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Abstract

Western corn rootworm, Diabrotica virgifera virgifera LeConte, is a serious pest of corn and is often managed
with transgenic corn producing insecticidal toxins from the bacterium Bacillus thuringiensis (Bt). This pest has
developed field-evolved resistance to all commercially available Bt traits, beginning with Cry3Bb1 in 2009.
Fitness costs may accompany Bt resistance, where individuals with alleles for Bt resistance have reduced fit-
ness on non-Bt corn compared to Bt-susceptible individuals. In conjunction with non-Bt refuges, fitness costs
can delay the evolution of Bt resistance. Importantly, ecological factors may affect the presence and magnitude
of fitness costs. For western corn rootworm, available data suggest that fitness costs of Bt resistance may be
present in some cases. Using two Cry3Bb1-resistant western corn rootworm strains (Hopkinton and Cresco), a
fitness-cost experiment was performed by rearing rootworm in the absence of Bt for six generations to test for
fitness costs of Cry3Bb1 resistance and the effect of larval rearing density on fitness costs. Fitness costs were
detected for both strains; however, strains were still resistant to Cry3Bb1 corn at the end of the experiment.
Cresco experienced a greater loss of resistance at low versus high density, but no effect of density was de-
tected in Hopkinton. Our study shows that fitness costs can accompany Bt resistance in western corn rootworm
and may be more pronounced under low larval density. Even though fitness costs were present, it appears that
rootworm populations may remain resistant to Cry3Bb1 corn for years after resistance has evolved.
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The planting of transgenic crops producing insecticidal proteins
derived from the bacterium Bacillus thuringiensis (Bt) has become
an important approach for managing insect pests in agriculture. In
2017, Bt crops were planted on over 100 million hectares worldwide
(James 2017). Benefits of Bt include the protection of crops from
feeding injury by insects, reduced use of conventional insecticides,
and reduced harm to beneficial arthropods in agricultural systems
(Carpenter 2010, Edgerton et al. 2012). However, the evolution
of Bt resistance by agricultural pests can diminish these benefits
(Tabashnik and Carriére 2017). The refuge strategy is used in the
United States and elsewhere to delay Bt resistance (Gassmann 2016,
U.S. EPA 2020). In the United States, the Environmental Protection
Agency requires a refuge be planted as a part of an insect resistance
management strategy for some Bt crops, and in other cases, alternate

host plants serve as a refuge (U.S. EPA 2020). Under this strategy,
non-Bt host plants are grown in association with a Bt crop in order
to enable the survival of Bt-susceptible individuals, which can then
mate with resistant individuals to produce heterozygous offspring
(Gould 1998). Refuges will serve to effectively delay resistance if
heterozygous individuals have lower fitness on Bt than homozygous-
resistant individuals (Gould 1998).

Over time, however, Bt-resistant individuals completing develop-
ment on refuge plants will lead to an increase in homozygous-resistant
insects, and thus the development of Bt resistance at the population
level (Gassmann et al. 2009). Importantly, fitness costs associated with
Bt resistance will act to remove resistance alleles from refuge popula-
tions, thereby maintaining the effectiveness of non-Bt refuges to delay
Bt resistance (Carriére and Tabashnik 2001, Gassmann et al. 2009).
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Fitness costs, or fitness trade-offs, of Bt resistance occur in the ab-
sence of Bt (e.g., in non-Bt refuges) when individuals that possess al-
leles for Bt resistance have lower fitness than Bt-susceptible individuals
(Gassmann et al. 2009). The presence and severity of fitness costs af-
fecting Bt resistance may be influenced by ecological factors, such as
competition, larval host plants, and entomopathogens (Higginson et al.
2005, Raymond et al. 2005, Gassmann et al. 2006, Hannon et al. 2010,
Raymond et al. 2011, Wang et al. 2016). To the extent that ecological
factors increase fitness costs, this is expected to further delay or reverse
pest adaptation to Bt crops (Carriére and Tabashnik 2001, Gassmann
et al. 2009, Pittendrigh et al. 2014).

