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Abstract

The western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), is a signifi-
cant pest of field corn, Zea mays L. (Poales: Poaceae), across the United States Corn Belt. Widespread adoption
and continuous use of corn hybrids expressing the Cry3Bb1 protein to manage the western corn rootworm
has resulted in greater than expected injury to Cry3Bb1-expressing hybrids in multiple areas of Nebraska.
Single-plant bioassays were conducted on larval western corn rootworm populations to determine the level of
resistance present in various Nebraska counties. The results confirmed a mosaic of susceptibility to Cry3Bb1
across Nebraska. Larval development metrics, including head capsule width and fresh weight, were meas-
ured to quantify the relationship between the level of resistance to Cry3Bb1 and larval developmental rate.
Regression and correlation analyses indicate a significant positive relationship between Cry3Bb1 corrected
survival and both larval development metrics. Results indicate that as the level of resistance to Cry3Bb1 within
field populations increases, mean head capsule width and larval fresh weight also increase. This increases our
understanding of western corn rootworm population dynamics and age structure variability present in the
transgenic landscape that is part of the complex interaction of factors that drives resistance evolution. This
collective variability and complexity within the landscape reinforces the importance of making corn rootworm
management decisions based on information collected at the local level.

Key words: western corn rootworm, transgenic corn, Cry3Bb1, resistance management, sublethal effect

The western corn rootworm, Diabrotica virgifera virgifera LeConte
(Coleoptera: Chrysomelidae), is an economically important pest of
field corn, Zea mays L., in the United States, costing growers in excess
of $2 billion annually in yield losses and control costs (Wechsler and
Smith 2018). The modern agronomic practice of planting continuous
corn (corn after corn for > two consecutive years) in large monocul-
tures creates conditions suitable for rapid western corn rootworm
population growth, facilitating annual western corn rootworm man-
agement challenges (Meinke et al. 2009). Larval feeding may destroy
individual roots or root nodes, which can reduce nutrient uptake,
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plant growth, stability, and yield (Riedell and Kim 1990, Kahler
etal. 1985, Spike and Tollefson 1991, Godfrey et al. 1993, Hou et al.
1997, Urias-Lépez et al. 2000, Urias-Lépez and Meinke 2001). Yield
loss from larval injury can be highly variable because it is caused by
the complex interaction of western corn rootworm density, corn hy-
brid genetics, and environmental conditions (Gray and Steffey 1998,
Urias-Lopez and Meinke 2001). However, several meta-analyses of
the rootworm injury-yield relationship indicate that grain yield may
be reduced by 15-17% for each node of root injury (Dun et al. 2010,
Tinsley et al. 2013).
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Historically, three main tactics have been used in western corn
rootworm management programs to reduce population densities:
crop rotation, soil- and foliar-applied insecticides, and transgenic
corn. Crop rotation from corn to a non-host crop such as soybean
[Glycine max (L.) Merr. (Fabales: Fabaceae)], prevents larval de-
velopment and eliminates the western corn rootworm population
present in a field. This management approach is a viable cultural
control method due to the strong affinity of western corn rootworm
females to oviposit in corn (Branson and Krysan 1981, Spencer
et al. 2009). However, in areas of the eastern Corn Belt, a rotation-
resistant strain evolved that exhibited less affinity to oviposit in
corn and therefore circumvented crop rotation by laying enough
eggs outside of corn in non-host crops, causing subsequent injury to
first-year corn (Levine et al. 2002, Rondon and Gray 2004). Soil- or
foliar-applied insecticides are common management tactics that have
been used in continuous corn to manage western corn rootworm
larval or adult stages, respectively, since the late 1940s (Muma et al.
1949, Pruess et al. 1974, Souza et al. 2020, Meinke et al. 2021).
Multiple applications per growing season and/or continued use of
a single mode of action have facilitated resistance evolution to four
different classes of insecticides; i.e., cyclodienes, organophosphates,
carbamates, and pyrethroids (Ball and Weekman 1962, Meinke et al.
1998, Pereira et al. 2015, Souza et al. 2019, Meinke et al. 2021).

Transgenic corn expressing the insecticidal Cry3Bb1 protein,
derived from the soil bacterium Bacillus thuringiensis Berliner
(Bt) (Bacillales: Bacillaceae), was commercially introduced and mar-
keted as a single-trait product beginning in 2003 for western corn
rootworm larval management (USEPA 2003, Vaughn et al. 2005).
This technology was widely adopted by growers and continuous cul-
tivation of Cry3Bb1-expressing hybrids has led to documented cases
of field-evolved resistance to Cry3Bb1 in Nebraska (Wangila et al.
2015, Reinders et al. 2018) and other areas of the U.S. Corn Belt
(Gassmann et al. 2011, Gray and Spencer 2015, Ludwick et al. 2017,
Schrader et al. 2017, Calles-Torrez et al. 2019). A standard single-
plant larval bioassay (Gassmann et al. 2011, Wangila et al. 2015,
Reinders et al. 2018) has been an effective tool to detect resistance
within field populations.

