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Bollgard® and Bollgard II ® Efficacy in Near Isogenic Lines of
‘DP50’ Upland Cotton in Arizona

Ruben Marchosky, Peter C. Ellsworth, Hal Moser & T.J. Henneberry
Department of Entomology, University of Arizona, Maricopa, AZ, & USDA-ARS, WCRL, Phoenix, AZ

Abstract

The Cry1Ac gene (Bollgard®) is available in cotton either alone (‘B’) or in com-
bination (Bollgard II®) with a second gene, Cry2Ab (‘X’). We evaluated these two
different transgenes, separately and together, in near isogenic lines of the upland
cotton variety ‘DP50’. DP50B was previously transformed with the Cry2Ab gene
to give rise to the experimental line 985BX which was then back-crossed to DP50
to produce near isogenic single gene variants, 985B and 985X. The lepidopteran
target was pink bollworm (PBW), Pectinophora gossypiella (Saunders), which
was evaluated in two field studies through a series of samples from artificially
and naturally-infested bolls. In one study (NTO), three cotton lines (DP50, DP50B,
985BX) were evaluated under three spray regimes. In the second study (Isoline),
five near isogenic lines (DP50, DP50B, 985B, 985X, 985BX) were evaluated un-
der two spray regimes: fully sprayed and lepidopteran unsprayed. In lines con-
taining only one transgene, Cry1Ac or Cry2Ab, bolls had consistently fewer PBWs
than the non-Bt variety. Very few PBWs developed into large (≥3rd instar) larvae
in these Bt varieties. The majority (NTO: 83%; Isoline: 94%) of PBWs recovered
were dead first instar larvae. Less than 5% of the DP50B bolls in the NTO study
were infested with feral large (≥3rd instar) larvae, and large larvae were present
in less than 2% of naturally-infested bolls of single-gene lines in the Isoline study.
PBW age and mortality distributions confirmed that the single transgenes were
effective in stopping PBW development and killing young instars. Cry2Ab dis-
played a broader spectrum of efficacy as it was significantly more effective against
citrus peelminer (Marmara spp.), an incidental lepidopteran present in high den-
sities in the tests. The two-gene (Cry1Ac + Cry2Ab) line showed better (at least
10-fold) efficacy than the single-gene lines against PBW large larvae infestation.
The PBW age distributions found in this variety consisted almost entirely (98%)
of dead first instar larvae. Less than 0.6% of the bolls of the two-gene variety in
the NTO study were infested with large (≥3rd instar) larvae, and there was no
infestation by large larvae in any of the naturally-infested bolls in the Isoline
study. Yields and other agronomic parameters of the two-gene and single-gene
varieties were superior or similar to the null parent. Second pick yields of all Bt
varieties were significantly higher than the recurrent parent non-Bt line, suggest-
ing a high degree of efficacy against typically high PBW densities during the late
season. Cotton lines with transgenes (Cry1Ac & Cry2Ab) separately and com-
bined demonstrated a high degree of efficacy and agronomic performance for
usage in Arizona against PBW. The ramifications of isogenic comparisons of PBW
incidence on efficacy and resistance monitoring are discussed.

This is part of the 2001 Arizona Cotton Report, The University of Arizona College of Agriculture and Life
Sciences, index at http://ag.arizona.edu/pubs/crops/az1224.
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Introduction

Since the mid-1960s, pink bollworm (PBW), Pectinophora gossypiella (Saunders) has been a major pest of cotton in
Arizona and southern California. The average annual cost of insecticide treatments to control pink bollworm in
Arizona can be as high as $70 per acre exceeding a total economic impact of over 48 million dollars (Ellsworth and
Jones 2000). Additionally, such insecticide use for PBW control can promote costly outbreaks of other pests such as
whiteflies, saltmarsh caterpillar, cotton aphids, mites, cotton leafperforator, and others.

In 1996, the first cotton varieties that express insecticidal proteins derived from Bacillus thuringiensis var. kurstaki
(Berliner) were commercially introduced in Arizona (Ellsworth et al. 1995a). These new varieties contained the
Cry1Ac (Bollgard®) gene which was introduced into the ‘Coker 312’ variety and subsequently backcrossed from
Coker 312 into a number of modern upland cotton varieties. Growers in Arizona have readily adopted Bt technology,
and since 1997, have planted about 64% of the cotton acreage to Bollgard varieties (Ellsworth and Jones 2001). One
of the benefits of these Bt varieties is the substantial reduction in use of conventional, broadly toxic insecticides
(Ellsworth and Jones 2001).

Prompted by this potential and given the early indications of the high degree of efficacy of Bt varieties against PBW
and other insect pests (Wilson et al. 1992, Ellsworth et al. 1995a,b, 1996; Flint et al. 1996), several research programs
are actively developing novel Bt genes and introducing them into cotton. The goals in developing these new Bt genes
are to improve efficacy, to provide a broader spectrum of control, and to delay the development of resistant insects.
One such product, developed by Monsanto and designated Bollgard II®, consists of a combination of two Bt genes,
the original Cry1Ac Bollgard gene and a new Bt gene, Cry2Ab. Novel proteins and/or transformation events, such as
Bollgard II, however, must be evaluated for their impact on cotton development, agronomic performance, and resis-
tance to pest infestation in field environments.