The western corn rootworm (Diabrotica virgifera virgifera
LeConte) is a serious pest of corn in the U.S. Corn Belt and is often
managed with transgenic Bt corn (Gray et al. 2009). Furthermore,
this pest has evolved resistance to multiple Bt toxins produced
by transgenic corn (Gassmann et al. 2011, Gassmann et al. 2014,
Jakka et al. 2016, Gassmann et al. 2020). Experiments looking at
life-history traits have found evidence of fitness costs affecting Bt
resistance by western corn rootworm in some cases, but in other in-
stances, such costs appear to be absent (Ingber and Gassmann 2015,
Gassmann 2016, Paolino and Gassmann 2017). Additionally, sev-
eral life-history traits in western corn rootworm have been found to
be affected by high population density (i.e., high density of larvae),
which may occur in fields with a history of continuous corn cultiva-
tion. These traits include survival to adulthood, development time,
and adult size (Branson and Sutter 1985, Weiss et al. 1985, Onstad
et al. 2006). Taken together, these studies point to the potential im-
portance of testing how larval density may affect fitness costs of Bt
resistance by western corn rootworm.

Because larval density has been shown to influence life-history
traits of western corn rootworm, we hypothesized that larval density
might also influence fitness costs affecting resistance to Bt corn. In
this experiment, we examined two strains of western corn rootworm
(Cresco and Hopkinton) with field-evolved resistance to Cry3Bb1,
the first Bt trait for which this pest developed resistance (Gassmann
et al. 2011). We reared each strain at high and low larval rearing
densities and measured resistance to Cry3Bb1 over six generations
in the absence of selection. We hypothesized that 1) resistance to
Bt would decrease over time in the absence of selection, 2) larval
density would affect fitness costs associated with Bt resistance, and
3) populations would retain some level of Bt resistance compared to
susceptible controls.

Materials and Methods
Strain History

Susceptible Strain

The Susceptible strain was a Bt-susceptible non-diapausing strain
of western corn rootworm, which was brought into laboratory
culture in the mid-1970s and has never been exposed to Bt corn
(Branson 1976). The Susceptible strain was received in October
2009 from the United States Department of Agriculture, Agricultural
Research Service, North Central Agricultural Research Laboratory
in Brookings, South Dakota. At the time of this study, it had been
maintained in continuous culture at Iowa State University for 35
generations.

Hopkinton Strain
The Hopkinton strain was a non-diapausing strain of western corn
rootworm with field-evolved resistance to Cry3Bb1 corn (Ingber and

Gassmann 2015). Adult western corn rootworm were sampled from
a field where Cry3Bb1 corn had been grown seven consecutive years,
and Cry3Bb1 resistance had been confirmed (Gassmann et al. 2011).
These adults were crossed with the Susceptible strain, as described
in Ingber and Gassmann (2015), to introgress field-evolved Cry3Bb1
resistance into a non-diapausing genetic background. Prior to the
start of the experiment, the strain was selected on Cry3Bb1 corn
for five generations (F, F,, F, F _, and F ;) and backcrossed to the
Susceptible strain two additional times (F, and F,).

Cresco Strain

The Cresco strain was also a non-diapausing strain with field-
evolved resistance to Cry3Bb1 corn (Ingber and Gassmann 2015).
Adult western corn rootworm were sampled from a field that had
been planted to 9 yr of continuous corn, with Cry3Bb1 corn grown
during the year the field was sampled and during the previous 4
yr (Gassmann et al. 2014). Additionally, Cry3Bb1 resistance was
confirmed with laboratory bioassays (Gassmann et al. 2014). These
adults were crossed with the Susceptible strain, as described in
Ingber and Gassmann (20135). Prior to the start of the experiment,
the Cresco strain had been selected on Cry3Bb1 corn for six gener-
ations (F,, F, F, F, F, ., and F ), and backcrossed to the Susceptible
strain two additional times (F, and F)).