Because Cry3Bb1 is not a high dose trait as defined by the U.S.
Environmental Protection Agency (i.e., does not produce 25x the
concentration of Bt protein necessary to kill 99.99% of suscep-
tible insects; USEPA 1998), some survival to the adult stage occurs
(Gassmann et al. 2011, Clark et al. 2012). Sublethal dietary exposure

of western corn rootworms to Cry3Bb1 in the larval stage can reduce
subsequent beetle size (Murphy et al. 2011, Keweshan et al. 2015) and
commonly contributes to delays in development, leading to later mean
adult emergence patterns in susceptible populations (Crowder et al.
2005, Becker 2006, Murphy et al. 2010, Clark et al. 2012, Petzold-
Maxwell et al. 2012, Hitchon et al. 2015, Hughson and Spencer 2015,
Keweshan et al. 2015). This can lead to an increased likelihood of
assortative mating of resistant beetles that emerge from Cry3Bb1l
plants, which may accelerate resistance evolution (Murphy et al. 2010,
Petzold-Maxwell et al. 2013, Spencer et al. 2013, Andow et al. 2016).

When western corn rootworm populations highly resistant to
Cry3Bb1-expressing corn occur, the delayed development often seen
in susceptible populations after dietary exposure to Cry3Bb1 disap-
pears. This has been demonstrated with single-plant larval bioassays
when resistant populations were reared on Cry3Bb1 versus isoline
corn (Wangila and Meinke 2017, Gassmann et al. 2020). This raises
the question: Is the sublethal effect of larval exposure to Cry3Bb1
on larval developmental rate positively correlated with the level of
resistance present in a population? Oswald et al. (2012) provided
some evidence of this in laboratory colonies placed under different
levels of selection with Cry3Bb1, but this relationship has not been
evaluated with field populations exhibiting a range of western corn
rootworm susceptibility levels to this Bt protein. Because a mo-
saic of western corn rootworm resistance to Cry3 traits occurs in
Nebraska (Wangila et al. 2015, Wangila 2016, Reinders et al. 2018)
and cross-resistance between Cry3 traits is also variable (Gassmann
et al. 2016, Zukoff et al. 2016, Reinders et al. 2018), mean larval
development rates among populations may be different. Therefore,
to address this, a data set of western corn rootworm field and lab
populations was compiled from single-plant larval bioassays that ex-
hibited a range of susceptibility to Cry3Bb1 among populations to
evaluate if a direct positive relationship occurs between larval sur-
vival on Cry3Bb1-expressing corn and development as characterized
by larval head capsule width and larval weight.

Materials and Methods

Insect Populations

A series of adult western corn rootworm field collections was made
from 2013 to 2016 for use in this study. Beetles were collected directly
from corn plants using aspiration techniques. In total, 54 western corn
rootworm populations were collected across 11 different Nebraska
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Fig. 1. Nebraska county map showing number of adult western corn rootworm collections per county in parentheses. From left to right, top to bottom: Keith (22),
Perkins (1), Chase (4), Custer (1), Buffalo (16), Clay (2), Polk (1), Dixon (1), Cuming (3), Saunders (2), and Washington (1) counties.
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counties (Fig. 1). Detailed information on field history, resistance
categories, and larval development is presented in Tables 1-3.

In 2013 and 2014, western corn rootworm populations were
collected (7 = 10) from fields exhibiting greater than expected
damage as defined by the U.S. Environmental Protection Agency
(i.e., node injury scale rating > 1.0 (Oleson et al. 2005) on 250% of
transgenic roots rated (USEPA 2014)) during the collection year or

a previous year (Wangila 2016). These problem fields were charac-
terized by 3-6 consecutive years of Cry3Bb1 protein use. Additional
western corn rootworm populations were collected from randomly
selected cornfields in three counties with confirmed Cry3Bb1 re-
sistance (7 = 7). Field histories among these fields were variable
and included 3-4 consecutive years of Cry3Bb1 protein use, con-
ventional non-Bt corn cultivation, and first-year corn following

Table 1. Resistance category, corrected survival, and proportion in third instar for field populations collected in 2013 and 2014 from various

Nebraska counties used in single-plant larval bioassays

No. years 3rd Instar?
Year col-  County Popula- Corrected  No. consecutive continuous 3rd Instar? Stone
lected (Nebraska) tion code’  Resistance category survival years Cry3® corn® Stone 6021RR2 6021VT3
2013 Keith PF1 Highly resistant 0.76 5 N 0.35 (0.06) 0.23 (0.06)
Cuming PF3 Highly resistant 0.68 4 4 0.23 (0.06) 0.32 (0.11)
Chase PF4 Highly resistant 1.01 7 7 0.38 (0.09) 0.11 (0.05)
Clay PFS Susceptible field 0.26 0 S 0.14 (0.06) 0.00 (0.00)*
Custer PFé6 Moderately resistant 0.58 3 6 0.28 (0.05) 0.32 (0.08)
Clay PF8 Moderately resistant 0.54 4 4 0.65 (0.05) 0.50 (0.07)
Cuming SF1 Highly resistant 1.23 0 0 0.29 (0.08) 0.38 (0.07)
2014 Washington ~ FP10 Highly resistant 0.70 N 7+ 0.32 (0.07) 0.24 (0.07)
Keith SF2 Moderately resistant 0.70 4 7 0.54 (0.07) 0.32 (0.07)
Perkins SF3 Moderately resistant 0.39 3 4 0.30 (0.05) 0.40 (0.09)
Chase SFS Highly resistant 0.70 4 4 0.74 (0.05) 0.43 (0.08)*
Chase SF6 Susceptible field 0.15 Unknown Unknown 0.25 (0.06) 0.11 (0.10)
Keith SF7 Susceptible field 0.02 0 7 0.44 (0.08) 1.00 (0.00)

« Complete trait history information per field population codes listed can be found in Wangila (2016), Chapter 4.
? Number of consecutive years planted with Cry3 hybrids from 2007 to 2013 or 2014.