Here we report results from two field studies conducted at the Maricopa Agricultural Center (Maricopa, Arizona).
The first study was a non-target organisms field study (NTO), and its objective was to identify and evaluate the effects
of expressed Bt proteins on arthropod ecology. We limit the current presentation of data from this study to findings
pertaining to the efficacy of Bollgard and Bollgard II against PBW. The effects of expressed Bt proteins on non-target
organisms will be reported at a later date by separate publication. Our second study was the Bt isoline study (Isoline),
where we assessed the field efficacy of Cry1Ac and Cry2Ab transgenes, each alone or together, against PBW in near
isogenic cotton lines. These studies used insect monitoring procedures and yield data to assess efficacy. In addition,
basic plant development and general agronomic performance were observed and measured. Up to sixteen (conven-
tional and transgenic) cotton varieties from four families were evaluated in the Isoline study; however we limit this
paper to the findings pertaining to just one family of cotton lines.

Methods

Genetic Material
All seed was provided by Monsanto and Delta and Pine Land Companies. ‘DP50B’ was previously developed by
backcrossing the Bollgard gene  (‘B’) from Coker 312 into the conventional variety ‘DP50.’ DP50B was then trans-
formed with the Cry2Ab gene (‘X’) to give rise to the experimental line 985BX. The 985BX line was then back-
crossed to DP50 to produce near isogenic single gene variants, 985B and 985X. We assessed efficacy of 985X, 985B
and 985BX against PBW using DP50B as a transgenic control and DP50 as the non-transgenic control.

Experimental Design
In the NTO study, nine treatments were arranged in a randomized complete block design with four replications. The
nine treatments consisted of a complete factorial of three cotton genotypes (DP50, DP50B, and 985BX) and three
spray regimes (UTC, NL, and S). The three regimes were: UTC which received no sprays; No Lep Spray (NL) which
received maintenance sprays for pests other than PBW only; Spray All (S) which was sprayed for all insect pests
including PBW. The test was planted on 2 May at the Maricopa Agricultural Center (Maricopa, Arizona). Plots were
60 ft by 18 row on 40-in row spacing.
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In the Isoline study, five cotton genotypes (DP50, DP50B, 985BX, 985B and 985X) were planted on 25 May in plots,
40 ft x 4 rows on 40-in row spacing, arranged in a randomized complete block design with four replications. All plots
were seeded at a rate of about 25 lbs / A and then hand-thinned to a final stand of about 40,000 plants per A. One of the
two main blocks received the NL (no lep) spray regime while the second block was treated with the S (spray all) spray
regime. Due to seed processing related problems, germination was unacceptably low for 985X which was later re-
planted on 9 June.

Six internal rows of the NTO field were machine-harvested on 26 October, and grab samples were taken and ginned
to determine gin turnouts. Two internal rows of each Isoline plot were machine-harvested on 26 October, and re-
picked on 29 November. Grab samples were taken during the first pick for gin turnouts and other fiber measurements.

Insect Monitoring
PBW moth pressure on the field sites was monitored by use of commercial delta traps baited with gossyplure phero-
mone (Pherocon®, Salinas, CA). A random sample of 50 hard, green bolls (about 21-d old) per plot were collected
from NTO on 14 September and 2 October, and from the Isoline experiment on 6 October. Two additional collections
were made from the Isoline NL plots after artificial infestations (8 August and 19 September). We tagged fifty flowers
per plot and three weeks later stapled egg sheets onto the adaxial surface of the bracts of each remaining tagged boll
(n≈25). The egg sheets were approximately 2.54 cm2 pieces of oviposition paper containing ≈200 PBW eggs each. All
PBW used for these artificial infestations were pharate first instars at the time of infestation, which minimized losses
to predation or weather. The colony is maintained by the USDA-ARS, Western Cotton Research Laboratory (Phoe-
nix, AZ) on artificial diet (Bartlett and Wolf 1985). We collected these bolls about one week after infestation. For the
artificial infestation, each boll was placed in an individual container and identified with a number and plot designa-
tion. These containers or the bolls (naturally infested) were placed in screen-ventilated plastic boxes and held in an
insect rearing room at 72°F. Each boll was examined with the aid of a microscope, and all PBW larval entrance holes
(artificial infestation), internal hits (natural infestation), and exit holes in the carpel walls were counted. Bolls were
dissected, and all living and dead larvae and pupae were counted with the aid of a microscope.

