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� 5422Bt1 straw return had no
deleterious effects on adult and
juvenile E. fetida.
� 5422CBCL straw return had different

effects on E. fetida among three
generations.
� Higher GSH-PX activity was found in

Bt-maize treated E. fetida on the
90th d.
� Annetocin (ANN) gene expression

was up-regulated in 5422Bt1 treated
E. fetida.
� ANN and Hsp70 gene expression were

down-regulated in 5422CBCL treated
E. fetida.
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Non-target effects of two varieties of Bacillus thuringiensis (Bt)-maize straw (5422Bt1 [event Bt11] and
5422CBCL [MON810]) return on the Eisenia fetida were investigated by using multilevel assessments,
compared to near-isogenic non-Bt-maize (5422). 5422Bt1 straw return had no deleterious effects on
adult earthworms and had significantly positive effects on juveniles over three generations. Negative,
no, and positive effects on adults treated with 5422CBCL straw were observed in the 1st, 2nd and 3rd
generation, respectively. Negative and positive effects were observed on juveniles produced from the
1st- and 2nd-generation adults treated with 5422CBCL straw, respectively. Glutathione peroxidase activ-
ity of earthworms from Bt-maize treatments was significantly higher than that of control on the 90th d.
Translationally controlled tumour protein (TCTP) and superoxide dismutase (SOD) genes were
down-regulated, while annetocin (ANN) expression was up-regulated in 5422Bt1 treatments. TCTP and
SOD genes were up-regulated, while ANN and heat shock protein 70 were down-regulated in E. fetida
from 5422CBCL treatments. Enzyme-linked immunosorbent assay revealed that Cry1Ab released from
5422Bt1 and 5422CBCL straw degraded rapidly on the 15th and 30th d and had a slow decline in the rest
testing time. Cry1Ab concentrations in the soil, casts and guts of earthworm significantly decreased over
the course of the experiment. This study was the first to evaluate generational effects of Bt-maize straw
return on earthworms under laboratory conditions. The responses of enzymes activity and genes expres-
sion may contribute to better understand above different effects of Bt-maize straw return on earthworms
from the 1st generation.
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1. Introduction

The use of transgenic plants expressing insecticidal Cry proteins
derived from Bacillus thuringiensis (Bt) is increasing worldwide. In
2014, genetically modified maize was planted over approximately
55.2 million hectares worldwide, covering 30% of a global produc-
tion area of maize (James, 2014). A major concern with the cultiva-
tion and return of Bt-maize is their potential effects on non-target
organisms including soil-dwelling animals, as large amounts of Bt
proteins released via root exudates, pollen dispersal and plant resi-
dues remained in the field for extended periods and may nega-
tively impact the soil ecosystem (Losey et al., 1999; Saxena et al.,
2004; Clark et al., 2005; Icoz et al., 2008; Miethling-Graff et al.,
2010; Zurbrügg et al., 2010; Fließbach et al., 2012). The incorpora-
tion of Bt-maize straw is currently the dominant input pathway of
Bt proteins into the field (Zwahlen et al., 2007; Hönemann et al.,
2008; Feng et al., 2011).

To estimate the potential risk to soil organisms of Bt-maize
straw return to the field, knowledge of the persistence of Bt pro-
teins in the soil is needed. Some studies have shown that Bt pro-
teins released from Bt-maize straw remain in the soil with
insecticidal activity for long periods (Zurbrügg et al., 2010; Feng
et al., 2011). Feng et al. (2011) found that a small quantity of
Cry1Ab released from Bt-maize was still detectable 180 d after
the start of the experiment. In addition, Zurbrügg et al. (2010)
found that low concentrations of Cry1Ab and Cry3Bb1 could still
be detected long after (9 months) the incorporation of Bt-maize
straw into the soil. Even Cry toxin was detectable in the soil
350 d after the straw had decomposed (Saxena et al., 2002), even
up to 4 years later (Icoz et al., 2008). Cry1Ab released from
Bt-maize (event MON810 and Bt11) can persist in the soil for over
234 d when bound to clay particles and up to 2 years in Bt-maize
litter (Tapp and Stotzky, 1998; Zwahlen et al., 2003a; Stotzky,
2004; Zwahlen and Andow, 2005). Therefore, the time required
for the risk assessment of Bt proteins released from straw on earth-
worms should be calculated in light of the amount time of Cry1Ab
remains in the straw.

