Environ Sci Pollut Res (2016) 23:21511-21516
DOI 10.1007/s11356-016-7340-7

@ CrossMark

RESEARCH ARTICLE

Efficacy of Bt maize producing the CrylAc protein against two

important pests of corn in China

Hong-Xing Chen' - Rui Yang' - Wang Yang' - Liu Zhang' - Ibrahima Camara’ -

Xue-Hui Dong’ - Yi -Qing Liu? - Wang-Peng Shi'?

Received: 18 November 2015 /Accepted: 28 July 2016 /Published online: 11 August 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Ostrinia furnacalis (Guenée) and Helicoverpa
armigera (Hiibner) are the most important pests of maize in
China. A laboratory study and a 2-year field study on the efficacy
of transgenic maize expressing the Cry1Ac protein BT38 against
O. furnacalis and H. armigera were performed. We found that
the husks, kernels, and silks of BT38 showed significant efficacy
against larvae of O. furnacalis and H. armigera. In the field,
when neonate larvae of O. firnacalis and H. armigera were on
plants at different growth stages and when levels of leaf-damage
or number of damaged silks were used to score efficacy, we
found that BT38 showed significant insecticidal efficacy against
O. furnacalis and H. armigera, but the non-Bt maize did not
show significant efficacy against either pest. These results
suggest that the insecticidal efficacy of Bt maize expressing the
CrylAc protein could be useful in the integrated pest
management of these key maize pests.
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Introduction

Genetically modified (GM) crops are plants that have had a
target gene, isolated from plants, microorganisms, or animals,
transferred into the crop genome through various methods,
making it inherently stable and lending the crop new genetic
characteristics such as insect resistance, disease resistance,
stress resistance, high yield, and high quality (Ferré et al.
2008). Isolated from bacterium Bacillus thuringiensis (Bt)
and imported into the maize genome, the target gene BT is
able to address the need of the maize for new genetic resis-
tance against insect pests.

Transgenic technology has benefits that traditional and
conventional cultivation technology cannot offer (Gould
1998). Maize (Zea mays L.) is one of the most important cereal
crops in the world, both for human food production and ani-
mal husbandry (Yang and Song 2001). The most serious pests
of maize in China have been, until recently, the Asian corn
borer Ostrinia furnacalis (Guenée) and the cotton bollworm,
Helicoverpa armigera (Hiibner). Chemical insecticides are, or
were until recently widely applied to control these pests,
which led to further problems such as pest resistance, pest
outbreaks, and higher pesticide residues in the crop. GM
maize (with the addition of various Bt proteins) can also be
used to control these maize pests (Koziel et al. 1993, Yang and
Song 2001, He et al. 2003a, b). Since the first transgenic maize
plants expressing the Cry 1 Ab protein were reported by Koziel
et al. (1993), a total of 10 transgenic maize lines have been
made commercially available (Comas et al. 2013). All of these
transgenic maize lines have been designed to control the
European corn borer, Ostrinia nubilalis (Hiibner), and other
lepidopteran pests by expressing CrylAb (events 176, Btl1,
MON810, MONB809, and MON802), CrylAc (event
DBT418), Cry9C (event CBH351), or CrylFa2 (event
TC1507) proteins. Substantial research has shown Bt cotton
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expressing CrylAc to have good control effects on
H. armigera, an important cotton pest in China (Wu et al.
2008). Considering the remarkable adaptability of insects to
toxins and other control tactics, the evolution of resistance in
target pests to Bt toxic proteins endangers the future efficiency
of Bt maize (Carriere et al. 2010). Although the majority of
target pest species remain susceptible to Bt maize, several
cases of evolved resistance have been reported in five species
of lepidopteran pests: Helicoverpa punctigera to Bt cotton
producing CrylAc and Cry2Ab, Helicoverpa zea to Bt cotton
producing CrylAc and Cry2Ab, Spodoptera frugiperda to Bt
maize producing CrylF, Pectinophora gossypiella to Bt cot-
ton producing CrylAc, and Busseola fusca to Bt maize pro-
ducing Cryl Ab, (Carriére et al. 2010). Natural selection will
create the evolution of resistance to Bt maize in three situa-
tions, which are as follows: offspring of surviving insects on
Bt maize, different fitness continually affecting survival rate
on Bt maize, and varied individual survival rate on Bt maize
(Benardi et al., 2014). Because of temporal and spatial overlap
of Bt maize in crop-production systems in China, such overlap
may enhance the threat of H. armigera and O. nubilalis to the
evolution of resistance to Bt maize. However, there are no data
available in the literature demonstrating the efficacy of Bt
maize expressing CrylAc against H. armigera and
O. nubilalis.