¢ Number of years planted with continuous corn (corn after corn).

4 Mean (=SE) proportion of larvae in 3rd instar (i.e., head capsule > 410um according to Hammack et al. 2003) for the non-Bt (Stone 6021RR2) and Cry3Bb1-
expressing (Stone 6021VT3) hybrids. Asterisks indicate that exact 95% confidence levels around means do not overlap between hybrids within a population.

Table 2. Resistance category, corrected survival, and proportion in third instar for field populations collected in 2015 from various Nebraska

counties used in single-plant larval bioassays

3 Instar?

County Population Corrected  No. consecutive No. years con- 3 Instar? Stone Stone
(Nebraska) code? Resistance category survival  years Cry3’ tinuous corn® 6021RR2 6021VT3
Keith 1 Moderately resistant 0.51 0 7 0.97 (0.02) 0.33 (0.08)*
Keith 2 Susceptible Field 0.38 0 7 1.00 (0.00) 0.18 (0.08)*
Keith 3 Susceptible Field 0.17 0 7 1.00 (0.00) 0.25 (0.11)*
Keith 4 Highly Resistant 0.68 2 2 1.00 (0.00) 0.32 (0.08)*
Keith N Moderately Resistant 0.67 2 3 1.00 (0.00) 0.72 (0.06)*
Keith 6 Susceptible Field 0.37 6 6 1.00 (0.00) 0.72 (0.09)*
Keith 7 Highly Resistant 0.69 3 4 1.00 (0.00) 0.66 (0.07)*
Keith 8 Highly Resistant 1.01 4 6 0.95 (0.03) 0.68 (0.06)*
Keith 9 Moderately Resistant 0.64 3 3 0.97 (0.02) 0.47 (0.06)*
Buffalo 1 Susceptible Field 0.26 0 6 0.90 (0.04) 0.55 (0.11)*
Buffalo 2 Susceptible Field 0.20 0 2 0.93 (0.03) 0.48 (0.11)*
Buffalo 3 Highly Resistant 0.71 0 4 0.95 (0.03) 0.63 (0.07)*
Buffalo 4 Highly Resistant 0.70 0 1 0.96 (0.02) 0.57 (0.07)*
Buffalo S Moderately resistant 0.40 0 3 0.85 (0.05) 0.39 (0.10)*
Buffalo 6 Moderately resistant 0.58 2 4 0.76 (0.06) 0.62 (0.09)
Buffalo 7 Moderately resistant 0.71 Unknown Unknown 0.78 (0.05) 0.60 (0.07)
Buffalo 8 Susceptible Field 0.35 Unknown Unknown 0.94 (0.04) 0.25 (0.13)*
Saunders 1 Susceptible Field 0.18 Unknown 7 0.95 (0.02) 0.59 (0.12)*

@ Complete trait history information per field population codes listed can be found in Reinders et al. (2018).

® Number of consecutive years planted with Cry3 hybrids from 2010 to 2015.

¢ Number of years planted with continuous corn (corn after corn).

4 Mean (+SE) proportion of larvae in 3rd instar (i.e., head capsule > 410 pm according to Hammack et al. 2003) for the non-Bt (Stone 6021RR2) and Cry3Bb1-

expressing (Stone 6021VT3) hybrids. Asterisks indicate that exact 95% confidence levels around means do not overlap between hybrids within a population.
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Table 3. Resistance category, corrected survival, and proportion in third instar for field populations collected in 2016 from various Nebraska

counties used in single-plant larval bioassays

3 Instar?

County (Neb- Population Corrected sur- No. consecutive No. years con- 3 Instar? Stone Stone
raska) code” Resistance category vival years Cry3® tinuous corn® 6021RR2 6021VT3
Keith 1 Susceptible field 0.03 0 7 0.68 (0.05) 0.00 (0.00)*
Keith 2 Moderately resistant 0.25 0 7 0.99 (0.01) 0.41 (0.09)*
Keith 10 Moderately resistant 0.27 0 7 0.87 (0.03) 0.70 (0.08)
Keith 11 Susceptible Field 0.20 0 7 1.00 (0.00) 0.71 (0.10)*
Keith 12 Moderately resistant 0.25 4 5 0.86 (0.03) 0.40 (0.09)*
Keith 13 Moderately resistant 0.28 7 7 0.78 (0.04) 0.70 (0.08)
Keith 14 Moderately resistant 0.52 6 7 0.90 (0.03) 0.57 (0.06)*
Keith 15 Moderately resistant 0.69 6 7 0.96 (0.02) 0.55 (0.06)*
Keith 16 Highly Resistant 1.08 6 7 0.98 (0.02) 0.93 (0.03)
Keith 17 Moderately resistant 0.70 6 7 0.90 (0.03) 0.62 (0.06)*
Buffalo 9 Moderately resistant 0.25 1 7 0.79 (0.04) 0.67 (0.09)
Buffalo 10 Susceptible Field 0.22 1 2 0.89 (0.03) 0.52 (0.11)*
Buffalo 11 Moderately resistant 0.25 2 2 0.87 (0.03) 0.48 (0.09)*
Buffalo 12 Moderately resistant 0.39 2 3 0.79 (0.04) 0.52 (0.08)*
Buffalo 13 Moderately resistant 0.48 2 3 0.93 (0.03) 0.45 (0.09)*
Buffalo 14 Moderately resistant 0.35 2 7 0.75 (0.05) 0.28 (0.08)*
Buffalo 15 Highly Resistant 0.76 6 7 0.92 (0.03) 0.57 (0.07)*
Buffalo 16 Moderately resistant 0.44 3 7 0.49 (0.06) 0.36 (0.08)*
Saunders 1 Susceptible Field 0.18 Unknown 7 0.91 (0.03) 0.12 (0.08)*