Multiple strains were used in this experiment to provide a more
complete understanding of how larval density may affect the fitness
costs of Bt resistance. Using multiple strains captures more of the
genetic variation that may be present in the mechanisms of resist-
ance and in other traits. In particular, Cresco and Hopkinton have
been found to differ in both the fitness costs of Cry3Bb1 resistance
and the level of Cry3Bb1 resistance (Ingber and Gassmann 2015).
In a previous study, Hopkinton was found to have a higher LC,
for Cry3Bb1 than Cresco, showed complete resistance to Cry3Bb1
corn, non-recessive inheritance of resistance, and an apparent ab-
sence of fitness costs, while Cresco showed incomplete resistance to
Cry3Bb1, recessive inheritance of resistance, and fitness costs of re-
sistance (Ingber and Gassmann 20135). Thus, using both strain back-
grounds may reveal if increased larval density can affect rootworm
populations with different characteristics.

Generation of Strains for Experiments
In total, four strains were generated for this study (Cresco High,
Cresco Low, Hopkinton High, Hopkinton Low; Fig. 1). First, par-
ental strains derived from Hopkinton and Cresco were generated in
September 20135 by crossing adults from either Hopkinton or Cresco
with adults from the Susceptible strain in a 9 to 1 ratio (i.e., nine
resistant adults for every Susceptible adult). For Hopkinton, F,; was
used; for Cresco, the F,, was used; and for Susceptible, the F,; and
F,, were used. A cross of 9:1 was used to ensure that there was gen-
etic variation for resistance in the resulting strains.

Throughout the experiment, adults were housed in 18 x 18 x
18 cm plastic insect cages (MegaView Science Co. Ltd., Taichung,
Taiwan) and were provisioned with a corn leaf and complete adult
diet (Frontier Agricultural Sciences, 601 Interchange Blvd., Newark,
DE) as food sources, and 1.5% agar solid as a water source (Thermo
Fisher Scientific Inc., 81 Wyman St, Waltham, MA). Eggs (P,) from
both parental strains were collected in an oviposition substrate of
sieved soil (< 180 um) twice weekly from September to November
2015. One week after collection, eggs were washed using a sieve
(250 pm) and placed into small seedling mats, which consisted
of 40 ml of Cry3Bb1 corn (VI3 DKC 61-88), without any pesti-
cidal seed treatment, with 60 ml water and 200 g soil in 946 ml
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Fig. 1. Diagram of experimental design. Note that F; is not shown in the
figure because it was not reared to the adult stage after eggs were collected.
High and low density refer to larval rearing density and are described in the
Methods. An arrow represents the end of a generation, with each generation
ending at the adult stage and the subsequent generation beginning with
eggs. Rectangles with an alphanumeric code represent rearing of strains
from egg to adulthood (i.e., one generation).
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containers (Dart Container Corporation, Mason, MI). The soil was
a 1:1 mixture of sieved field soil (particle size < 1 cm) and potting
medium (Sunshine Mix #1, SunGro Horticulture, Vancouver, British

Columbia, Canada). Seedling mats were then covered with mesh
fabric (poly chiffon, Hobby Lobby Stores, Inc., Oklahoma City, OK)
and secured with corresponding lids to prevent larvae from escaping.
Seedling mats were housed in a biological incubator (I41-LL, Percival
Scientific, Perry, IA) at 25°C, 16:8 (L:D) h, and 65% RH.

After 2 wk of incubation, two small seedling mats were trans-
ferred onto one larger seedling mat to ensure the presence of suffi-
cient root tissue for larvae to complete development. Larger seedling
mats contained 150 ml of Cry3Bb1 corn seed in a 5.7-liter storage
box (Sterlite Corporation, Townsend, MA). Four-hundred milliliters
of water and 2,000 g of soil (1:1 field soil: potting medium mixture)
were added to the container. Larger seedling mats were allowed to
grow in an incubator for 1 wk prior to receiving the contents of two
small seedling mats.

Adults were collected from the larger seedling mats three times
per week using an aspirator (BioQuip Products Inc., Rancho
Dominguez, CA) attached to a vacuum pump (Gast Manufacturing
Inc., Benton Harbor, MI), and eggs were collected two times per
week as described previously. Cry3Bb1 corn was used for the first
generation of each strain (P,) to increase the level of resistance at the
start of the experiment, and all generations thereafter (F, through F)
were reared on non-Bt corn.