The rates of attack on these bolls were evaluated differently for the two types of infestation. We assessed naturally-
infested bolls by counting internal hits. “Hits” are the discolored, blemished, or warty growths produced on the
interior of the boll carpel by the plant in response to invasion by first instar larvae. Artificially-infested bolls were
evaluated by counting entry holes. Entry holes are microscopically visible on the external portion of the boll carpel.
Not all entry holes result in identifiable “hits” on the carpel interior. However, not all entry holes are easily identified
in bolls that have begun to crack open and dry down. In general, entry holes are a superior measure of the attack rate
or pressure on a boll by PBW, and this rate should be similar within cotton families and independent of Bt toxin
presence. Initiation of an entry hole by neonate larvae should be unaffected by toxin presence, because PBW first
instars do not ingest the carpel wall tissue as they bore into it (Leonard et al. 1999).

Live large larvae (≥ 3rd instar) that were recovered from putatively Bt bolls in both studies were retained and placed
on diet. The associated lint, carpels, and seed tissue were also retained for later testing to assess the presence of Bt
proteins. Seed embryos (progeny) do not always yield definitive testing results with respect to Bt protein presence in
the maternal plant, and so a method for using pulverized carpel tissue (maternal) with ELISA strips and other methods
are under development.

Statistical Analysis
To analyze the efficacy of Bt cotton lines against PBW infestation, tests for normality and analyses of variance
(ANOVA) using a randomized block model were performed on all dependent variables (JMP®, Statistical Discovery
Software, Version 4, SAS Institute 2000). Proportional data were transformed using an arcsine square root transfor-
mation before analyses. If significant differences were detected (alpha = 0.05) among class variables, then orthogonal
contrasts or Tukey’s HSD (P < 0.05) were used to locate differences.

We treated each spray regime in the isoline study as separate experiments. We first analyzed each regime separately
using a randomized block model, and then we analyzed the results in a single analysis of variance. For this latter
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analysis, we estimated separate block effects for each experiment, as we did not expect these to be consistent over
experiments. Variation due to treatment effects was divided into two components: average differences over experi-
ments (TMS), and experiment by treatment interactions (ETMS). Blocks were nested within regimes and considered
a random effect. Spray regimes and genotypes were fixed. We evaluated the line and line by regime interactions
against pooled error (s2). We used the F-ratio, TMS/s2, to test the size of treatment differences, and the F-ratio, ETMS/
s2, to test the extent to which treatment differences varied over the experiments.

Results

PBW moth pressure on the NTO field site began to increase in mid-August, intensified in mid-September, and peaked
the first week of October (Fig. 1a). Sprays effective against lepidopterous pests were applied only to plots in the
“Spray All” (S) regime beginning in August. Plots in the NL and S regimes were sprayed with foliar insecticides to
control non-lepidopteran pests, twice for Lygus, once for whitefly, and once for cotton fleahopper (for a total of 2
applications) during the growing season. In the Isoline field site, PBW pressure remained typically low until late
September (Fig. 1b). The sprays effective against lepidopterous pests were applied when there were concerns about
PBW moth occurrence, and not necessarily when non-Bt bolls reached threshold. The S main plot was sprayed 3
times for lepidopterous pests (Fig. 1b). The S & NL main plots were sprayed with foliar insecticides to control non-
lepidopteran pests (three times for Lygus, three times for whitefly, and once for cotton fleahopper) during the growing
season (for a total of 5 applications).

The percentage of bolls infested with live PBW in the conventional control (DP50) differed significantly among
sample dates from the Isoline field site (F=32.25, df =2,13, P<0.0001). On 19 September, the average for DP50 was
93.4 ± 2.4%, which did not differ significantly from the average for DP50 on 6 October (82.5 ± 2.3%). However, on
8 August, the average infestation for DP50 (38.8 ± 8.7%) was significantly lower than for the other sample dates.
Thus for the Isoline test, we report results only from the 19 September and 6 October boll collections.

There was no significant difference in the number of hits among the cotton varieties on either NTO sample date (Fig.
2a). However, the S regime had significantly lower hits per boll than the other regimes for all three varieties for both
sample dates (9/14/00: F=5.40, df = 2,12, P<0.022; 10/2/00: F=28.23, df = 2,12, P<0.001). The same trend (no
difference in hits among lines) was seen for the natural infestation in the Isoline study (10/6/00; Fig. 2b). However,
we did observe an interesting pattern in the artificial infestation sample of 19 September. In this sample, almost all
(93%) DP50 bolls were infested allowing evaluation of the rate of attack by first instars under maximum PBW
pressure. 985B showed a significantly lower rate of attack by first instars (7.47 ± 1.09 hits; Fig. 2b) than other
varieties (985X: 14.09 ± 0.75 hits, and DP50B: 13.67 ± 2.45 hits).

There were significantly lower numbers of live first instars in the Bt lines (DP50B and 985BX) of NTO (Fig. 3a) as
compared to DP50 (9/14/00: F=4.06, df = 2,12, P<0.05; 10/2/00: F=5.42, df=2,12, P<0.02) with similar trends ob-
served for Isoline trials. Compared to DP50 (0.60 ± 0.28), DP50B (0.18 ± 0.14) had a 3-fold reduction in live first
instars per boll on 14 September, and 985BX had a 120-fold reduction (0.005 ± 0.005; Fig. 3a). These differences
were less pronounced on 2 October; however, the transgenic lines had significantly more dead first instars (F=23.09,
df = 2,12, P<0.0001) than DP50. These two Bt lines, however, were not significantly different than each other for
either variable.