“ Complete trait history information per field population codes listed can be found in Reinders et al. (2018).

® Number of consecutive years planted with Cry3 hybrids from 2010 to 2016.

¢ Number of years planted with continuous corn (corn after corn).

4 Mean (=SE) proportion of larvae in 3rd instar (i.e., head capsule > 410um according to Hammack et al. 2003) for the non-Bt (Stone 6021RR2) and Cry3Bb1-

expressing (Stone 6021VT3) hybrids. Asterisks indicate that exact 95% confidence levels around means do not overlap between hybrids within a population.

soybean. Western corn rootworm populations were collected be-
tween 8 August—7 October 2013 and 23 July—3 September 2014.

Additional adult western corn rootworm populations were
collected from cornfields in Keith (7 = 19) and Buffalo (n = 16)
counties between 6-25 August 2015 and 3 August-2 September
2016 (Reinders et al. 2018). Many of the fields in Keith County
were characterized by continuous cultivation of single-trait or
pyramided corn hybrids containing Cry3Bb1 or mCry3A pro-
teins. Fields in Buffalo County were characterized by use of mul-
tiple integrated pest management tactics (i.e., use of insecticides,
crop rotation, Bt protein rotation) or continuous cultivation of
Cry3Bb1- or mCry3A-expressing hybrids. Five fields in Keith
County and four fields in Buffalo County had never been planted
with hybrids expressing Cry3Bb1 or mCry3A prior to adult col-
lections in 2015 and 2016. A western corn rootworm population
was also collected in Saunders County from the Eastern Nebraska
Research and Extension Center, Ithaca, Nebraska, during 2015
and 2016. Rootworm-active Bt corn hybrids were periodically
planted in small plots at this site, although large areas of con-
tinuous corn without rootworm-Bt traits surrounded the site to
maintain a refuge and reduce western corn rootworm exposure
to Bt proteins.

Four diapausing western corn rootworm colonies maintained at
the USDA-ARS North Central Agricultural Research Laboratory in
Brookings, South Dakota, were used as susceptible laboratory popu-
lations in 2014, 2015, 2016, and 2017 larval bioassays. These popu-
lations were collected from cornfields in Butler County, Nebraska
(1990), Potter County, South Dakota (1995), Finney County, Kansas
(2000), and Centre County, Pennsylvania (2000). Because collections
occurred prior to the commercialization of Bt proteins in 2003, these
populations remain susceptible to rootworm-active transgenic corn.

Additional information for susceptible laboratory populations can
be found in Table 4.

Single-Plant Larval Bioassays

Western corn rootworm adults collected in the field were transported to
the laboratory at the University of Nebraska-Lincoln and maintained
by population in 28 cm? plexiglass cages to obtain eggs for use in larval
bioassays. Procedures used to maintain adults, collect and process eggs,
and temperature regimes to facilitate diapause and post-diapause devel-
opment are described in Wangila et al. (2015). F| neonate progeny from
each population were used in single-plant larval bioassays as described
by Gassmann et al. (2011) and adapted by Wangila et al. (2015) and
Reinders et al. (2018). In total, 54 field-collected populations and 16
susceptible laboratory populations were assayed (72 = 70).

A transgenic corn hybrid expressing Cry3Bbl protein (Stone
6021VT3) and its respective non-Bt isoline (Stone 6021RR2) were
used in bioassays. Twelve seeds of each corn hybrid (7 = 24 plants)
were planted and grown to the V4-V35 growth stage (Abendroth et al.
2011) in individual 1L plastic containers. Twelve neonate western
corn rootworm larvae were infested onto the roots of each plant and
allowed to feed for 17 d in growth chambers maintained at 24°C
with a 14:10 (L:D) h photoperiod. After 17 d, plant foliage was cut
at the soil line and the root mass/soil was placed into a Berlese funnel
for four days to collect larval survivors in jars of 70% ethyl alcohol
to determine survival. Proportional survival per plant was calculated
by dividing the number of larval survivors by 12 (i.e., number of
larvae infested per plant). Mean proportional survival on the non-Bt
isoline for this standardized bioassay often ranges from 0.25 to 0.5
(e.g., Gassmann et al. 2011, 2016; Reinders et al. 2018). Corrected
survival for each population was calculated as the complement of
corrected mortality using Abbott's correction (Abbott 1925).
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Table 4. Corrected survival on Cry3Bb1 and proportion in third instar for susceptible laboratory populations used in single-plant larval