For both parent strains (Hopkinton and Cresco), the eggs
obtained from P, adults were used to generate the high- and
low-density strains (F,; Cresco Low, Cresco High, Hopkinton Low,
and Hopkinton High). At low densities, 300 eggs were added to each
small seedling mat of non-Bt corn. At high densities, 1,800 eggs were
added to each small seedling mat of non-Bt corn. These egg densities
were chosen based on preliminary experiments in our laboratory,
which indicated that the high-density strains would experience
greater density-dependent mortality than the low-density strains.
All strains were reared from F, onward using the same methods de-
scribed for the parental strains except that insects were reared on
non-Bt seed corn (Pioneer 33T54, DuPont Pioneer, Johnston, IA),
without any pesticidal seed treatment, for the remainder of the ex-
periment, with the final generation being F, (Fig. 1). Eggs from F,
were used in bioassays but were not reared to the adult stage.

Bioassays
Bioassays to measure resistance to Cry3Bb1 were performed at the
following time points: F, (representing a baseline level one gener-
ation after selection on Cry3Bb1, prior to splitting into high and
low densities), F,, F,, and F,. These assays were conducted using a
subset of eggs produced at each relevant generation. Insects used in
bioassays were killed as part of the data collection for the bioassays
and did not contribute to subsequent generations of the rootworm
strains. Eggs from the Susceptible strain were assayed alongside the
Bt-resistant strains, with Susceptible serving as a known susceptible
control. The generations of Susceptible used were F,_ and F (corres-
ponding to F, of the resistant strains), F,, (F,), F, (F,),and F, (F,).

Two bioassay methods were used in this experiment: a single-
plant bioassay and a seedling-mat assay. The single-plant bioassay
was used for F, and F,, and the seedling-mat bioassay was used for F,,
F,, and F, with F, evaluated with both the single-plant and seedling-
mat bioassays. The seedling-mat method replaced the single-plant
method after F, because other experiments being conducted at the
same time found that the seedling-mat assay was more efficient at
measuring differences in resistance with non-diapausing strains than
the single-plant assay (Paolino and Gassmann 2017).

The single-plant bioassay procedure followed Paolino and
Gassmann (2017). Two corn hybrids, Cry3Bb1 corn (DKC 61-69)
and its non-Bt genetic isoline (DKC 61-72), both without any
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pesticidal seed treatment, were grown in greenhouses as indi-
vidual plants in 0.95-liter clear plastic cups (Placon, Madison,
WI). Plants were grown to the V5 to V6 stage (Abendroth et al.
2011). Twelve neonate larvae (<24 h old) were placed on the ex-
posed root tissue of each plant using a paintbrush. The stalks of
the plants were cut to approximately 20 cm, with leaves trimmed
to 10 c¢m, to allow the plant to fit in an environmental chamber.
Plants were placed in an environmental chamber for 14 d at 24°C,
16:8 (L:D) h, 65% RH. After 14 d, larvae were extracted using a
Berlese funnel and surviving larvae were counted using a stereo
microscope (MZ6, Leica, Microsystems, Wetzlar, Germany). The
sample size was 18 Cry3Bb1 and 18 non-Bt corn plants for each
rootworm strain at F and F,.

