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ABSTRACT The effects of maize, Zea mays L., phenology on establishment, damage, and adult
emergence of the western corn rootworm, Diabrotica virgifera virgifera LeConte, on MON863
transgenic maize expressing the Cry3Bb1 protein and its isoline was evaluated in Þeld trials in 2002
and 2003. As expected, plant damage, western corn rootworm larval recovery, and adult emergence
were signiÞcantly lower on MON863 than isoline maize. The average weight of larvae and adults
recovered from MON863 and isoline maize was generally not signiÞcantly different. If western corn
rootworm larvae were able to establish on transgenic rootworm-resistant plants, larval growth was
relatively normal. Plant damage, the number of western corn rootworm larvae recovered, and adult
emergence from MON863 did not signiÞcantly differ between egg hatch times from widely varying
phenologies in either year of the study. Although the extractable level of Cry3Bb1 decreased
signiÞcantly from vegetative (V)4 to V9 maize in previous studies, in the current study, the amount
of Cry3Bb1 did not vary from V3 to R3 in a way that affected neonate survival by western corn
rootworm larvae in the Þeld.
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The western corn rootworm, Diabrotica virgifera vir-
gifera LeConte, is the most serious insect pest of
maize, Zea mays L., in the United States and is be-
coming an important pest in parts of Europe (Vidal et
al. 2005). Although adults can cause damage by feed-
ing on silks before pollination (Culy et al. 1992), it is
the effects of larval feeding directly on maize roots
that causes the most serious damage by reducing the
ability of the plant to uptake water and nutrients
(Kahler et al. 1985). Effective control tactics for the
western corn rootworm and the closely related north-
ern corn rootworm, Diabrotica barberi Smith & Law-
rence, are limited in certain regions because of insec-
ticide resistance (Meinke et al. 1998) and resistance to
crop rotation by laying eggs outside of maize Þelds
(Levine et al. 2002) or extended diapause (Krysan et al.
1986). Transgenic maize hybrids expressing Cry3Bb1
insecticidal proteins derived from Bacillus thuringien-
sisBerliner (Bt) have been commercially available for
corn rootworm management since 2003. Since that

time, maize hybrids expressing Cry34Ab1 � Cry35Ab1
proteins and maize hybrids expressing a modiÞed
Cry3A protein targeted toward corn rootworm larvae
have been registered for commercial sale in the United
States. Other Bt proteins also have been reported to be
toxic to Diabrotica larvae (Baum et al. 2004, and ref-
erences therein), and RNA interference technology
has been documented to be successful in western corn
rootworm control (Baum et al. 2007).

Vaughn et al. (2005) reported that the average
Cry3Bb1 expression level in the roots of Þve hybrids
at a maturity stage (Ritchie et al. 1992) of vegetative
(V)4 was 69.54 �g/g and was 44.17 �g/g at V9. Given
this and the fact that this product has a low-to-mod-
erate dose of Bt toxin (EPA 2002, Siegfried et al. 2005),
a natural concern would be whether the Bt toxin level
later in the season is sufÞcient to maintain efÞcacy.
Shortly after its commercial introduction, parts of east
central Illinois exhibited damage to plants expressing
the Cry3Bb1 protein that was deemed higher than
expected. This region is known to have extremely high
natural western corn rootworm egg infestations as
high as 12.2 � 107 eggs per ha (Pierce and Gray 2006),
which is �2,800 eggs per 30.5 cm of maize row. Higher
damage was particularly found in roots dug in early
August compared with roots dug 3 wk earlier in mid-
July, a more traditional time to evaluate corn root-
worm damage (Gray and Steffey 2005). Gray et al.
(2007) reported that the average damage rating (Ole-
son et al. 2005) of the eight commercial YieldGard
Rootworm hybrids increased from an average rating of
0.17 on 24 July to 0.40 on 8 August 2006 in Monmouth,
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IL, and from 0.31 on 20 July to 0.80 on 7 August 2006
in Urbana, IL. Western corn rootworm egg hatch is
dependent on soil temperature, with a threshold for
development at 11.1�C (Wilde 1971, Levine et al.
1992). Soil temperature varies considerably with soil
depth and western corn rootworm eggs can be found
at various depths with one third or more of the eggs
found at a depth of 20Ð30 cm (Gray and Tollefson
1988, Gray et al. 1992) where soil temperatures are
much cooler and late hatch would be expected. It is
unknown whether increased late season damage
found inCry3Bb1hybrids in(Grayet al. 2007)wasdue
to increased survival of late hatching larvae due to a
reduced protein level. The goal of the current study
was to evaluate the relative effectiveness of Cry3Bb1
on neonate larvae across a wide range of maize phe-
nologies.