bioassays

County (USA) Population® Bioassay year Corrected survival 3 Instar’ Stone 6021RR2 3 Instar’ Stone 6021VT3
Butler, NE Linwood 2014 0.00 0.47 (0.08) No survival
Potter, SD Whitlock 2014 0.05 0.23 (0.05) 0.00 (0.00)*
Finney, KS Kansas 2014 0.00 0.06 (0.03) No survival
Centre, PA Penn I 2014 0.03 0.36 (0.06) 0.00 (0.00)*
Butler, NE Linwood 2015 0.03 0.67 (0.08) 0.00 (0.00)*
Potter, SD Whitlock 2015 0.03 0.65 (0.09) 0.00 (0.00)*
Finney, KS Kansas 2015 0.00 0.69 (0.08) No survival
Centre, PA Penn | 2015 0.02 0.40 (0.07) 0.00 (0.00)*
Butler, NE Linwood 2016 0.06 0.91 (0.03) 1.00 (0.00)*
Potter, SD Whitlock 2016 0.08 0.86 (0.05) 0.40 (0.22)
Finney, KS Kansas 2016 0.05 1.00 (0.00) 0.25 (0.22)*
Centre, PA Penn [ 2016 0.01 1.00 (0.00) 0.00 (0.00)*
Butler, NE Linwood 2017 0.09 0.90 (0.04) 0.20 (0.18)*
Potter, SD Whitlock 2017 0.02 0.65 (0.05) 0.50 (0.35)
Finney, KS Kansas 2017 0.00 0.81 (0.05) No survival
Centre, PA Penn I 2017 0.02 0.92 (0.03) 0.00 (0.00)*

@ All populations were collected prior to the commercialization of Bt proteins in 2003 and have been continuously reared on non-Bt corn under standard la-

boratory conditions.

? Mean (x SE) proportion of larvae in 3rd instar (i.e., head capsule > 410pm according to Hammack et al. 2003) for the non-Bt (Stone 6021RR2) and Cry3Bb1-
expressing (Stone 6021VT3) hybrids. Asterisks indicate that exact 95% confidence levels around means do not overlap between hybrids within a population.

Larval development of bioassay survivors was indirectly meas-
ured by characterizing head capsule width and fresh weight. Both
metrics increase as larvae progress through each instar (Hammack
et al. 2003). Individual larval head capsule widths (i.e., distance
between eyes on head) were measured for each population on the
transgenic and non-transgenic hybrid. Larval instar was deter-
mined according to Hammack et al. (2003). Western corn rootworm
larvae from each plant were air-dried on a Kimwipe (Kimberly-
Clark Worldwide, Inc., Roswell, GA) for three minutes and then
weighed using an OHAUS Voyager Pro VP413CN precision balance
(OHAUS Corporation, Pine Brook, NJ) to determine the collective
fresh weight of larval survivors. Mean larval fresh weight per plant
was calculated by dividing the total weight by the number of larval
survivors on a given plant.

Data Analysis
SAS 9.4 software (SAS Institute, Cary, NC) was used to analyze all
data in this manuscript. Populations exhibiting <20% survival on
the isoline hybrid were excluded from all analyses because survival
was deemed too low to make adequate treatment comparisons.
Note that all populations were not included in each analysis due
to a lack of survival on Cry3Bb1 and/or unavailable data on larval
head capsule width or fresh weight. Because the same corn hybrids,
rearing and larval bioassay procedures, and susceptible laboratory
populations were used each year bioassays were conducted, data
were pooled across years to conduct final analyses with larger data
sets. Additionally, proportional survival of susceptible laboratory
populations on Cry3Bb1 was not significantly different across years,
indicating a similar control response regardless of the year in which
the bioassay was conducted (Supp. Table S1 [online only]).
Appropriate statistical analyses were conducted based on each
research question being addressed. First, all field populations were
assigned to Cry3Bb1 resistance categories (susceptible field, moder-
ately resistant, highly resistant) based on bioassay survival relative
to the laboratory control (category = susceptible laboratory) popu-
lations (Tables 1-4) to determine whether significant differences

in western corn rootworm larval development occurred among
categories. Then, the effect of resistance category on western corn
rootworm larval development metrics (i.e., head capsule width and
fresh weight) was analyzed. Next, corrected survival for each popu-
lation by hybrid combination was calculated. Regression and cor-
relation analyses were then used to define the relationship between
corrected larval survival and population mean head capsule width as
well as corrected larval survival and population mean fresh weight.
Finally, the proportion of larvae in third instar for each population
by hybrid combination was compared. Details of each analysis ap-
proach are presented below.

Resistance Category Assignment

A two-step approach was taken to place field populations into
Cry3Bb1 resistance categories based upon proportional sur-
vival data from single-plant larval bioassays. The first step
was to determine which populations fit within the susceptible
field category. Then, the remaining populations were assigned
to either the moderately resistant or highly resistant categories.
For each step, a generalized linear mixed model (implemented
using PROC GLIMMIX) following a binomial distribution with
a logit link function (Stroup 20135, Stroup et al. 2018) was used
to analyze bioassay survival data within each bioassay year.
Generalized y?/df values and conditional residual plots were
used to evaluate model fit.

