots of each refuge system, consisting of 7.5 m long rows
spaced 20 cm apart, were arranged side by side within in
each of four (MD) or five (LA) randomized complete blocks.
A buffer strip of 12 rows of male-sterile non-Bt corn run-
ning the opposite way was planted between blocks. For the
structured refuge system 1, each plot consisted of four rows
of PS plants flanked on both sides by four rows of Bt YS
plants. For the blended seed systems, each plot consisted of
12 rows of either Bt YS (System 2) or PS plants (System 3)
with either PS (System 2) or non-Bt YS (System 3) refuge
plants, respectively. Refuge plants were hand planted after
machine seeding in rows 3, 5, 7, and 9 and spaced 1.8 m
apart, so that the eight refuge plants were not directly across
from each other in the nearest adjacent rows. To ensure suc-
cessful germination and seedling emergence, two seeds were
planted at each refuge spot and marked with small stakes to
identify refuge plants. At the two-leaf stage, the less vig-
orous seedling in a refuge spot was removed. Plots were
seeded in early May at the LA sites and in late May at the
MD site, using a no till corn planter to establish a stand
of 64,200 plants per hectare. Each experiment consisted of
either § (MD) or 10 (LA) plots, except for the Maryland
experiment in 2014 which had 12 plots (three refuge systems
replicated four times). For each experiment, standard fertil-
ity inputs were practiced according to site-specific nutrient
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management recommendations, and weeds were managed
using pre- and post-emergent herbicide applications.

Measurements of gene flow

At the dough stage (R4), ear samples were collected from
each refuge system to record the number of kernels express-
ing the purple color as a measure of cross-pollination. Any
kernel showing partial or complete phenotypic expression of
the purple trait was counted. In the structured refuge plots,
ten randomly selected ears (LA) or all ears (MD) from the
Bt YS plants on each row flanking the center four rows of PS
plants were husked in situ and examined for purple kernels.
Data were recorded on individual ears per row on each side
of the center purple-seeded plants. For seed blend system 2,
outcrossing of genes due to pollen drift from the PS refuge
plants was estimated by the presence of purple kernels in
ears of Bt YS neighboring plants around each refuge plant.
Data on the number of purple kernels per ear were recorded
on plants at 1, 2, 3, 4, and 5 positions away from the refuge
plant on both sides within the same row. Ears were also
examined for purple kernels on five or six consecutive plants
(depending on the study site) on the adjacent row on each
side of the refuge plants. For seed blend system 3 consist-
ing of PS plants with YS refuge plants (MD, 2014), ears of
all refuge plants in each plot were examined to record the
number of purple kernels, indicative of the potential cross-
pollination due to pollen drift from neighboring Bt plants.
For each experiment, random samples of 10 ears in each
plot were collected to record the number of kernel rows on
each ear, length of kernel row (cm), and number of kernels
per 10 cm.

Tissue-incorporated feeding bioassay

Laboratory bioassays of kernel tissue were conducted in
2015 to provide evidence of Bt toxin expression in ears
of refuge plants in the seed blend system. Field plots of a
pyramided Bt hybrid (SPS1031), expressing Cryl Ab and
Vip3Aa20 toxins for lepidopteran control, and its closely
related non-Bt hybrid (SPS1030) were established at the
Central Maryland Research and Education Center, Belts-
ville, MD. Plots of 100% Bt hybrid, 95:5 seed blend of the
Bt hybrid and non-Bt refuge, and 100% non-Bt hybrid were
planted side by side in each of four randomized blocks. Each
plot measuring 4 rows 4.6 m long was planted by hand on
July 17 with 20 seeds per row spaced 23 cm apart. Each
row of the seed blend treatment contained one refuge plant
marked with a stake and placed at least 0.5 m away from
the row ends.

Two ears at the dent stage (R5) were randomly collected
from the center rows in each of the 100% Bt and non-Bt
plots, and from two refuge plants in each seed blend plot.

Kernels of each type were removed from the ears and pooled
by replicate block as a composite sample, and then, a ran-
dom subsample was frozen and dried in a freeze dryer. The
lyophilized kernel tissue was ground to a fine powder in a
commercial grinder (IKA Works, Inc, Wilmington, DE) and
kept at — 80 °C until used in bioassays.