For seedling-mat bioassays, seeds of Cry3Bb1 corn (either DKC
62-63 or DKC 43-48) and its non-Bt isoline (either DKC 62-61
or DKC 43-46), without any pesticidal seed treatment, were used.
Corn seeds were germinated with moistened paper towels for 3-4
d. Three germinated seeds, with approximately 3-5 cm of root tissue
per seed, were transferred to a 44 ml cup (Solo, Souffles, P150N,
DART, Mason, MI) and then 12 neonate larvae were placed on these
germinated seeds using a paintbrush (<24 h old). The larvae and root
tissue were then covered with 30 g moistened sieved field soil (par-
ticle size < 600 pm) and 4.5 ml deionized water. The larval cups were
covered with poly chiffon fabric and secured with corresponding
lids with an open center (4 cm diameter), then incubated in a dark
growth chamber at 25°C. Cups were remoistened with deionized
water every other day. Larger seedling mats were prepared on the
same day as the 44 ml cups. These consisted of 25 ml of corn seed
in 200 ml soil, with 60 ml of deionized water, in a 500 ml container
(TD40016, DeliPRO, TRIPAC, White Plains, NY). The contents of
the 44 ml containers were transferred to these larger seedling mats
after 1 wk in order to provide adequate root tissue for the larvae
to survive to adulthood. The containers (larger seedling mats that
contained the contents of the 44 ml cups) were then placed in an
environmental chamber at 25°C, 16:8 (L:D) h, 65% RH for an add-
itional 3 wk.

Four weeks after larvae were added to the germinated seeds, con-
tainers were checked for adult emergence three times per week until
no adults were collected for two consecutive weeks. Adult rootworm
were preserved in 1.5 ml microcentrifuge tubes in 85% ethanol and
counted at a later time. Six larval bioassays with Bt corn and six with
non-Bt corn were conducted every week for 3 wk for each strain
of rootworm at each generation tested. Total sample sizes were 18
Cry3Bb1 seedling mats and 18 non-Bt seedling mates for each strain
atF,F,,and F,.

Data Analysis

All statistical tests were performed using SAS 9.4 (SAS Institute Inc.,
Cary, NC). To confirm that the density treatment imposed density-
dependent mortality, the total number of adults collected during
rearing in each generation per strain was divided by the total number
of eggs used to propagate that strain in that generation, yielding pro-
portion survival per strain per generation. Proportion survival was
calculated for F through F for each strain. A paired T-test (PROC
TTEST) was conducted to compare proportion survival between
high-density and low-density treatments within a parental back-
ground (i.e., Hopkinton High vs Hopkinton Low and Cresco High
vs Cresco Low).

Analysis of all bioassay results (i.e., single-plant and seedling-mat
assays) used corrected survival based on Abbott (1925), which was
calculated as the proportion of surviving larvae on Cry3Bb1l corn

in a replicate divided by the mean proportion of larvae surviving
on non-Bt corn per strain per generation, such that a population in
which an equal proportion of larvae survived on both non-Bt corn
and Cry3Bb1 corn would have a corrected survival value of 1.

A one-tailed T-test (PROC TTEST) was performed to test whether
the Hopkinton and Cresco strains were resistant to Cry3Bb1 corn
compared to the susceptible control at the beginning of the experi-
ment, comparing corrected survival for both parental strains (at F,
but before the strains were split into high and low density) to the
Susceptible strain. The null hypothesis was that survival on Cry3Bb1
corn did not differ between Cresco or Hopkinton versus Susceptible,
and the alternative hypothesis was that the survival of Cresco or
Hopkinton was significantly greater than Susceptible.

A two-way analysis of variance (ANOVA) (PROC GLM) was
used to determine whether there was a difference in corrected sur-
vival between assay types (i.e., single plant vs seedling mat). This
was done by comparing the corrected survival between these assays
at F, (i.e., the generation during which both bioassays were con-
ducted). The ANOVA included the factors of strain (Hopkinton
High, Hopkinton Low, Cresco High, Cresco Low, and Susceptible)
assay type, and their interaction.