Materials and Methods

Methods were modiÞed after Hibbard et al. (2008).
In both years, the study was conducted at the Uni-
versity of Missouri Bradford Research and Extension
Center �9.6 km east of Columbia, MO, which has a
Mexico silt loam soil type. Soil composition at the site
was determined to be 2% sand, 70% silt, and 28% clay
(MU Soils Testing Lab). Cultural practices (e.g., till-
age, fertilization, herbicide application) were typical
of agricultural procedures for the area. In both years,
the Þeld selected for research had been planted with
soybean,Glycinemax (L.) Merr., in the previous year.
Unlike parts of the eastern Corn Belt, egg laying by
westerncornrootwormadultsoutsideofmaizehasnot
been detected in central Missouri. Because of these
two factors, we assumed that feral western corn root-
worms would not be found in our plots.

The Þeld experiments were planted on 18 April 2002
and 19 May 2003 in plots that were 7.6 m long and four
rows wide (2002) or eight rows wide (2003) with a
0.91-m row spacing and a 21.6-cm plant spacing by
using a mechanical planter (Wintersteiger/Hege, Salt
Lake City, UT). In 2002, the experimental design was
a 10 by 2 (infestation date � maize pedigree) factorial
treatment arrangement in a randomized complete
block, split-plot design in space as outlined in Steel et
al. (1997) with Þve replications. The main plot effect
was infestation date and the subplot effect was maize
pedigree [MON863 (DKC60-12) or isoline (DKC60-
15]. In 2003, the experiment was doubled to include a
second egg strain of the western corn rootworm (see
below), and the experiment was set up as a 10 by 2 by
2 (infestation dates � maize pedigree � egg strains)
with Þve replications. The main plot in 2003 was in-
festation date, the subplot was maize pedigree, and the
sub-subplot was egg strain. In both years, gene checks
provided by Monsanto Company were run on all in-
fested MON863 plants and 5% of the infested isoline
plants. Each year, infestation date was randomly as-
signed to one of 10 ranges within each of Þve repli-
cations. Infestations in 2002 were on 19 April; 1 May;
10, 20, 28, and 4 June; and 11, 18, 25, and 2 July.
Infestations in 2003 were on 28 May; 4 June; 11, 18, 25,

and 2 July; and 9, 16, 23, and 30. Because actual dates
may be less useful than maize phenology, reference to
egg infestation dates below will be in terms of maize
phenology at peak egg hatch (�295 degree days [DD]
after infestation).

Within each range and replication, two two-row
plots were planted in 2002 (two isoline and two
MON863 rows). Maize pedigree was randomized in
each replicate of each range. Four plants, at least 1 m
apart, were infested in the east row in each plot. The
second row served as a buffer to prevent any larval
movement between plants sampled. At each infesta-
tion, 500 viable eggs per plant were infested into small
holes (�1 cm wide and 10 cm deep) with half on each
row side of the plant �10 cm from the base of the
plant, and the holes were covered with soil. The
source of the western corn rootworm eggs was from
the main, diapausing colony at the USDAÐARS labo-
ratory in Brookings, SD, in 2002 and 2003. A second
strain (feral) also was evaluated in 2003. The feral
strain came from French Agricultural Research (Lam-
berton, MN). This was added because we were sus-
picious at the time that the main, diapausing colony
from Brooking was more susceptible to Cry3Bb1 than
feral populations. An egg level of 500 viable eggs per
plant was chosen so that density-dependent mortality
would be kept to a very low level (Hibbard et al. 2004),
and some plant damage would be apparent on isoline
plants. A subsample of eggs was removed from cold
storage early to determine viability.