Patterns showing that Bt proteins were killing small PBW larvae were also evident upon examination of second
instars present in the NTO and Isoline field studies. On 14 September (NTO), both transgenic lines had significantly
fewer live second instars per boll than the conventional control (F=8.83, df =2,12, P<0.004). There was no significant
difference in the number of dead second instars. By 2 October, we did observe significant differences between the
transgenic lines (DP50B & 985BX) and the conventional control in both live and dead second instars. The effect of Bt
toxins on live second instars was very strong (F=23.17, df =2,12, P<0.0001). When compared to DP50 (0.77 ± 0.05),
DP50B (0.07 ± 0.014) showed a significant 11-fold reduction in the mean number of live second instars per boll,
while 985BX approached zero (0.002 ± 0.002) representing more than a 450-fold reduction. After the 19 September
artificial infestation (Isoline), we found 12 live second instars among 75 (DP50) control bolls, yet only one each in the
DP50B and 985BX, and none in the other varieties (985X and 985B) in this sample (F=2.77, df=4,12, P<0.077). In
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naturally-infested bolls (Isoline: 6 October), we found live second instars per boll differed significantly among lines
(NL: F=4.79, df = 4,12, P<0.015; S: F=5.04, df=4,12, P<0.013), because DP50 had more second instars than any of
the Bt varieties.

The incubation and handling period should have facilitated maturation of most larvae into larger instars. For 14
September sample (NTO), there was a strong significant effect of Bt transgenes on large (≥ 3rd instar) larvae (F=29.70,
df = 2,12, P <0.001; Table 1). DP50 (1.18 ± 0.28) had significantly more large larvae per boll than DP50B (0.07 ±
0.04) or 985BX (0.007 ± 0.005). In the latter case, we found only 4 large larvae infesting 3 bolls among 600 bolls of
this variety. This pattern was consistent in the second NTO sample (Table 1). DP50B and 985BX demonstrated
significant 15-fold (0.19 ± 0.04) and 215-fold (0.013 ± 0.0.013) reductions, respectively, in large (≥3rd instar) PBW
larvae per boll as compared to DP50 (2.86 ± 0.76). In the Isoline study, there were significant differences in large (≥
3rd instar) larvae per boll between the control and the Bt lines (9/19/00: F=48.65, df=4,12, P< 0.0001; 10/6/00:
F=61.33, df =4,24, P≤0.0001). Although, there was no significant difference between Bt varieties in large larvae per
boll, the numerical differences still bear inspection (Table 1). For the 6 October sample, 985B showed a 17-fold
reduction in large larvae per boll, while both DP50B and 985X (Cry2Ab) showed 151-fold reductions in large larvae
relative to DP50. There were no large larvae found in any of the 985BX bolls (N=160).

Direct comparisons of per boll levels may not fully explain efficacy of a Bt variety. To do this better we adjusted the
above numbers according to the number of hits per boll (‘% Pressure’, Table 1). Relative to the attack rate on a Bt boll,
infesting PBW larvae were rarely able to mature into larger instars. For example, in the 14 September (NTO) sample,
DP50B experienced a significant 34-fold reduction in % Pressure vs. a 17-fold reduction in large larvae (a per boll
parameter) relative to the control. 985BX showed a nearly 177-fold reduction in large larvae per boll as compared to
DP50, yet it demonstrated in excess of a 308-fold reduction in % Pressure.

DP50 demonstrated a significantly greater proportion of bolls infested with large (≥3rd instar) larvae than the Bt lines
in both of our studies (Table 1). On 14 September (NTO), a significantly greater proportion (47.5 ± 6.6%) of DP50
bolls were infested with large larvae as compared to DP50B (3.8 ± 2.1%) and 985BX (0.5 ± 0.3%) (F=67.6, df = 2, 12,
P<0.0001). The level of infestation by large larvae in the control rose to 68.5 ± 14.4% on 2 October, and was again
significantly (F=460.5, df = 2,12, P<0.0001) higher than the proportion in DP50B (5.7 ± 0.6%) and 985BX (0.7 ±
0.7%). Rates of infestations in the Isoline artificial and natural samples for the controls were 93% and 69%, respec-
tively. All Bt lines achieved large significant reductions in the proportion of bolls infested with large PBW instars
(Table 1).

‘% Recovery’ is the hit or entry hole adjusted mean for all PBW recovered (live and dead larvae, pupae, exit holes).
This variable gives an indication of the relative efficiency of our sampling effort adjusted for the attack rate by first
instars. In the artificial infestation (Isoline), very few PBW, live or dead, were recovered from Bt cotton bolls relative
to the number of entry holes (Table 2). Recovery rates ranged from 5-8% for the Bt lines as compared to 48% for the
control. Where more than one cohort was present (Isoline naturally-infested bolls), the rates of recovery improved for
Bt lines. However, the higher recovery rate for our control remained significantly higher than the recovery rates for
the Bt lines (Table 2).