To test our first hypothesis, that resistance would decrease over
time, a one-tailed T-test (PROC TTEST) was conducted to test if cor-
rected survival was lower in the final generation of the experiment
(F,) compared to the beginning of the experiment (F)). A one-tailed
test was used because corrected survival was expected to decrease
over time the absence of selection, but not increase. The null hypoth-
esis was that corrected survival did not differ between F, and F, for
each strain, with the alternative hypothesis that corrected survival
was significantly lower at F, compared to F,. To test our second hy-
pothesis, that density would affect the fitness trade-off associated
with resistance, we conducted two-tailed T-tests (PROC TTEST) on
corrected survival between the high-density and low-density strains,
within a parental background, at each generation (e.g., Cresco High
versus Cresco Low at generation F,, F,, and F,). The null hypothesis
was that corrected survival would not differ between high and low
densities at the same generation, and the alternative hypothesis was
that corrected survival would be significantly different. To test our
third hypothesis, that strains would retain some level of resistance
over time, we conducted one-tailed T-tests (PROC TTEST) to test
if corrected survival was significantly higher in each resistant strain
at F, compared to the susceptible control (i.e., Susceptible strain).
A one-tailed test was used because corrected survival would be ex-
pected to be higher for the known Cry3Bb1-resistant strains than the
Susceptible strains, but not lower. The null hypothesis was that cor-
rected survival would not differ between Bt-resistant strains versus
Susceptible at F,, with the alternative hypothesis that corrected sur-
vival would be greater for Bt-resistant strain than Susceptible strain
at F.

Results

In strain rearing, proportion survival to adulthood was significantly
greater at low larval density compared to high density. For F, to F,
during which time all strains were reared on non-Bt corn, propor-
tion survival for Cresco High was 0.12 = 0.03 (mean = SE), while
proportion survival for Cresco Low was 0.43 = 0.07 (T, = 6.0,
P = 0.004). Similarly, Hopkinton High had significantly lower sur-
vival (0.11 = 0.3) than Hopkinton Low (0.40 = 0.05) for F, to F;
(T, =8.4,P =0.001). These results indicate that density affected both
rootworm strains.
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Corrected survival of Cresco and Hopkinton at F, were signifi-
cantly higher than Susceptible (Cresco: T,, = 10.13, P < 0.0001;
Hopkinton: T,, = 7.85, P < 0.0001), indicating that both parental
strains were resistant to Cry3Bb1 corn at the beginning of the ex-
periment (Fig. 2).

ANOVA revealed no difference in corrected survival between
the two assay types used at generation F,, although the effect of
strain was significant (F, | = 25.46, P < 0.0001). Neither assay type
nor the interaction term was significant (F, = 0.01, P = 0.92; F,
1es = 1.88, P = 0.12, respectively). This indicated that there was no
difference in the measurement of corrected survival between assay
types used in the experiment, and thus, the data for the two assay
types were combined in all subsequent analyses.

For our first hypothesis, that resistance would decrease over time,
we found that all four resistant strains had lower corrected survival
at F, compared to F, (Fig. 2; Table 1). However, corrected survival
for the Susceptible strain did not differ for F, versus F . Thus, be-
cause resistance decreased in the absence of selection on Cry3Bbl1,
a cumulative fitness cost of Bt resistance was detected for all strains.

For our second hypothesis, that density would affect the fitness
cost associated with resistance, we found that Cresco High was more
resistant to Cry3Bb1 than Cresco Low at F, and F,, but not at F,.
By contrast, levels of resistance in Hopkinton High and Hopkinton
Low did not differ at any of the generations (Fig. 2; Table 1). Thus,
the fitness cost of Bt resistance appeared to be greater at low density
for the Cresco parental background, but we did not detect an effect
of density on the fitness trade-off for the Hopkinton background.

For our third hypothesis, that strains would retain some level
of resistance over time, we found that all strains had signifi-
cantly higher levels of survival on Cry3Bb1 at F, compared to the
Susceptible strain, indicating that all strains retained some level of
Cry3Bb1 resistance through six generations in the absence of selec-
tion on Cry3Bb1 (Fig. 2; Table 1).