In both years, within the above experimental de-
signs, four sample types were collected: larval recov-
ery at �370 DD after infestation (L1, most larvae at
early second-instar stage), larval recovery at �440 DD
(L2, most larvae at early third instar stage), root dam-
age at �570Ð620 DD (approximately half the larvae
had pupated), and adult emergence. For larval sam-
pling (L1 or L2), we used the technique described by
Hibbard et al. (2004). Brießy, root balls with associ-
ated soil were removed from the Þeld in plastic mesh
“onion” bags (Sacramento Bag Manufacturing Co.,
Woodland, CA). Onion bags were hung over water
pans in a greenhouse bay with the cooling system
mostly off for a minimum of 7 d. Temperatures under
these conditions routinely exceeded 50�C during the
day. This technique, under Missouri summer condi-
tions, is analogous to use of a Tullgren funnel. Western
corn rootworm larvae fell from the drying samples into
the water pans set below. Most larvae were recovered
within the Þrst 4 d by using this technique, with larval
recovery usually peaking on day 3. Occasionally, es-
pecially when roots were sampled just after a rain
event and/or when cool, cloudy days followed root
collection; larvae were recovered up to 6 d. Larvae
were collected one or more times daily and stored in
95% ethanol until processing. Each larva was examined
under a microscope for urogomphi to differentiate
southern corn rootworm larvae, Diabrotica undecim-
punctata howardi Barber (urogomphi present) from
western corn rootworm larvae (urogomphi absent)
(Krysan 1986). Any southern corn rootworm larvae
collected from samples were tallied and discarded.
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The number of western corn rootworm larvae recov-
ered, their head capsule width, and dry weight were
recorded. Plant damage was recorded at the time of
maximum damage (when approximately half of the
larvae had pupated �550 DD) by using the 0Ð3 node
injury scale (Oleson et al. 2005). Adult emergence
cages, similar in design to Hein et al. (1985), were
placed over infested plants randomly assigned for
adult emergence. ModiÞcations (Pierce and Gray
2007) allowed the maize plant to remain alive and
grow throughout the adult emergence monitoring pe-
riod. Traps were placed over the plants during the
whorl stage and set up to collect insects (stalk sealed
and collecting jars on at �550Ð600 DD). Adult insects
were collected three times per week and were stored
in 95% ethanol until processing. Total number, sex,
head capsule width, and dry weight were recorded for
all western corn rootworm adults collected. Southern
corn rootworm adults were tallied and discarded.
Gene checks were run on all MON863 plants that were
infested in addition to 10 infested, isoline plants.

Degree-day accumulation began on the day of in-
festation and was calculated by subtracting 11.1�C, the
developmental threshold (Wilde 1971, Levine et al.
1992) from the average 24-h bare soil temperature at
a depth of 5.08 cm. Soil temperature data were ob-
tained from the University of Missouri Commercial
Agriculture Automated Weather Station Network sta-
tion located at the Missouri Agricultural Experiment
Station (South Farm), 6 km southeast of Columbia,
MO.Becausemaizephenologyat the timeofegghatch
is more relevant than maize phenology at the time of
infestation, egg hatch was estimated as 295 DD under
Central Missouri conditions and maize phenology at
this time is reported.
Statistical Analysis. PROC MIXED of the SAS sta-