Contrasts among lines are most striking when examining the average age distributions of all PBW forms (Fig. 4). The
conventional line, DP50, supported far more live PBW than any of the Bt-protected lines. In addition, most PBW
were found as dead first instars in the one-gene lines, though some live and some larger PBW were also present. The
985BX line, however, had some of the highest levels of dead first instars coupled with some of the lowest levels of
larger PBW (>first instars, dead or alive). Furthermore, some of the few large larvae recovered from bolls in the Bt
plots appeared “sick” and failed to develop normally once placed on non-toxic artificial diet.

985BX significantly out yielded both DP50B and DP50 in the NTO study (Fig. 5a). As expected our untreated control
yielded significantly less than the treated regimes (Fig. 5a). With respect to lint turnout (lint/seedcotton), DP50B
(29.86 ± 0.13%) had significantly lower turnout than either DP50 (30.86 ± 0.13%) or 985BX (30.57 ± 0.13%) (Fig.
5a). The spray (S) regime had significantly better turnout than the UTC and NL regimes, but the differences were
small (S: 30.8 ± 0.13%; UTC: 30.1 ± 0.13%; NL: 30.3 ± 0.13%).
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985B, 985X and 985BX had significantly lower yields than DP50 and DP50B after the first pick in the Isoline study
(Fig. 5b). Yet, these varieties did not differ significantly in total bales/A from DP50 (Fig. 5b). Second pick was
harvested about a month after the initial harvest, and during this period the Isoline field site experienced the highest
PBW moth pressure of the entire season (Fig. 1). All Bt varieties significantly out-yielded DP50 in second pick bales/
A (Fig. 5b), except 985X which had been replanted. DP50B (2.88 ± 0.06 bales/A) significantly out-yielded all other
varieties in total bales/A. DP50B (29.90 ± 0.25%) and DP50 (29.77 ± 0.25%) had significantly higher turnout than
985X (28.57 ± 0.25%) (F = 4.56, df = 4,24, P<0.007). The cotton lines did not differ significantly in mean % trash (F
= 1.37, df = 4,24, P>0.27), but did differ in % lint (F = 23.36, df =4,24, P<0.0001). DP50B (33.91 ± 0.16%) had
significantly greater % lint than all other lines except DP50 (33.67 ± 0.16, P>0.05). 985X (32.09 ± 0.16, P<0.05) had
significantly less % lint than the other varieties except 985B (32.58 ± 0.16, P>0.05).

Although citrus peelminer (Lepidoptera: Gracillariidae: Marmara spp.) does not appear to be an economic pest of
cotton in Arizona at this time, it is an excellent bio-indicator of the expression of Bt proteins in field stands of cotton
(Fig. 6). The presence or absence of citrus peelminer in both our NL and S (Isoline) plots on 10 consecutive plants per
plot was measured. All Bt varieties in our test had significantly lower mean presence per 10 consecutive plants than
the non-transgenic line (F = 53.66, df = 4,24, P<0.0001; Fig. 7). Additionally, 985X and 985BX had significantly
lower mean presence per 10 consecutive plants than 985B and DP50B (P<0.05; Fig. 7).

Discussion

Bt cotton kills larvae through processes that begin with ingestion. After ingestion, the Bt protoxin is broken down and
activated to its toxic form in the larval midgut. The nature of this toxic reaction is such that larvae may cease feeding,
partially recover, and resume feeding once again. In addition to eventual death, the result is often an extended devel-
opmental period and severely slowed growth. It does not preclude the possibility of some larvae reaching later instars
before dying.

In terms of management, this means that PBW larvae, especially smaller larvae, are routinely found in Bt cotton bolls.
Efforts to monitor efficacy (Ellsworth et al. 1995a,b, 1996; Sieglaff et al. 1999) and resistance (Tabashnik et al. 2000)
depend on the relative presence of large larvae or older PBW forms recovered from Bt bolls in comparison to non-Bt
bolls. This study shows once again that Bollgard cotton is highly effective against PBW as in other studies (Flint et al.
1996; Simmons et al. 1998a,b; Flint & Parks 1999; Patin et al. 1999). Based on 4 date-locations, DP50B bolls had on
average about 0.09 large larvae (≥3rd instar) per boll, approximately 30-fold fewer than in comparative DP50 bolls (a
96% reduction). The ultimate fate of these larvae as survivors is unknown particularly from naturally-infested bolls
where the chronological age of the recovered larvae is unknown. It would be inappropriate to assume that all these
PBW would have survived to maturity or that they were hosted by Bt protein-expressing bolls. In fact, many of the
larvae that survived to larger instars in this study failed to develop to adulthood once placed on non-toxic diet (data
not shown).