A diet-incorporated feeding bioassay consisting of a sin-
gle concentration of each kernel tissue was conducted to
measure the body weight gain of second instar H. zea and
O. nubilalis. Eggs of laboratory colonies of both species
obtained from Benzon Research (http://www.benzonrese
arch.com/) were incubated in a growth chamber until hatch
and then reared on a meridic diet (Southland Products, Lake
Village, AR) until the 2nd instar for testing. Separate bio-
assays were conducted exposing individual larvae of each
species to four replicates of each kernel type. For each rep-
licate sample of kernel powder, 500 ml of modified meridic
diet (without soybean flour and adjusted with more water
to offset the added kernel powder) was prepared, cooled to
55 °C in a water bath, and then incorporated with 30.5 g of
kernel powder. The dilution by adding kernel tissue resulted
in a concentration of 60 mg of kernel tissue per ml of diet.
For each treatment, ~ 1.5 mL of diet was dispensed into each
of 64 wells of a 128-well bioassay tray (C-D International).
After the diet cooled, one larva was placed in each well
using a camel-hair brush. Wells were sealed with a perfo-
rated adhesive lid, and trays were held in a growth cham-
ber at 25 °C. After 7 days, the weight of individual larvae
was recorded, and the average weight gain per larva was
calculated for each treatment by replicate group (16 larvae/
replicate).

Statistical analyses

The mean number of kernels per ear was calculated as [num-
ber of kernel rows per ear x number of kernels per row],
using metrics recorded from ear samples in each plot. The
percentage of purple kernels was then calculated as [num-
ber of purple kernels/mean number of kernels per ear x 100]
and analyzed as a surrogate estimate of the percentage of
cross-pollination. Although the refuge systems were planted
together in the same experimental plot layout, each system
was analyzed separately using the Proc Mixed model of
SAS Version 9.4 (SAS Institute 2013), with the focus on
testing for differences among the nested factors. Further-
more, analyses were conducted by year and study site due
to differences in sampling protocols and environmental con-
ditions. For the structured refuge system 1, we tested for
mean differences across individual rows and between means
pooled over rows on each side of PS plants. The ANOVA
model treated row as a fixed nested factor and corrected for
repeated measures across rows that were spatially dependent.
For seed blend system 2, we tested for differences among
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three plant position groups relative to the refuge plant, as a
fixed nested factor. These groups included the pooled data
from four ears surrounding the refuge plant at 1 and 2 plant
positions away, six ears at 3, 4, and 5 plant positions away,
and four ears for the nearest plants on adjacent rows. Data
recorded on individual ears within a plot row or plant posi-
tion were considered sub-sampling and thus averaged by
replicate block before analysis. Data from seed blend system
3 were summarized as mean (+standard error) percentage of
kernels showing expression of the purple color in the refuge
ears. In all analyses, replicate block was treated as a random
effect, percentage data were arcsine transformed before the
analysis, and Tukey’s option was used to test for signifi-
cance (P <0.05) among multiple mean comparisons. For the
bioassay data, differences in larval weight gain among the
kernel tissue types were tested using a one-way ANOVA,
after data transformations were made for lack of normality
and unequal variances.

Results
Gene flow in structured refuge system

The purple-seeded corn provided a convenient means to
track gene flow between refuge and neighbor plants, as
shown in Fig. 1. The frequency of cross-pollination from
the structured PS refuge plants varied widely among the four
site-years, ranging from an overall average of 0.5 (LA-2014
site) to 5.9% (MD-2014 site) pooled over all ears sampled
from rows adjacent to the structured refuge (Fig. 2). Per-
centages of purple kernels by row ranged from a high of
13.7% (first row, MD-2014) to 0.1% (fourth row, LA-2014).
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Fig.1 Illustration of the phenotypic expression of the dominant
purple-seeded trait resulting from cross-pollinated kernels in a seed
blend system
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With the exception of the LA-2013 site, the number of pur-
ple kernels declined significantly across rows moving away
from the refuge plants (MD-2013: F(3 3,)=40.1, P <0.001;
MD-2014: F 5 14)=20.3, P<0.001; LA-2013: F3,4,=17.4,
P <0.001). Overall numbers of purple kernels in the second,
third, and fourth rows averaged 43.5, 66.0, and 75.2% less,
respectively, compared to levels in the first row. Declining
patterns of cross-pollination across rows were similar on
each side of the refuge, as evident by nonsignificant inter-
action effects. However, the direction and amount of gene
flow from the refuge plants was apparently affected by the
prevailing winds, as evident by significantly higher percent-
ages of purple kernels on the north side of the refuge block
at MD-2014 site (F; 16,=253.1, P<0.001).