Differences in mean survival among populations on the
Cry3Bb1-expressing corn hybrid were compared to determine
which populations met the criteria for placement in the suscep-
tible field category. Population was included in the model as a
fixed factor with plant observation nested within population in-
cluded as a random statement to control for an overdispersion of
variance (Stroup et al. 2018). Pairwise comparisons of Cry3Bb1
survival between populations were conducted using Tukey's HSD
test to control for type I error rates. Field populations were placed
in the susceptible field category if mean Cry3Bb1 survival was not
significantly different than mean Cry3Bb1 survival of all suscep-
tible laboratory populations.
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Proportional survival between the isoline and Cry3Bbil-
expressing hybrids was compared to assign the remaining field
populations to the moderately resistant or highly resistant
categories. The generalized linear mixed model included popula-
tion, corn hybrid, and the population by corn hybrid interaction
as fixed factors and plant observation nested within the popula-
tion by corn hybrid interaction was included as a random state-
ment to control for an overdispersion of variance (Stroup et al.
2018). Simple effect comparisons of proportional survival on iso-
line versus Cry3Bb1 within individual populations were evalu-
ated. Based on these comparisons, field populations not previously
assigned to the susceptible field category were placed in the mod-
erately resistant (i.e., significant difference in mean larval survival
between isoline and Cry3Bb1, P < 0.05) or highly resistant (i.e.,
no significant difference in mean larval survival between isoline
and Cry3Bb1, P > 0.05) category.

Resistance Category and Larval Development Metrics

After assigning populations to resistance categories, head capsule
width was averaged for survivors on each bioassay plant. Mean
larval fresh weight was calculated for each individual plant and con-
sidered as an experimental unit. A linear mixed model (implemented
using PROC GLIMMIX) with a 4 x 2 factorial treatment design (4
resistance categories: susceptible field, moderately resistant, highly
resistant, susceptible laboratory; 2 corn hybrids: isoline, Cry3Bb1)
and split plot experimental design (whole plot factor: resistance cat-
egory assigned to populations; split plot factor: corn hybrid assigned
to individual plants) was used to analyze the effect of resistance
category and hybrid on each larval development metric. Separate
analyses were conducted for mean head capsule width and mean
fresh weight. Type I error rates were controlled using Satterthwaite
degrees of freedom adjustment and Tukey's HSD test (Stroup et al.
2018). Conditional residuals were used to evaluate model fit.

Cry3Bb1 Corrected Survival

Because the proportional survival response of susceptible laboratory
populations on Cry3Bbl was similar across bioassay years (Supp.
Table S1 [online only]), proportional survival data was pooled across
years and a generalized linear mixed model (implemented using PROC
GLIMMIX) following a binomial distribution (Stroup 2015, Stroup
et al. 2018) was used to evaluate proportional survival on the isoline
and Cry3Bb1-expressing hybrids for each population. Population, corn
hybrid, and the population by corn hybrid interaction were included
in the model as fixed factors and plant observation nested within the
population by corn hybrid interaction was included as a random state-
ment to control for an overdispersion of variance (Stroup et al. 2018).
The results from the population by hybrid LIMEANS were used to cal-
culate corrected survival (Tables 1-4) based on the following equation:

(survival on isoline — survival on Bt)

Corrected survival = 1 — - —
(survival on isoline)

Corrected Survival and Larval Development Metrics

A linear regression model (implemented using PROC GLIMMIX)
was used to determine the intercept and slope of the relationship
between corrected larval survival and mean development metric
of larval survivors on Cry3Bbl for each population with the
following model:

Population Mean Larval Development Metric =
Bo + B1 - Corrected Survival + e

where 3 is the intercept f3,, is the slope associated with the corrected
survival of western corn rootworm larvae on Cry3Bb1 corn, and
errors (denoted e) are assumed to be independent and normally dis-
tributed with a variance of ¢>. Pearson's correlation coefficient was
used to measure the strength of association between corrected larval
survival and mean larval development metric using PROC CORR.
The same analysis technique was used to analyze both mean head
capsule width and mean fresh weight.

Proportion Third Instar

A binomial distribution was used to obtain an estimated value and
asymptotic standard error for the proportion of larvae in third instar
(according to Hammack et al. 2003) for each population and hybrid
using PROC FREQ in SAS 9.4 (Tables 1-4). Clopper—Pearson was
used to calculate an exact 95% confidence interval for each popu-
lation and hybrid combination to account for extreme proportions
(Bilder and Loughin 2014). A correlation analysis as previously de-
scribed was also conducted to estimate the strength of association
between corrected survival and mean proportion third instar of sur-
vivors on Cry3Bb1 in bioassays.

Results

Resistance Category and Larval Development

Metrics

The interaction between corn hybrid and Cry3Bb1 resistance
category significantly affected mean western corn rootworm
larval head capsule width (F = 9.54; df = 3, 1280; P < 0.0001)
(Fig. 2; Table 5). When reared on isoline corn, mean head capsule
width was not significantly different among resistance categories
(F=0.87,df =3,71.95,P = 0.4602). Within categories, mean larval
head capsule width was always significantly greater when reared
on isoline than Cry3Bb1 (Fig. 2). Significant differences in mean
head capsule width among resistance categories (e.g., susceptible
field, moderately resistant, highly resistant, susceptible laboratory)
when exposed to Cry3Bb1 (F = 3.83, df = 3, 101.5, P = 0.0121)
contributed to the significant interaction. Larvae in susceptible la-
boratory populations exhibited a significantly smaller mean head
capsule width than the resistant field populations when reared on
Cry3Bb1 (Fig. 2).