While studies attempt to guard against the undue bias of any single boll (e.g., Tabashnik et al. 2000) on these esti-
mates because of the chance of non-expressing tissues in the field, a great deal of caution is warranted in estimating
the frequency of live large PBW larvae in bolls. Per boll parameters can be biased by the presence of just a relatively
few bolls producing large numbers of larvae. Given the potential for losses of potency due to seed impurity, off-types,
in-field contamination, heterozygotes, or silenced genes, it is important to examine the data in terms of proportion of
bolls infested in addition to per boll means. Our results showed that about 3.5% of the DP50B bolls hosted large
larvae, 20-fold fewer than DP50 (a 95% reduction) and about one third of the per boll estimates measured. This
demonstrates that many of the bolls that contained large larvae harbored more than one larva. This could suggest the
presence of non-expressing bolls, a parameter that is unknown in any previously published study on PBW in Bt
cotton.

From our Bt plots, maternal and progeny tissues from bolls that harbored large larvae were retained and are currently
being tested for the presence and level of Cry1Ac toxin equivalents. Assuming no out-crossing, we already know
from ELISA testing of seed tissues (with 99% confidence) that at least a portion of the bolls taken from Bt plots was
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not expressing Bt. Thus, rates of PBW survival to third instar in Bt-expressing bolls are likely overestimated. This has
dramatic consequences when inferring rates of resistance alleles using indirect methods (e.g., Tabashnik et al. 2000).

Other complications with properly assessing efficacy and monitoring resistance based on PBW incidence in bolls
include estimating rates of attack and differential rates of larval recovery among cotton lines. Attack rates are impor-
tant in understanding the “success” of the infestation and the pressure on any given boll. In comparing Bt to non-Bt
bolls, it is assumed the rates of attack are similar and, more subtly, non density-dependent. Attack rates are best
estimated by measuring the number of entry holes made by neonate larvae through the boll carpel. This is a better
measure than the number of eggs on the boll or even the number of “hits” found on the boll interior. In the Isoline test
where entry holes were counted, significant differences were encountered even within the near isogenic DP50 family.
In addition, significant differences were measured among cotton families (data not shown) suggesting that compari-
sons of PBW survival to any stage in Bt versus non-Bt bolls is hazardous without a measurement of attack rates. For
example, twice as many entry holes were counted in 985X than in the 985B isoline on one date in spite of a controlled
infestation procedure. When larval survival was adjusted for attack rates in these studies, Bt bolls compared even
more favorably to non-Bt bolls (97–99% reduction).

At some level, a boll is unable to sustain the presence of more PBW larvae. Even before this nutritional limit is
reached, various density dependent processes are at work which must modulate the final number of larvae infesting a
cotton boll. Thus assuming inverse density dependence, as the number of larvae attacking a boll approaches 1, the
greater chance these larvae have for survival. These density dependent processes likely operate in a nonlinear manner,
but intensify as a boll becomes saturated with larvae. This is an unknown function of larval survival; however,
empirical evidence from this and other studies would suggest that even under artificially high rates of attack, maxi-
mum average densities of large larvae rarely exceed 3 or 4 larvae per boll with rates of 1–2 per boll being much more
common (e.g., Henneberry & Jech 2000). It follows, therefore, that saturation is more likely reached in unprotected
bolls (e.g., DP50) than in Bt bolls. Thus, as DP50 bolls saturate with large larvae, increasing attack rates fail to result
in more larval production. So for Bt bolls where saturation is highly unlikely, continually increasing attack rates have
comparatively greater effect on large larval outcome. Thus, estimates of relative efficacy or inference about resis-
tance alleles using comparative information, particularly from the field, should be made extremely cautiously and
with limited confidence.

This study shows that even under carefully controlled conditions of field infestation and sampling, large differences
can occur in the rates of larval recovery from infested bolls among lines. Recovery is the number of PBW forms found
per entry hole or hit. In part, it is a measure of our sampling efficiency. Assuming similar efficiencies in recovering
larvae of all sizes, live or dead, from bolls of any type, we would expect to have similar recovery rates among all
cotton lines. Yet in every case, recovery rates for infesting larvae in the Bt lines were consistently lower than in DP50.
In many cases, the difference was 1–2 orders of magnitude. We assume that not all of the intruding larvae were
recovered from the Bt lines. These lower rates may reflect the efficacy of the Bt lines in killing very small larvae
which, in turn, lose integrity and are difficult to detect among surrounding cotton tissues, even under magnification.
Conversely, most PBW survive in non-Bt bolls and yield easy-to-find large larvae. The difference in rates of recovery
of larvae, especially small larvae, between conventional and Bt lines needs to be given strong consideration in any
evaluation of efficacy against PBW. This also reinforces the importance of having estimates of attack rates indepen-
dent of larval occurrence. Studies which rely solely on the comparative presence of larvae (live or dead) are likely
grossly underestimating the mortality rates in Bt cotton.

With the above caveats in mind, this study reports the comparative efficacy of near isogenic cotton lines on PBW
infestation. For most parameters measured, Bollgard lines (Cry1Ac only) were highly effective in controlling PBW,
reducing occurrence by at least 95%. This outcome is consistent with even the earliest tests of Bollgard efficacy
(1993–1995) on PBW in Arizona (Ellsworth, unpubl. data).