tistical package (SAS Institute 1990) was used for data
analysis. A separate analysis was carried out for each
year on each trait. The linear statistical model con-
tained the main plot effect of infestation dates, and the
subplot effect of maize pedigree (MON863 and its
isoline) and its interaction with infestation dates. Rep-
lication within infestation dates was served as a de-
nominator of F for testing the effect of infestation
dates. All other effects used the residual error for the
denominator of F test. Least squares means (LS-
means) were calculated separately for each year, and
comparisons of infestation dates within corn line were
done using the t-test output of the SAS model. Data for
larval and adult dry weights and larval head capsule
width were considered as missing values in the anal-
ysis when no larvae and/or adults were recovered
from a particular plant. Differences in the number
of larvae recovered at L1 versus L2 were insigniÞ-
cant, so data were averaged and then analyzed as
average number. In 2003, although one additional
factor was added; source of eggs in sub-subplot, data
were pooled for subsequent analyses because the
two egg populations were not signiÞcantly different
for any factor.

Results

All MON863 plants used the study tested positive in
the gene check assays, and all isoline plants evaluated
with gene checks were negative in both years of the
study. In 2003, there was no signiÞcant difference
between the feral eggs from French Agricultural Re-
search and the diapausing colony from Brookings, SD,
in terms of plant damage or adult emergence on either
isoline corn and MON863. SigniÞcantly more feral
larvae were recovered from isoline roots than Brook-
ings colony larvae, but this difference was not signif-
icant on MON863 roots. Apparently, the Brookings
diapausing colony is not more susceptible to the
Cry3Bb1 toxin than at least the one wild type strain
tested in the current experiment. As mentioned, egg
types were pooled for the results below.
Plant Damage. Overall, signiÞcantly more damage

occurred to isoline maize than MON863 in 2002 and
2003 (Table 1; Fig. 1). Damage to MON863 did not
differ signiÞcantly between any egg hatch dates in
either 2002 (Fig. 1A) or in 2003 (Fig. 1B), indicating
that MON863 roots did not become more susceptible
to corn rootworm larval feeding damage later in the
season. Damage to isoline maize peaked with egg
hatch at V7 in 2002 (Fig. 1A) and V8 in 2003 (Fig. 1B).
In 2003, however, damage to isoline maize had an

Table 1. 2002 and 2003 analysis of variance

Analysis Effect df F value P

2002
Avg. no. larvae Date 9, 36 1.39 0.2273

Pedigree 1, 40 117.99 �0.0001
Date � pedigree 9, 40 1.66 0.1305

L1 avg. wt Date 9, 9 2.57 0.0878
Pedigree 1, 9 2.13 0.1782
Date � pedigree 7, 9 2.28 0.1238

L2 avg. wt Date 9, 7 3.42 0.0595
Pedigree 1, 7 0.90 0.3753
Date � pedigree 7, 7 8.67 0.0054

Damage Date 9, 36 1.69 0.1277
Pedigree 1, 39 46.55 �0.0001
Date � pedigree 9, 39 2.13 0.0503

Adult Date 9, 36 1.75 0.1123
Pedigree 1, 40 31.65 �0.0001
Date � pedigree 9, 40 1.79 0.1003

Adult avg. wt Date 9, 2 3.75 0.2281
Pedigree 1, 2 2.48 0.2560
Date � pedigree 6, 2 3.45 0.2416

2003
Avg. no. larvae Date 9, 36 6.77 �0.0001

Pedigree 1, 140 145.29 �0.0001
Date � pedigree 9, 140 6.57 �0.0001

L1 avg. wt Date 9, 31 1.76 0.1166
Pedigree 1, 40 1.48 0.2304
Date � pedigree 7, 40 1.27 0.2899

L2 avg. wt Date 9, 30 3.51 0.0045
Pedigree 1, 46 8.88 0.0046
Date � pedigree 5, 46 0.62 0.6822

Damage Date 9, 36 4.57 0.0005
Pedigree 1, 140 158.13 �0.0001
Date � pedigree 9, 140 4.84 �0.0001

Adult Date 9, 36 6.64 �0.0001
Pedigree 1, 140 55.56 �0.0001
Date � pedigree 9, 140 4.96 �0.0001