Discussion

We found evidence that fitness costs of Cry3Bb1 resistance were
present in both the Hopkinton and Cresco strains of western corn
rootworm, at both larval densities (Table 1; Fig. 2). Ingber and
Gassmann (20135), evaluated numerous life-history characteristics

and found evidence of fitness costs for Cresco but not for Hopkinton.
In general, using selection studies, as was done in the experiments re-
ported here, represents a more sensitive method for detecting fitness
costs compared to measurements of individual life-history charac-
teristics (Gassmann et al. 2009, Fry 2003). While fitness costs were
present, all strains still exhibited significantly higher survival on
Cry3Bb1 corn, compared to the Susceptible strain, at the end of the
experiment, suggesting that Cry3Bb1 resistance may persist within
field populations for years after Cry3Bb1 corn is no longer used, a
pattern that has been observed for some other insecticide-resistance
traits in western corn rootworm (Parimi et al. 2003). However, the
significantly greater fitness costs for the Cresco strain at the lower
larval density suggests that maintaining rootworm populations at
lower abundance in the field may accelerate the loss of resistance, in
the absence of Cry3Bb1 corn, in some cases.

In the case of Bt crops and the refuge strategy, fitness costs are
important because they will prevent the accumulation of resistance
alleles within refuge populations, and maintain the capacity of ref-
uges to produce Bt-susceptible individuals (Gassmann et al. 2009,
Pittendrigh et al. 2014). To the extent that ecological factors in ref-
uges can be manipulated to increase fitness costs, this should increase
the extent to which Bt resistance can be delayed (Pittendrigh 2004,
Gassmann et al. 2008). For example, introducing entomopathogenic
nematodes to refuges or selecting certain host-plant varieties for
refuges has the potential to increase fitness costs of Bt resistance
(Carriére et al. 2004, Bird and Akhurst 2007, Raymond et al. 2007,
Gassmann et al. 2008). In this study, the Cresco strain exhibited
higher fitness costs under low density compared to high density. This
implies that using integrated pest management techniques such as
crop rotation to maintain rootworm populations at a lower abun-
dance may enhance fitness costs of Bt resistance in some cases and
delay the development of Bt resistance by western corn rootworm.

Our experiment examined fitness in the context of overall se-
lection as opposed to the measurement of individual life-history
components, with the former likely providing a more compres-
sive measurement of fitness (Fry 2003, Gassmann et al. 2009).
Previous studies with the Cresco strain have revealed trade-offs
affecting development rate, survival to adulthood, and fecundity
(Ingber and Gassmann 2015). Interestingly, the same study did
not detect trade-offs in the Hopkinton strain when examining the
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and F, represent corrected survival at one, three, and five generations in the

absence of selection, respectively. Statistical tests among means, as they relate to the hypotheses addressed in this study, are presented inTable 1.
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Table 1. Results for statistical tests of experimental hypotheses?”

df T P
Hypothesis 1¢
Cresco high 34 2.89 0.003
Cresco low 34 4.09 <0.001
Hopkinton high 33 3.12 0.002
Hopkinton low 33 1.75 0.044
Susceptible 33 0.53 0.301
Hypothesis 24
Cresco high/low
F, 70 3.34 0.001
E, 34 2.53 0.016
F, 34 1.38 0.177
Hopkinton high/low
F, 68 0.06 0.950
F, 34 0.59 0.561
F, 34 1.51 0.139
Hypothesis 3¢
Cresco high 34 9.14 <0.001
Cresco low 34 7.57 <0.001
Hopkinton high 34 5.60 <0.001
Hopkinton low 34 7.22 <0.001

“Analyses presented in this table were conducted on correct survival in
plant-based bioassays. Correct survival was calculated by dividing survival on
Bt corn by survival on non-Bt corn. Additional details are provided in the Data
Analysis section of the Materials and Methods.

"Means tested in Table 1 correspond to the means presented in Fig. 2.

‘Hypothesis 1: One-tailed T-tests of corrected survival between F, and F, for
western corn rootworm strains. H: corrected survival is equal at beginning of
the experiment compared to the end of the experiment. H,: corrected survival
is significantly lower at the end of the experiment compared to the beginning
of the experiment.

“Hypothesis 2: Two-tailed T-tests between high-density and low-density
treatments within the same parental background (i.e., Hopkinton or Cresco)
at each of three generations (i.e., F,, F,
between strains reared at high density vs low density. H,: corrected survival

and F,). H: corrected survival is equal

is significantly different between strains reared at high density vs low density.