The development of a second Bt gene (Cry2Ab) in a transgenic product (Bollgard II) opens up new possibilities in
lepidopteran control and resistance management. Based on our studies, this second gene when used alone (i.e., 985X)
appears to be at least as effective against PBW as original Bollgard (e.g., DP50B or 985B). Furthermore, the Cry2Ab
gene appears to confer a broader spectrum of control as evidenced by the significant reduction in Citrus Peelminer
incidence relative to the 985B isoline.
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The commercialization of Cry2Ab by Monsanto will be in combination with the Cry1Ac gene and together known as
Bollgard II. 985BX, our Bollgard II isoline of DP50B, performed as good or better than all other lines in controlling
PBW. On average and for most of the parameters measured, 985BX achieved a level of suppression about 1 order of
magnitude higher than the Bollgard comparison lines or around 99% suppression. This is an increase in efficacy of at
least 25%.

This arguably modest increase in efficacy does not adequately describe the apparent increases in the speed of kill in
the 985BX isoline. While our analyses and extent of sampling were rarely sensitive enough to statistically distinguish
among Bt lines, the resulting PBW age distributions clearly demonstrated important changes in PBW mortality. The
985BX consistently stopped PBW development at an earlier stage and at a higher rate (mostly dead first instars). This
observed change in efficacy is consistent with the goal of taking high dose lines (Bollgard) and raising the dose even
higher (Bollgard II).

Once our analyses of Bt toxin expression are complete, we expect that many of these comparative estimates of
efficacy will be revised upward. However, even without completing these analyses, it is interesting to note that on
average from the Isoline test there was about 2% of the bolls harboring large larvae regardless of the Bt involved.
Given this consistent refractory result in spite of the ostensible differences in efficacy, we could speculate that a
significant portion of these remaining bolls are in fact non-expressing “contaminants” inherent to the seed production
and/or field experimentation process.

In all previous evaluations of the DP50 family (Moser et al. 2000; Moser 2000; Sieglaff et al. 1999), the Bollgard II
line (985BX) has yielded as well or better than the comparative DP50B or non-transgenic DP50 lines. This general-
ized pattern held up in our studies in all cases except in the Isoline experiment. 985X was replanted and cannot be
properly compared to the other isolines; however, 985B yielded less than DP50B which also out-yielded 985BX. The
reason for these deviations from expected are unknown, but appear to be unrelated to efficacy against PBW. Given the
extremely high levels of PBW control in all of the Bt lines, it would be surprising to see any differences in yield
among these lines. However, all the Bt lines including 985BX had significantly higher second picked yields relative
to DP50. This is suggestive of excellent late-season control of PBW in these lines.
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Table 1: Average number (±SE) of PBW larger than second instar (≥3rd PBW; including exit holes) recovered from
field-collected bolls of the DP50 family of cotton lines on four dates at two study sites (Maricopa, AZ). ‘% Pressure’
is this average adjusted for the number of entry holes (externally-visible; artificial infestations) or hits (internally-
visible; natural infestations) per boll. ‘% Infested Bolls’ is the average % of bolls infested with PBW larger than
second instar. ‘∆DP50’ is the change in response for one line relative to the non-Bt check line (DP50).

Table 2: Average number (±SE) of PBW hits (internally-visible; natural infestations) or entry holes (externally-vis-
ible; artificial infestations), and of all PBW (living or dead; All PBW) per boll recovered from field-collected bolls of
the DP50 family of cotton lines on four dates at two study sites (Maricopa, AZ). ‘% Recovery’ is All PBW adjusted
for the number of hits or entry holes—an estimate of our recovery rate. Recovery of PBW from the Bt lines was
substantially lower than in the non-Bt check line (DP50) most likely because larvae were killed by the Bt while they
were quite small. These larvae likely lose their integrity within the boll and escape detection.

Infestation Variety
5 0 3.57 ±0.63 a 2.05 ±0.43 a 60.33 ±3.97 a

50B 4.30 ±1.13 a 0.60 ±0.29 b 10.37 ±2.86 b

985BX 4.76 ±0.75 a 0.70 ±0.23 b 10.90 ±3.46 b

5 0 9.55 ±0.97 a 4.79 ±0.20 a 55.53 ±5.13 a

50B 9.19 ±0.69 a 3.36 ±0.48 b 38.38 ±5.08 b

985BX 9.27 ±0.80 a 3.68 ±0.53 a 41.17 ±5.45 b

5 0 12.01 ±1.80 a,b 4.04 ±0.53 a 47.60 ±6.56 a

50B 13.67 ±2.45 b 1.41 ±1.01 b 8.23 ±4.45 b

985B 7.47 ±1.09 a 0.25 ±0.17 b 4.64 ±4.02 b

985X 14.09 ±0.75 b 0.73 ±0.23 b 5.91 ±0.95 b

985BX 11.97 ±1.11 a,b 0.59 ±0.37 b 4.47 ±2.38 b

5 0 4.51 ±0.53 a 2.42 ±0.16 a 60.17 ±6.32 a

50B 3.76 ±0.30 a 1.12 ±0.15 b 31.84 ±5.96 b

985B 4.35 ±0.28 a 1.26 ±0.33 b 27.34 ±7.62 b

985X 5.19 ±0.23 a 0.92 ±0.15 b 21.39 ±4.47 b

985BX 4.90 ±0.20 a 1.38 ±0.29 b 28.38 ±6.36 b

* Combined S, NL, and UTC regimes; ** NL only; *** Combined NL & S.