Adult avg. wt Date 6, 23 3.87 0.0082
Pedigree 1, 26 0.02 0.8994
Date � pedigree 6, 26 1.50 0.2178
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extremely broad peak with no signiÞcant difference
between egg hatch at V5 and VT (Fig. 1B). As in
Hibbard et al. (2008), signiÞcantly less damage was
found on the isoline plants on the later egg hatch dates
than some of the earlier egg hatch dates each year
(Fig. 1).
Larval Recovery.The number of western corn root-

worm larvae recovered from isoline roots was signif-
icantly greater than the number of larvae recovered
from MON863 roots when combining egg hatch dates
for both 2002 and 2003 (Table 1; Fig. 2). SigniÞcantly
more western corn rootworm larvae also were recov-
ered from isoline maize than MON863 for nine of the
10 egg hatch dates in 2002 (Fig. 2A) and the Þrst seven
egg hatch dates in 2003 (Fig. 2B). No signiÞcant dif-
ference was found in the number of western corn
rootworm larvae recovered from MON863 roots be-
tween egg hatch dates for either year (Fig. 2), indi-
cating that MON863 roots did not become more sus-
ceptible to larval establishment later in the season,
even well past the time of natural egg hatch.
Adult Emergence. SigniÞcantly more western corn

rootworm beetles emerged from isoline maize than
from MON863 in both 2002 and 2003 (Table 1; Fig. 3).
In both years, signiÞcantly fewer adults emerged from
isoline maize on the last few egg hatch dates than
several of the earlier egg hatch dates (Fig. 3). In 2002,

although more larvae were recovered from isoline
roots on the last three egg hatch dates than other egg
hatch dates (Fig. 2A), this did not carry through into
producing more adults. In fact, these egg hatch dates
produced fewer adults than all other infestation dates
(Fig. 3A). No signiÞcant differences were found in the
number of western corn rootworm adults emerging
from MON863 roots between any egg hatch dates in
either year (Fig. 3), indicating that MON863 roots did
not become more susceptible to larval development to
the adult stage later in the season.
Insect Growth. There was no signiÞcant difference

in the average weight of western corn rootworm lar-
vae recovered from MON863 and isoline maize for at
L1 or L2 for 2002 nor L1 for 2003 (Table 1). There was
no signiÞcant difference in the average weight of
adults from MON863 and isoline maize for either 2002
or 2003 (Table 1). Although average weight of western
corn rootworm larvae at L2 in 2003 was signiÞcantly
affected by maize pedigree and was greater for those
larvae recovered from isoline corn than those larvae
recovered from MON863, larvae were recovered from
only 14 of 100 MON863 roots, so an estimate of least
square means for MON863 was not possible due to the
large number of missing values.

Fig. 1. Damage rating � SE of MON 863 and isoline
maize plants in 2002 (A) and 2003 (B) when infested with 500
viable western corn rootworm eggs hatching at various maize
phenologies. SigniÞcant differences within a line are show by
different uppercase letters.

Fig. 2. Number of western corn rootworm larvae � SE
recovered from MON 863 and isoline maize plants in 2002
(A) and 2003 (B) when infested with 500 viable western corn
rootworm eggs hatching at various maize phenologies. Sig-
niÞcant differences within a line are show by different up-
percase letters.
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Discussion

In the current study, damage to, larval recovery
from, and adult emergence from MON863 did not
signiÞcantly differ between widely varying egg hatch
times (and maize phenologies) in either year of the
study (Figs. 1Ð3). Gray et al. (2007) reported that the
average damage rating of MON863 hybrids increased
from mid-July to early August, whereas damage rat-
ings to an untransformed control lines varied little
during this time. Because the extractable level of
Cry3Bb1 decreased from V4 to V9 (Vaughn et al.
2005), it was hypothesized that late season damage to
MON863 is due to reduced Cry3Bb1 protein levels.
Our data does not support this hypothesis. MON863
provided equal root protection for eggs that hatch at
maize phenologies from V3 to R3 (Fig. 1). Western
corn larval establishment (Fig. 2) and adult emer-
gence (Fig. 3) also was equivalent on MON863 at all
maize phenologies evaluated. Although the extract-
able level of Cry3Bb1 decreased signiÞcantly from V4
to V9 maize (Vaughn et al. 2005), the actual amount