The purpose of this study was to systemically evaluate the
effects of Bt maize expressing CrylAc against O. furnacalis
and H. armigera under laboratory and field conditions so as to
provide information to incorporate the use of Bt maize varie-
ties into integrated pest management plans against these
invertebrates.

Materials and methods
Maize varieties

Bt maize BT38 and its corresponding non-transformed near
isoline Z58 (non-Bt maize) as a control were used for the

experiments. Both were provided by the China National
Maize Center (Haidian, Beijing).

Sources of experimental insects

Neonate larvae of the Asian corn borer (O. furnacalis) were
provided by the Institute of Plant Protection, Chinese
Academy of Agricultural Sciences (Haidian, Beijing).
Neonate cotton bollworm (H. armigera) larvae were obtained
from a laboratory colony from the China Agricultural
University (Haidian, Beijing).

Expression analysis of CrylAc proteins in Bt maize

Leaves were collected from BT38 and Z58 at the 6~8-leaf
stage; silks and kernels were collected from BT38 and
758 at blossom stage (Table 1), then weighed and kept at
—20 °C until Cry protein levels were analyzed. The concen-
tration of Cry1l Ac in maize leaves, silks, and kernels was mea-
sured by ELISA with Cry1 Ac detection kits from EnviroLogix
(Portland, ME). Kits were identified as zxfQualiPlatery; Kit
for CrylAb/CrylAc—AP 003 CRBS. The samples were di-
luted at a rate of 1:20 (milligram sample: microliter PBST
buffer) and fully ground by mortar and pestle. ELISA was
performed according to the manufacturer’s instructions.

Bioassay with Asian corn borer and bollworm

Neonate larvae of Asian corn borer and cotton bollworm were
tested on the husks, kernels, and silks of maize. Samples of
plant tissues were punched out into 2-cm long rectangle pieces
and then put into the wells of Cultrex 24 Well BME Cell plates
obtained from the Corning Company (NY, USA); two neonate
larvae were put into each of 24 cells. Each treatment had three
replicates. The Cultrex 24 Well BME Cell plates with larvae
were placed in an incubator and held at 27 + 1 °C and 14 L:
10Dh photoperiod. Larval survival was recorded each day for
8 days following the treatment.

Table 1 CrylAc concentrations
(ng/g fresh weight) in CrylAc

CrylAc concentrations (ng/g fresh weight)

maize leaves, husks, kernels, and
silks Trifoliate stage (leaves)

Jointing stage (leaves)
Tasselling stage (leaves)
Blossom stage (leaves)

Silks

Husks

Kernels
F=2249;df=6,15; p<0.05

480.30 = 16.84¢
852.25+21.26a
621.55 £ 14.58b
587.38 + 17.68b
319.38 +27.20d
282.25 + 15.65de
25745 £16.71e

Means (£SE) followed by different letters in the same column are significantly different (Tukey’s multiple range

test, P < 0.05)
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Field experiment design

Bt maize BT38 and its corresponding non-transformed near
isoline Z58 (non-Bt maize) were grown in the field under
unprotected conditions during the 2012-2013 growing sea-
sons at the Shangzhuang Experimental Station of China
Agricultural University, located to the east of Xinlitun village,
Haidian District, Beijing (altitude, 47 m; 116°17" 52.84" E;
39°57" 52.84" N). Average annual temperature at the site is
12.6° C, and the climate is semi-arid with a total yearly rainfall
of 168 £ 8§ mm.

Bt and non-Bt corn plots were arranged in a randomized
block design with three replications, respectively. Each plot
measured 10 by 15 m and contained 10 rows with 60 cm
between rows and 25 cm between plants within a row. A 3-
m-wide strip of buffer separated each plot from its neighbors,
planted with non-Bt corn (Fig. S1). No herbicide or insecticide
has ever been used in the experiment fields. In 2012 and 2013,
corn was planted on June 5 and May 10, respectively.

Insect inoculation and sampling methods

Asian corn borer Maize was artificially infested with Asian
corn borer neonate larvae following the method outlined
by He et al. (2003a, b). The infestation was carried out
at the mid-whorl leaf and silk stage. At the mid-whorl
leaf stage, each of 40 selected plants in each plot was
artificially infested with about 60 neonate larvae using a
Bazooka applicator (Beijing, China, GDHY). Leaf dam-
age was measured 14 days later, and an assessment was
made of the relative level of leaf damage by classifying
the level of damage to each leaf on a nine-point scale
(Chang 2007). Also, at the silk stage, the first silks of
each plant were infested with about 60 neonate larvae
per silk mass with a Bazooka applicator, and again after
3 days to ensure successful infestation.