Gene flow in seed blend refuge system

Seed blend system 2 was designed to measure the extent and
distribution pattern of cross-pollination due to gene flow
from a single PS refuge plant to neighboring plants. Figure 3
shows the mean percentage of purple kernels observed from
two neighboring plants on both sides of the refuge plant
within the row (P1-2), next three closest plants within the
row (P3-5), and the closest consecutive plants on the imme-
diate adjacent rows. The overall extent of gene flow of the
purple trait from the refuge plant was substantially lower
than levels observed in the structural refuge system, with
purple kernels averaging < 1% on neighboring plants at all
site-years. Consistent with the structural refuge results, the
number of purple kernels was highest at the MD-2014 site,
indicating that pollen movement among plants was appar-
ently affected by wind conditions throughout all treatment
plots. Outcrossing of the purple trait was generally higher in
ears of within-row plants nearest to the refuge plant (P1-2),
and also higher for plants in adjacent rows directly across
from the refuge plant at the 2014 sites. However, plant posi-
tion differences were not consistent and only significant for
the MD-2013 data (F, 1,)=8.93, P=0.004).

For seed blend system 3, the gene flow resulting from out-
crossing of pollen from neighboring Bt PS plants to refuge
plants was considerably higher, compared to gene flow in the
opposite direction. The percentage of kernels expressing the
purple trait in the refuge plants ranged from 4.8 to 30.9%,
with a mean of 18.6% (+1.5).

Feeding bioassay

Bioassays of kernel tissue from refuge plants in 95:5% seed
blend plots showed clear evidence of Bt toxin expression.
Each assay measured the body weight gain of individual sec-
ond instars of H. zea and O. nubilalis that initially weighed
an average of 0.32+0.053 and 0.44 +0.078, respectively.
For H. zea, significant weight differences were observed
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Fig.2 Mean percentage (= SEM) of purple kernels in ears of yellow-seeded corn plants in the structured refuge system involving a 4-row pure
stand of non-Bt purple-seeded plants flanked on both sides by 4 rows of Bt yellow-seeded plants

when fed for 7 days on diet incorporated with the different
types of kernel powder (F(,7=239.2, P<0.001) (Fig. 4).
Weighs of larvae exposed to refuge kernel (34.1+0.88 mg)
and Bt kernel (12.9 +1.05 mg) powders were reduced
by 37.7 and 76.5%, in comparison with average weights
(54.8 +1.42 mg) of larvae exposed to non-Bt kernel powder.
For O. nubilalis larvae, growth inhibition was significantly
greater when fed on diet incorporated with refuge kernel
(Fo9=422.4, P<0.001) (Fig. 4). Weight gain of larvae
exposed to refuge and Bt kernel powder were 97.1% and
99.0% inhibited, respectively, compared the mean weight of
larvae (41.3 +1.97 mg) fed on non-Bt kernel tissue.

Discussion

In this study, we quantified gene flow in structured and
seed blend refuge planting systems using a purple-seeded
corn expressed as a single-gene, dominant trait. There were
variable shades of the purple color because the phenotypic
expression on kernels is probably influenced by epistasis
and modification by other genes. However, assuming that
Bt toxin expression is a dominant trait, this marker provided
an effective way to measure the potential outcrossing of Bt
genes to neighboring plants. At all sites, gene flow of the

purple-seeded trait was observed in ears from the structured
and seed blend refuge planting systems, but overall levels
of outcrossing varied widely among the four site-years,
as evident by the lowest levels observed at LA-2014 com-
pared to the highest levels at MD-2014. Pollen movement
and likelihood of cross-pollination among corn plants are
influenced by environmental factors, such as temperature,
prevailing winds, and wind speed (Jemison and Vayda 2001;
Klein et al. 2003; Brookes et al. 2004; Purseglove 1972;
Luna et al. 2001), which could have differed among sites.
Although both hybrid types were planted at the same time at
each site and had similar maturation times, pollen shed asyn-
chronicity could account for some of the site differences.
(Brookes et al. 2004).