The interaction between corn hybrid and Cry3Bb1 resistance cat-
egory also significantly affected mean western corn rootworm larval
fresh weight (F = 3.92; df = 3, 898.8; P = 0.0085) (Fig. 3; Table 5).
Within individual categories, mean fresh weight on the isoline hybrid
was significantly greater than mean fresh weight on Cry3Bb1 (Fig.
3). Significant differences in mean fresh weight among resistance
categories on the Cry3Bb1 (F = 8.17, df = 3, 90.59, P < 0.0001) hy-
brid contributed to the significant interaction. Within the Cry3Bb1
hybrid, mean fresh weight of susceptible laboratory populations was
significantly lower than means of the highly and moderately resistant
categories, but not significantly different than the susceptible field
population mean (Fig. 3).

Corrected Survival and Larval Development Metrics

The correlation analyses revealed a significant positive relation-
ship between corrected survival on Cry3Bb1 with mean head cap-
sule width (r = 0.451, P = 0.0003, # = 61; Fig. 4) and mean fresh
weight (r = 0.690, P < 0.0001, 7 = 50; Fig. 5), respectively, of larval
survivors. Results of the linear regression analyses present the clear
positive numerical change in mean head capsule width and larval
fresh weight, respectively, with increases in corrected larval survival
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Table 5. F-test statistics, degrees of freedom, and P-values for model effects (hybrid, resistance category) and the interaction of hybrid and

resistance category on head capsule width or fresh weight

Developmental Factor

Model Effect

Hybrid Resistance category Hybrid x resistance category
Head Capsule Width 352.48 1.88 9.54
[1,286] [3,68.83] [3, 1280]
<0.0001 0.1413 <0.0001
Fresh Weight 904.7 45.84 3.92
1, 184.79] [7.06, 0.0005] 3, 898.8]
<0.0001 0.0005 0.0085

Significant effects at 0=0.05. Satterthwaite adjustment of degrees of freedom used to control for Type I error rates.

(Figs. 4 and 5; Table 6). A significant positive correlation was also
obtained between corrected survival and mean proportion third in-
star (r = 0.390, P = 0.0019, n = 61).

Discussion

The results of this study strongly support the working hypoth-
esis that a direct positive relationship exists between the level of
Cry3Bb1 resistance present in western corn rootworm populations
and the rate of larval development. This was clearly demonstrated
by the strength of association between corrected larval survival and
both mean larval head capsule width or fresh weight, which were
used to characterize developmental time in this study (Figs. 4 and 5).

In Cry3Bb1l bioassays, mean larval head capsule width in
all categories did not exceed the third instar threshold (Fig. 2).
However, the composite means presented for moderately and highly
resistant categories included populations that exhibited high pro-
portions of third instar on both Cry3Bb1 and isoline hybrids as

well as populations with much lower survival on Cry3Bb1 than the
isoline (Tables 1-3). All categories had some larvae that developed
to third instar during Cry3Bb1 bioassays (Tables 1-3), but the sig-
nificantly smaller mean head capsule width recorded in the suscep-
tible laboratory category compared to the moderately and highly
resistant categories, plus the positive correlation between corrected
survival and proportion third instar, strongly indicate that the re-
sistant categories had a higher frequency of larvae in an advanced
stage of development.

The significantly larger mean weight of larvae in the highly re-
sistant category compared to the susceptible field and susceptible la-
boratory categories complements the mean head capsule width and
proportion third instar results (Figs. 2 and 3). This is consistent with
the discrete head capsule width ranges that characterize western
corn rootworm instars which get larger and heavier with each molt
(Hammack et al. 2003). The mean weight of larvae from the highly
resistant category during Cry3Bb1 bioassays was not significantly
different than 3 of 4 non-Bt isoline treatments, similar to results
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reported by Wangila and Meinke (2017) in populations exhibiting
complete resistance.

Western corn rootworm populations within the susceptible field
category appeared to be in early stages of selection for resistance
to Cry3Bbl as mean development metrics were not significantly
different from the susceptible laboratory or moderately resistant
categories (Figs. 2 and 3). The susceptible laboratory category met-
rics were typical of susceptible populations exhibiting extended de-
velopment time after sublethal dietary exposure to Cry3Bb1 while
metrics of populations in the moderately resistant category clearly

indicated faster development than the susceptible laboratory cat-
egory. Relatively high background Cry3Bb1 resistance allele fre-
quencies in western corn rootworm field populations are common
in the landscape (Onstad and Meinke 2010, Andow et al. 2016),
promoting rapid selection for western corn rootworm resistance to
Cry3Bb1 under laboratory (Meihls et al. 2008, 2012; Oswald et al.
2012) and field conditions (Gassmann et al. 2011, 2014; Wangila
et al. 2015). In general, the use of non-rootworm Bt hybrids or use
of Cry3 hybrids for 0-2 consecutive years was often associated with
lower corrected survival on Cry3Bb1 while fields with moderately or
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Table 6. Results of linear regression analyses between corrected survival and larval head capsule width or fresh weight

Analysis n B, (£SE) B, (£SE) o?
Cry3Bb1 head capsule width 61 337.31 (10.38) 79.16 (20.40) 2311.97
Cry3Bb1 fresh weight 50 0.8059 (0.20) 2.4926 (0.38) 0.6348

highly resistant populations were often characterized by continuous
cultivation of Cry3-expressing hybrids for 23 yr (Tables 1-3).