Cotton bollworm Maize foliage was artificially infested with
20~30 cotton bollworm neonate larvae on each of 40 plants
selected in each plot. Also, at the silk stage, the first silks of
each plant were infested with neonate larvae with a Bazooka
applicator, and again after 3 days. Silk damage levels were
assessed by classifying the level of damage using a nine-
point scale (Chang 2007).

Data analysis

Data were analyzed using an analysis of variance by
Nick Longford (Gerber and Voelkl 1997). Data on Cry
proteins in plant leaves were analyzed using one-way
analysis of variance (ANOVA) and Tukey’s HSD test.
Data on survival percentages of O. furnacalis and
H. armigera were arcsine square root transformed to

fit a normal distribution and then analyzed using
ANOVA. Data on damage levels of BT38 and Z8 by
O. furnacalis and H. armigera in field were analyzed
using Tukey’s test with SPSS 19.0 software.

Results
Cry proteins in Bt maize

Leaves, husks, kernels, and silks of the BT38 strain all pro-
duced CrylAc protein, and its concentration in these plant
parts was 480.30 to 587.38, 282.25, 257.45, and 319.38 ng/
g fresh weight (FW), respectively (F = 22.49; df = 6,15;
P < 0.05). The higher concentration of CrylAc protein was
found at the jointing stage of Bt maize (Table 1). No CrylAc
protein was detected in any samples from Z58.

BT38 varietal effects in the laboratory

The survival of Asian corn borer was <10 % within 58 days
after being placed on BT38 (expressing the CrylAc protein)
husks, kernels, and silks, but >65 % within 5-8 days after
feeding on the same tissues of the corresponding non-
transformed near isoline Z58 (non-Bt maize). This difference
indicates that Bt maize BT38 confers significant mortality to
Asian corn borer larvae (F = 6.785; df = 2, 6; P = 0.032)
(Fig. 1).

Similarly, the survival of cotton bollworm was <10 %
after 67 days of feeding on BT38 husks, kernels and
silks, but >70 % after 6—7 days feeding on the same tis-
sues of the corresponding non-transformed near isoline
Z58 (non-Bt maize). Bt maize BT38 thus showed signif-
icant insect mortality to cotton bollworm (F = 7.631;
df =2, 6; P =0.026) (Fig. 2).

BT38 varietal effect in the field

Asian corn borer In 2012, the average leaf damage level
on a scale from 0 to 8 (highest) (Table S1) and silk
damage to BT38 maize expressing the CrylAc protein
from Asian corn borer were 2.60 = 0.10 and
2.13 + 0.03 out of eight, respectively, while on the
non-transformed parental variety (Z58) leaf and silk
damage was 6.70 = 0.06 and 6.23 + 0.12 (F = 0.65,
df = 119, P < 0.05), respectively, significantly different
from BT38. Thus, BT38 maize expressing the CrylAc
protein showed efficacy against Asian corn borer, while
758 was susceptible to Asian corn borer in the field
tests (Fig. 3). In 2013, Asian corn borer damage to
leaves and silks of BT38 maize was 2.49 + 0.1 and
4.28 + 0.31, respectively, while the average damage
levels on leaves and silks of Z58 was 5.78 + 0.23 and
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Fig.1 Survival (+SE) of Ostrinia

—@— Bt38 Silks
—O— Z58 Silks
—W¥— Bt38 Kernels
—A— 758 Kernels
—l— Bt38 Husks
—1— 758 Husks

Sfurnacalis fed Bt maize BT38 120 -
husks, kernels, and silks,
respectively, expressing the
CrylAc protein and its recipient 100 A
cultivar Z58
80 1
£ 60 o
©
=
2
@ 40 4
20 A
0 T
6.07 £ 0.01, respectively (F = 0.38, df = 119,

P < 0.05), significantly different from damage to
BT38 maize (Fig. 3).

Cotton bollworm In 2012, the average damage level on silks
of BT38 from cotton bollworm was 2.43 + 0.15, while the
average level on Z58 was 4.02 = 0.29 (F = 0.61, df = 119,
P < 0.05) significantly different from that of Bt maize. In
2013, cotton bollworm damage to silks of BT38 maize was
0.89 £ 0.07, while the average damage levels to silks of Z58
were 3.52 + 0.39 (F = 0.47, df = 119, P < 0.05) significantly
higher than damage to BT38 maize. Using the average dam-
age level on silks as an evaluation criterion, BT38 showed
significant efficacy against cotton bollworm (Fig. 4).