N = Natural Infestation;  A = Artificial infestation.

% Recovery (SE)Hits or Entry Holes (SE) All PBW (SE)

NTO, N 
9/14*

Means within same column & infestation sharing the same letter are not significantly different (P > 
0.05; Tukey’s HSD test).

NTO, N 
10/2*

ISO, A 
9/19**

ISO, N 
10/6***

Infestation Variety ∆DP50 ∆DP50 ∆DP50
5 0 1.18 ±0.28 a — 38.13 ±4.94 a — 47.50 ±6.62 a —

50B 0.07 ±0.04 b 1 7 1.11 ±0.48 b 3 4 3.83 ±2.15 b 1 2

985BX 0.01 ±0.005 b 177 0.12 ±0.10 b 308 0.50 ±0.32 b 9 5

5 0 2.86 ±0.76 a — 28.76 ±9.21 a — 68.50 ±14.43 a —

50B 0.19 ±0.04 b 1 5 1.98 ±0.39 b 1 5 5.67 ±0.58 b 1 2

985BX 0.01 ±0.013 b 215 0.10 ±0.10 b 302 0.67 ±0.67 b 103

5 0 3.81 ±0.50 a — 45.33 ±5.75 a — 93.43 ±2.37 a —

50B 0.09 ±0.07 b 4 3 1.08 ±0.65 b 4 2 3.82 ±2.41 b 2 4

985B 0.00 ±0.00 b ∞ 0.00 ±0.00 b ∞ 0.00 ±0.00 b ∞
985X 0.10 ±0.10 b 3 8 0.59 ±0.59 b 7 7 3.75 ±3.75 b 2 5

985BX 0.10 ±0.08 b 3 9 1.05 ±0.89 b 4 3 3.50 ±2.36 b 2 7

5 0 1.88 ±0.22 a — 44.94 ±6.19 a — 69.38 ±5.86 a —

50B 0.01 ±0.013 b 151 0.21 ±0.21 b 216 0.63 ±0.63 b 111

985B 0.11 ±0.06 b 1 7 2.88 ±1.62 b 1 6 3.75 ±1.57 b 1 9

985X 0.01 ±0.013 b 151 0.25 ±0.25 b 180 0.63 ±0.63 b 111

985BX 0.00 ±0.00 b ∞ 0.00 ±0.00 b ∞ 0.00 ±0.00 b ∞
* Combined S, NL, and UTC regimes; ** NL only; *** Combined NL & S.
N = Natural Infestation;  A = Artificial infestation.

% Infested Bolls (SE)≥3rd PBW (SE) % Pressure (SE)

NTO, N 
9/14*

Means within same column & infestation sharing the same letter are not significantly different (P > 0.05; Tukey’s HSD test).

NTO, N 
10/2*

ISO, A 
9/19**

ISO, N 
10/6***
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Figure 1: Average number of PBW moths captured per night at two study locations, NTO (A) and Isoline (B). Sprays
targeting lepidoptera were made only on designated ‘S’ plots.
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Figure 2: Average number of internal hits (A, B–below; natural infestations) or entry holes (B-above; artificial infes-
tations) per boll (±se) in the NTO (A) and Isoline (B) field tests for a total of 4 sample dates (see Table 2). On 9/19 (B–
above), only the NL regime was sampled. U = unsprayed; NL = no lepidopteran sprays; S = sprays for all insects. Bars
with circle are significantly different from others within the same line (P<0.05). Bars sharing the same letter are not
significantly different (Tukey’s HSD, P<0.05).
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Figure 3: Average number of live (A; natural infestations) and dead first instars (A & B) per boll (±se) in the NTO (A)
and Isoline (B) field tests for a total of 4 sample dates (see Table 2). On 9/19 (B–above; artificial infestation), only the
NL regime was sampled. Results are combined over all spray regimes in NTO (A). NL = no lepidopteran sprays; S =
sprays for all insects. #x = change from the conventional control (DP50). Bars sharing the same letter are not signifi-
cantly different (Tukey’s HSD, P<0.05).
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Figure 6: Photograph of typical stem mining symptoms of Citrus Peelminer (Lepidoptera: Marmara spp.) in cotton.

Figure 7: Average number of cotton mainstems (±se) showing large Citrus Peelminer mines per 10 consecutive plants
for two families of cotton lines and an additional conventional standard (STV474). NL = no lepidopteran sprays; S =
sprays for all insects. Bars sharing the same letter are not significantly different from others within the same family
(Tukey’s HSD, P<0.05).