However, there were exceptions to this general trend (espe-
cially apparent at some sites collected in 2015, Table 2). The data
set presented in this paper is very diverse and includes year, region,
and landscape effects potentially acting on populations which may
contribute to the variability observed. For example, Cuming SF1
and Buffalo 4 (Tables 1 and 2) were collected from first-year and
second-year cornfields, respectively, after crop rotation was imposed
as a Cry3Bb1 resistance mitigation tactic. Both were surrounded
by continuous corn planted with Cry3Bb1-expressing hybrids for
many years. Bioassays revealed a high level of Cry3Bb1 resistance
in each field, which suggests they were reinfested by Cry3Bbl-
resistant adults from neighboring fields (Wangila 2016, Reinders
et al. 2018). A reverse scenario was observed in Keith 6 and Keith
12 (Tables 2 and 3). These fields had been planted to Cry3Bb1-
expressing hybrids for six and four consecutive years, respectively,
but corrected survival was much lower than expected (Tables 2 and
3). Both fields were near clusters of continuous cornfields with no
Cry3Bb1 history, which suggests that gene flow among fields may
have diluted the selection pressure in Keith 6 and Keith 12 (Reinders
et al. 2018). The extended time many fields remain in continuous
corn in this production system (Tables 1-3) also facilitates gene
flow, which may have contributed to the variability in local suscep-
tibility to Cry3Bb1 observed. These findings complement previous
research that documented localized selection pressure is a key driver
of susceptibility to Cry3Bb1 in Nebraska western corn rootworm
populations (Reinders et al. 2018).

The differences in western corn rootworm development associ-
ated with various Cry3 susceptibility levels contributes to variability
in western corn rootworm population dynamics and age structure
across the landscape. This variability and the relative densities
present can potentially affect mating patterns. Results from this study
suggest that as the frequency of resistant individuals increases in a
population and the negative effects of dietary exposure to Cry3Bb1
decrease, developmental rates and the time of adult emergence from
Bt or refuge plants will be more synchronous which could lead to
more random mating between resistant and susceptible individuals.
The potential impact of this more synchronous adult emergence
pattern on the rate of resistance evolution would be somewhat de-
pendent on the density of susceptible individuals present, the inher-
itance of resistance within a population, and the fitness of resistant
individuals. Research conducted to date has shown that fitness costs
of Cry3Bb1 resistance are often minimal and inheritance of resist-
ance to Cry3Bb1 is variable across populations but is often non-
recessive (Gassmann 2021). These two factors have contributed to
the rapid evolution of western corn rootworm resistance to the less
than high dose Cry3Bb1 protein that has been deployed in the field
using the high dose refuge strategy (Andow et al. 2016, Gassmann
2016, Gassmann 2021). The reduction in developmental fitness cost
with increasing frequency of Cry3Bbl-resistant individuals identi-
fied in this study provides another example indicating fitness costs
are minimal in Cry3Bb1-resistant populations. As a population
shifts more toward a highly resistant state, synchronous emergence
within a population may not be that beneficial to resistance manage-
ment because the frequency of susceptible individuals will be greatly
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reduced and the proportion of R x R matings will likely increase.
This will contribute to the refuge becoming functionally ineffective.

Aerial application of foliar insecticides to reduce adult western
corn rootworm densities is commonly used in Nebraska and the
western Corn Belt in continuous corn as a complementary tactic in
the transgenic era (Souza et al. 2019, Meinke et al. 2021). Variability
in Cry3 susceptibility and associated population age structure
among western corn rootworm populations makes timing of fo-
liar insecticide applications more difficult. If the goal is to reduce
adult density and oviposition to help mitigate potential resistance
when greater than expected injury occurs in a Bt cornfield, or as
part of a holistic rootworm management strategy, insecticide appli-
cations need to target as much of the female adult population as pos-
sible to be effective. The extended adult emergence and oviposition
periods associated with the Bt and non-Bt refuge system observed
in Cry3Bb1-susceptible or moderately resistant populations makes
this challenging (Meinke et al. 2021). Monitoring adult population
dynamics in individual fields is recommended to determine the need
for intervention and to appropriately time insecticide applications
(Meinke 2014).

Overall, this study provides empirical evidence from field popula-
tions that the rate of larval development is positively associated with
western corn rootworm corrected survival on Cry3Bb1 corn. Results
confirm the hypothesis of Wangila and Meinke (2017) that devel-
opmental delays associated with sublethal exposure to Cry3Bb1l
diminish as the level of resistance increases within a population.
Clarifying this relationship of susceptibility and larval development
increases our understanding of western corn rootworm population
dynamics and age structure variability present in the transgenic land-
scape that is part of the complex interaction of factors that drives re-
sistance evolution. This collective variability and complexity within
the landscape reinforces the importance of making corn rootworm
management decisions based on information collected at the local
level.

Supplementary Data

Supplementary data are available at Journal of Economic
Entomology online.
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