2d 3d 4d 5d 6d 7d 8d

Feeding days

Discussion

Cotton and maize varieties expressing Cryl or Cry2
proteins targeting lepidopteran pests are the principal
GM crops grown worldwide. Many lepidopteran species
have demonstrated high sensitivity to the Cryl protein
(James, 2013). For example, CrylAb, CrylAa, and
CrylAc toxic proteins caused high mortality to
O. nubilalis, O. furnacalis, and Diatraea saccharalis.
Moreover, no significant differences in LCsy and LCy
values were found between species (Tan et al. 2011).
However, Heliothis virescens (F.), Chrysodeixis includes
(Walker), and Helicoverpa zea (Boddie) displayed
higher tolerance to the CrylAc toxin than some other
populations of lepidopteran pests (Benardi et al., 2014).

—@— Bt38 Silks
—O— 258 Silks
—W%— Bt38 Kernels
—4— 758 Kernels
—l— Bt38 Husks
—{— 758 Husks

Fig. 2 Survival (+SE) of 120 5
Helicoverpa armigera fed with Bt
maize BT38 husks, kernels, and
silks, respectively, expressing the 100
CrylAc protein and its recipient
cultivar Z58 80 -
60 A
©
2
2
& 40 A
20 A
0
1d
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0
BT38 Z58 BT38 Z58
2012 2013
Corn variety

Our laboratory tests found that Bt maize variety BT38 ex-
pressing the CrylAc protein caused significant mortality in
O. furnacalis and H. armigera (Figs. 1 and 2). Similar results
were also found in the Asian corn borer, O. furnacalis by
Wang et al. (2014). Our field tests found that the level of
damage from Asian corn borer and cotton bollworm to leaves
or silks on Bt maize expressing the CrylAc protein was sig-
nificantly lower than that of its isoline hybrid parental non-
transformed line Z58 (Figs. 3 and 4).

As a spray, products containing Bt toxins have
existed for many years. But short residuals in the field
and the consequent need for repeated use over a grow-
ing season have limited the use of Bt insecticides as
spray applications (Comas et al. 2014). Bt maize, in
contrast, expresses the Bt-protein continuously and elim-
inates these problems (Ferré et al. 2008). Bt crops have
not only reduced insecticide usage but also increased
the use of such biological control agents as generalist
predators (Cao et al. 2014). The efficacy of Bt maize
depends on the high expression of Bt protein in the
specific feeding sites of neonate larvae, which change
as the maize plant grows. From the mid-whorl stage on,

5 4

OSilks-damaged level
4.5
| I b
4 I ]
35 4 l
3 a
2.5 1 }
2 4 ME
15 4 ME
E a
14
0.5 1 HE
0
BT38 Z58 BT38 | Z58
2012 2013
Corn variety

Fig.4 Silk-damage levels of BT38 and Z58 by Helicoverpa armigera in
the field in different years. Values with same letter in the same year are not
significantly different according to analysis of variance and Tukey’s test
at the P = 0.05 level of significance. HE highly efficacious, E efficacious,
ME moderately efficacious, LE low efficacious

most larvae feed in unfurled leaves until silk is formed.
Control of Asian corn borer at this stage is therefore of
great importance to ensure a high yield (Gould 1998).
CrylAc genes express insecticidal proteins in both
young foliage and silk (Bravo et al. 2007), and our
study demonstrates that the insecticidal protein is highly
toxic to Asian corn borer larvae feeding on this tissue
(Fig. 3). These results are similar to the level of effica-
cy against European corn borer of some Bt maize lines
expressing the Cry protein (Huang et al. 1999).

Bt-cotton expressing the CrylAc protein has shown high
efficacy against cotton bollworm in the field in other studies
(Huang et al. 1999). In our study, Bt maize expressing the
CrylAc protein was generally or highly effective against cot-
ton bollworm, while the non-transformed near isoline maize
758 showed significantly different efficacy from BT38 in the
field experiments (Fig. 4). Bt maize expressing the CrylAb
protein also showed high efficacy against cotton bollworm in
past field trials (Yang and Song 2001). Nevertheless, contin-
uous usage of Bt maize may lead to field-evolved resistance
by pests, which has been documented in several populations
of major targeted pests (Cao et al. 2014). The refuge strategy
suggested by various theoretical mathematical models, would,
if widely applied, be useful in delaying the development of
pest resistance to Bt maize (Cao et al. 2014).

Our results suggest that Bt maize expressing the CrylAc
protein can provide a means of potential control in the inte-
grated pest management of the important maize pests, Asian
corn borer and cotton bollworm, in maize fields and thereby
reduce the use of chemical insecticides. However, the mecha-
nisms of insect control of the Bt maize and resistance man-
agement require further study.
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