of Cry3Bb1 did not vary from V3 to R3 in a way that
was detectible by western corn rootworm larvae in the
Þeld. Apparently, there are no windows of time for
which MON863 is more susceptible to establishment
and development by western corn rootworms than
other times when exposed to neonate larvae for the
Þrst time.

Hibbard et al. (2005) noted that “Apparently, if
western corn rootworm larvae are able to establish on
transgenic rootworm-resistant plants, larval growth is
relatively normal.” This conclusion also is supported
from the current paper. There was no signiÞcant dif-
ference between the size of insects recovered from
MON863 and insects recovered from isoline maize for
most parameters evaluated.

Strnad and Bergman (1987) observed that over the
course of a growing season, western corn rootworm
larvae tended to move toward newly developed nodal
roots. Their work suggests that older western corn
rootworm larvae prefer newly developed nodal roots
to more mature roots. Stavisky and Davis (1997) con-
ducted Þeld experiments to quantify the effects of
maize maturity class on larval establishment and adult
emergence. Early, middle-, and late-maturing maize
varieties were evaluated for larval survival and adult
emergence. Recovery of Þrst-instar western corn root-
worm larvae occurred over a shorter period on the
early maturing variety compared with the middle- and
late-maturing maize varieties. Late in the season,
adults were not recovered from the early maturing
variety. One possible explanation is that late hatching
larvae may have been less able to complete develop-
ment on the early maturing variety as evidenced by
few adults emerging late in the season from these
plants. Hibbard et al. (2008) evaluated a susceptible
hybrid at multiple infestation times from planting to
reproductive stage (R)1. Although western corn root-
worm larvae were able to establish on mature root
systems, signiÞcantly fewer adults were produced
from the last egg hatch times than at earlier maize
phenologies. Western corn rootworm larvae appar-
ently not only prefer younger nodal roots (Strnad and
Bergman 1987), but they may actually require them to
complete development to the adult stage (Hibbard et
al. 2008). Data from isoline maize in the current paper
support this conclusion.

The Environmental Protection Agency (EPA) has
mandated that all registrants submit an insect resis-
tance management (IRM) plan before registration of
any Bt crop. IRM (i.e., maintaining pest susceptibility
to control measures) can extend the lifetime of man-
agement options. All IRM plans for Bt crops before
that of Bt maize for rootworms have focused primarily
upon the use of a high-dose/refuge plan, and resis-
tance to these crops has not been detected in Þeld
populations in the Þrst 9 yr since registration (Tabas-
hnik et al. 2003). Recently however, Tabashnik et al.
(2008) reported Þeld resistance to at least one lepi-
dopteran species that does not experience a high Bt
dose (although this assertion has been challenged by
Moar et al. [2008]). Resistance to Bt maize expressing
the Cry3Bb1 (Meihls et al. 2008) and the Cry34Ab1 �

Fig. 3. Number of western corn rootworm adults � SE
recovered from MON 863 and isoline maize plants in 2002
(A) and 2003 (B) when infested with 500 viable western corn
rootworm eggs hatching at various maize phenologies. Sig-
niÞcant differences within a line are show by different up-
percase letters.
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Cry35Ab1 (Lefko et al. 2008) proteins has been re-
ported as a result of laboratory selection experiments,
but no resistance that has evolved in the Þeld has been
reported. The reduced levels of extractable Cry3Bb1
protein later in the season (Vaughn et al. 2005) has
been proposed as a mechanism that could speed the
development of resistance in the Þeld, but data from
the current paper do not support this hypothesis.
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