In the structured refuge system, cross-pollination of ears
on the first row next to the PS refuge plants resulted in an
average of 5.4% purple kernels, but decreased significantly
across the remaining rows. Several studies have found rela-
tively high levels of cross-pollinated kernels in the first row
(0.8 m from Bt corn) of non-Bt corn planted adjacent to Bt
corn, with levels ranging from 3 to 82% (Byrne and From-
herz 2003; Ma et al. 2004; Bannert et al. 2008). Lowest lev-
els of cross-pollination (1.3% overall mean) were observed
in the fourth row, a 75% drop at 2.5 m from the nearest
purple-seeded plants. Corn pollen is one of the heaviest of
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P1-2 P3-5 Adjacent rows

P1-2 P3-5 Adjacent rows

Position of neighboring plants from refuge

Fig.3 Mean percentage (+ SEM) of purple kernels in ears of yellow-
seeded corn plants nearest to purple-seeded refuge plants in a seed
blend system. Data are given for the two neighboring plants on both

H.zea D O. nubilalis
Kernel tissue from 7////% a

100% Bt corn plants

Kernel tissue of refuge W////////////% b

in 95:5% seed blend a

Kernel tissue from W%//W %/j c

100% nonBt corn plants b

1 1 I

0 20 40 60

Larval weight gain (mg) after 7 days feeding

Fig.4 Mean larval weight gain (+ SEM) of H. zea and O. nubilalis
second instars after feeding for 7 days on a meridic diet containing
6% corn kernel tissue from (1) pyramided Btl1 xMIR162 ears, (2)
isoline non-Bt ears, and (3) refuge ears from a seed blend planting
of 95% pyramided Bt11xMIR162. Mean bars for each insect species
with the same letter are not significantly different (P <0.05)

the wind-pollinated plants (Brookes et al. 2004), and stud-
ies reported off-field pollen deposition dropped by 50-75%
over distances of 2—4 m from the field edge (Pleasants et al.

@ Springer

sides of the refuge plant within the same row (P1-2), next three clos-
est plants within the row (P3-6), and the closest two consecutive
plants on the immediate adjacent rows

2001), and cross-pollination inside the field declined by
one-half over a distance of 3.8 m (Bateman 1947). Rela-
tive changes in cross-pollination across rows were similar
on each side of the structured refuge, but the overall extent
of gene flow was significantly different, particularly at the
MD-2014 site, and likely influenced by direction and speed
of the prevailing winds. The movement of corn pollen also
depends on whether the wind is moving horizontally or
vertically. Ma et al. (2004) found that the large variation
in pollen dispersal is likely because of vertical wind mov-
ing pollen upward rather than horizontal wind movement of
pollen. According to Chilcutt and Tabashnik (2004), gene
flow from refuge to Bt plants or vice versa depends on many
factors, including refuge size shape, distance from the Bt
plants, wind speed and direction and similarity in maturation
times between the Bt and non-Bt hybrids. It is noted that the
extent and distribution of outcrossing measured by the struc-
tural refuge system represents gene flow in both directions;
thus, the results provide a relative measurement of the ‘halo
effect’ at a local field level, where at the interface of the Bt
and non-Bt plantings, increased larval mortality may occur
because non-Bt ears are pollinated by Bt pollen (Alstad and
Andow 1995; Burkness et al. 2011).
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In the seed blend refuge plantings, gene flow of the pur-
ple-seeded trait was measured in both directions, resulting
in very different levels of cross-pollination. Outcrossing of
pollen from the refuge plant averaged less than 1% in ears of
neighboring Bt plants both within and on adjacent rows at all
site-years. Cross-pollination of the purple trait was generally
higher for plants nearest to the refuge plant, but differences
were not consistent. On the assumption that expression of
purple seeds demonstrates the actual movement of non-Bt
genes to neighboring Bt plants, this route of outcrossing
should have negligible effects on the overall expression of
Bt toxins in kernels of Bt plants. The results suggest that
the very low levels of gene outcrossing from refuge plants
to Bt plants in a 95:5% seed blend will not have major con-
sequences for IRM or insect damage. Burkness et al. (2011)
also showed no change in survival of H. zea on Bt plants
pollinated with non-Bt pollen. However, given the close
spatial relationship of tassels and ears of individual plants
in a 95:5% seed blend and the huge amounts of pollen dis-
persed (2—5 million grains per plant) within the corn canopy
(Goss 1968), the potential for outcrossing from Bt to refuge
plants was understandably much greater, averaging 18.6% or
about 24X higher than the gene flow from the refuge plants.
Studies report that more than 95% of the kernels of an indi-
vidual plant may be fertilized by pollen from neighboring
plants (Emberlin et al. 1999; Poehlman and Sleper 1995).
Under these conditions, it is surprising that only 18.6% of
the refuge ear kernels expressed the dominant purple trait.
As mentioned above, asynchronous pollen shed and silking
may have limited the opportunity for the neighboring pur-
ple-seeded plants to fertilize the refuge ears. Nevertheless,
this route of gene contamination could confer a selective
advantage to Bt-resistant heterozygotes over homozygous
susceptible larvae in the refuge plants.