‘Hypothesis 3: One-tailed T-tests comparing corrected survival at F, for
each strain to corrected survival for Susceptible at F. H: corrected survival
is equal between each strain and the Susceptible strain at the end of the ex-
periment. H,: corrected survival is significantly lower in the Susceptible strain
compared to each strain at the end of the experiment.

same life-history metrics (Ingber and Gassmann 2015). Thus, the
present study illustrates the utility of selection experimentation
relative to comparing individual life-history components when
testing for the presence of fitness trade-offs (Gassmann et al.
2009). Because resistance declined over time in both strains de-
rived from Hopkinton, a cumulative cost was evident even though
no reduction in any single life-history component was found in
previous work.

Despite the apparent presence of some fitness costs affecting
Cry3Bb1 resistance, field-evolved Cry3Bb1 resistance was still de-
tected in Iowa 6 yr after the commercialization of this Bt trait, and is
now widely distributed in Iowa, and found in other Midwest states
(Gassmann et al. 2011, Schrader et al. 2016, Zukoff et al. 2016,
Reinders 2018, Shrestha et al. 2018). While planting of non-Bt
refuges coupled with fitness costs likely acted to delay resistance,
these effects were counterbalanced by non-recessive inheritance of
resistance, a lack of compliance in planting of refuges, and limited
mating between insects from refuges and Bt corn, factors that are
expected increase the rate of resistance evolution (Gassmann et al.
2011, Spencer et al. 2013, Ingber and Gassmann et al. 2015, Paolino

and Gassmann 2017). Furthermore, the finding in this study that all
western corn rootworm strains remained resistant to Cry3Bb1 corn
throughout the experiment, a timeframe that would equate to 6 yr in
the field for this univoltine species, indicates that Bt resistance, once
it evolves, many persist within a field for many years, even in the ab-
sence of selection for resistance.

In several studies, fitness costs have been found to increase
under more stressful ecological conditions, for example in the pres-
ence of host-plant secondary metabolites, entomopathogens, or
competition (Carriere et al. 2004, Higginson et al. 2005, Raymond
et al. 2005, Gassmann et al. 2006, Hannon et al. 2010, Raymond
et al. 2011). In this study, we found that costs were increased by a
less stressful ecological condition, specifically lower compared to
higher larval density. This may have arisen because when stressors
become too great, the effect of the stress on fitness may eclipse any
fitness costs (Rosenheim et al. 2010). In other words, fitness costs
of a particular trait may not manifest within a population if eco-
logical conditions do not permit (e.g., resource limitation defines
the upper boundary of fitness for all genotypes). We saw in this
experiment that the Cresco population experienced a more rapid
reduction in resistance in conditions of lower intraspecific compe-
tition, suggesting that susceptible individuals were more capable
of exploiting abundant resources. At high density, resistance de-
clined at a lower rate. That this was not seen in the Hopkinton
strain may indicate that Cresco responded more readily to the ef-
fects of density. Ingber and Gassmann (2015) found differences
between Hopkinton and Cresco in the life-history traits displaying
fitness costs, the inheritance of resistance, and the magnitude of
resistance, and it also appears that these strains differ in the ex-
tent to which ecological conditions may affect the manifestation
of fitness costs. Furthermore, a recent study examining gene ex-
pression showed that Cry3Bb1 does not elicit a stress response
in Hopkinton, further demonstrating that resistance in this strain
is robust (Rault et al. 2018). This may also partially explain why
Cresco was affected by differing larval densities, while Hopkinton
was not.

Our study provides further evidence that the fitness costs associ-
ated with Cry3Bbl1 resistance in western corn rootworm are present
and may be influenced by larval density. Understanding the nature
of fitness costs in western corn rootworm, and their interaction with
ecological stressors, may help to improve resistance management for
this pest, by enhancing the capacity of refuges to delay resistance
(Pittendrigh et al. 2004, Gassmann et al. 2009). This is especially
important as next-generation technologies, such as dsRNA and
other transgenic innovations, enter the market in the coming years.
Understanding how fitness costs may be manipulated can aid in the
development of more effective resistance management strategies for
current and future transgenic traits.
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