The results of the diet-incorporated kernel tissue bioas-
say provide direct evidence, indicating that a relatively high
percentage of the kernels in a refuge ear in a seed blend sys-
tem can express Bt toxins. Consumption of kernel tissue col-
lected at full physiological maturity from refuge plants in
a 95:5% seed blend caused significant growth inhibition of
both H. zea and O. nubilalis larvae (37.7% and 97.1% less
weight gain, respectively, compared to larvae exposed to non-
Bt kernel powder). It is noteworthy that this amount of inhi-
bition resulted from exposure to Bt toxins in kernel powder
consisting of only 6% of the diet by weight. Similarly, Yang
et al. (2014) reported that a 95:5% seed blend planting of Bt
corn containing the SmartStax traits expressing Cry1A.105,
Cry2Ab2, and Cry1F did not provide an effective refuge for
H. zea. Cross-pollination caused >90% of the refuge kernels
to express one or more Bt toxins, which reduced the neonate-
to-adult survivorship of H. zea to only 4.6%, a reduction of
88.1% relative to larvae feeding on non-Bt corn ears. O. nubi-
lalis is significantly more susceptible to the Bt toxins than

H. zea; thus, it is not surprising that larvae fed for 7 days on
refuge kernels gained relatively little weight, which was not
significantly different from virtually no weight gain of larvae
exposed to the Bt kernel powder. However, simulation models
by Kang et al. (2012) predicted that resistance evolution in O.
nubilalis is not significantly expedited by Bt gene outcrossing
in kernels of non-Bt corn because ears are available only for
the second generation of O. nubilalis; and only a fraction of the
second generation larvae invade the ears; and mortality caused
by Bt toxins expressed in refuge ears is not high. In support of
these model predictions, field plot experiments with the sugar-
cane borer, Diatraea saccharalis (F.), found that the number of
larvae infesting non-Bt plants in a 95:5% seed blend planting
of Bt and non-Bt corn was not significantly reduced, compared
to the pure stand of non-Bt corn (Wangila et al. 2013). These
results suggest that refuge plants in the seed blend are able
to provide a comparable refuge population of D. saccharalis
compared to a structured refuge planting. We agree that O.
nubilalis is less likely to be exposed to the selection pressure
exerted on larvae feeding on a Bt-expressing kernels in refuge
ears. However, a companion study using plots of the same site-
years reported that the seed blend did not produce as many sus-
ceptible individuals as those produced in a structured refuge,
as a result of movement of larvae to neighbor Bt plants, where
they were killed by the high dose trait (Oyediran et al. 2015).

Overall findings of this study show that cross-pollination of
Bt plants with pollen from refuge plants has negligible effects
on toxin expression in Bt ears, compared to the opposite route
of outcrossing by Bt pollen in a seed blend. Our results agree
with studies by Chilcutt and Tabashnik (2004) and Yang et al.
(2014) that gene flow from Bt plants to refuge plants is high,
resulting in a mosaic of kernels expressing intermediate doses
of toxins that can reduce the number of homozygous suscepti-
ble larvae produced and favor survival of heterozygotes. Bioas-
say results showed significant growth inhibition of larvae fed
kernel tissue from refuge plants, which is clear evidence that
selection for resistance can occur on non-Bt plants in a seed
blend. To preserve the durability of the Bt corn, now widely
planted as seed blends, this study underscores the need for
additional research to better understand the pattern of mosaic
toxin expression in cross-pollinated refuge ears and its effects
on the behavior and survival of both heterozygotes and sus-
ceptible homozygotes of ear-feeding pests, particularly H. zea.
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