It is well known that earthworms play an important role in the
soil macrofauna biomass. They are extremely important in soil for-
mation, principally by consuming organic matter, fragmenting it,
and mixing it intimately with soil mineral particles to form
water-stable aggregates (Edwards, 2004; Thakuria et al., 2010).
Earthworms have been considered as model organisms for study-
ing the effects of exogenous substances on terrestrial invertebrates
for decades (Spurgeon et al., 2003; Ricketts et al., 2004). Those
studies have been focused for the most part on lethal endpoints
(ISO, 1998). However, many studies have concluded that sublethal
endpoints (reproduction, juvenile growth and the time required to
reach the reproductive stage) were more sensitive than adult tox-
icity and were also ecologically relevant (e.g., Ricketts et al., 2004).
Furthermore, scientists have demonstrated that while acute bioas-
says may be very useful for screening highly polluted soils, chronic
bioassays using sublethal endpoints are required for a proper
assessment of the long-term ecological risks of polluted soils
(Van Gestel et al., 2001; Spurgeon et al., 2003; Zwahlen et al.,
2003b). As small quantity of Bt protein remained in soil for long
time, long-term tests (i.e., spanning one complete life cycle or even
multi-generations of earthworms) have been necessary to investi-
gate whether Bt proteins in soil have adverse effects on soil
organisms.

To date, the effects of Bt-maize cultivation or straw return on
earthworms have been investigated in eleven laboratory and six
field studies (Ahl Goy et al., 1995; Saxena and Stotzky, 2001a;
Zwahlen et al., 2003b; Ahmad et al., 2006; Clark and Coats, 2006;
Lang et al., 2006; Vercesi et al., 2006; Krogh et al., 2007; Zwahlen
et al., 2007; Hönemann et al., 2008; Schrader et al., 2008;
Hönemann and Nentwig, 2009; Zeilinger et al., 2010; Emmerling
et al., 2011; Shu et al., 2011a; van der Merwe et al., 2012). Of the
laboratory studies, experiments were run 2–3 weeks, or for 28,
30, or 45 d; and the whole life cycle traits of earthworm species
were not observed. Zwahlen et al. (2003b) maintained earthworms
Lumbricus terrestris in culture with Bt or conventional maize in the
long term (200 d) that not cover their whole life cycle, as the lifes-
pan of L. terrestris was between approximately 5–9 years in culture
and sexual maturity was usually reached within 1 year. Moreover,
in these studies, no deleterious effects were detected to the earth-
worms in the short term. However, some studies have identified
minor adverse effects relative to the earthworms receiving
Bt-maize treatments (Vercesi et al., 2006; Hönemann and
Nentwig, 2009; van der Merwe et al., 2012). Zwahlen et al.
(2003a) found that the mortality and growth of juvenile and adult
L. terrestris fed Bt-maize were largely unaffected after 160 d,
whereas worms fed Bt-maize litter had significantly lower adult
weights relative to controls. Besides, some positive effects on
earthworms from Bt-maize treatments have also been observed.
For example, Clark and Coats (2006) detected E. fetida fed either
of two Bt-maize varieties, Bt11 90 d and Mon810 108 d, had
greater growth than those of the isoline treatments. Thus it can
be seen Bt-maize straw return may show adverse or positive
effects to earthworms in the longer term, which should be investi-
gated in further research.

In a previous study, the effects of Bt-maize on the growth and
reproduction of earthworms were investigated using E. fetida bred
in a media (powered maize straw thoroughly mixed with soil) for
30 d (Shu et al., 2011a). Both the relative growth rate (RGR) and
reproduction were significantly higher in E. fetida from the
Bt-maize treatments than the non-Bt-maize treatments. In addi-
tion, with an increase of treatment time, Cry1Ab levels gradually
increased in the guts of E. fetida from 5422Bt1 treatments, as did
those from the 5422CBCL treatments between 14 and 30 d.
Therefore, in the short term (e.g., 30 d), the presence of Cry1Ab
in E. fetida had no deleterious effects on their growth and repro-
duction. However, it remains unclear whether the gradual increase
of Cry1Ab in earthworms over time may have affected them, or
whether the growth of offspring of adult earthworms inhabiting
soil containing Bt-maize straw may be affected. Hence, evaluating
the potential risks to earthworms in soil cultivated with Bt crops or
supplemented with Bt crop materials requires investigation in the
long term (over multiple generations).

Despite the widespread use of growth and reproductive output
as a measure of sublethal stress of Bt-maize and the controversial
results (adverse, no or positive effects) found on earthworms
(Saxena and Stotzky, 2001b; Zwahlen et al., 2003b; Ahmad et al.,
2006; Icoz and Stotzky, 2008; Schrader et al., 2008; Shu et al.,
2011a; Emmerling et al., 2011), there is very little available data
regarding the biochemical and molecular responses of earthworms
to Bt-maize straw return. Some studies have suggested that the
assay of biomarkers, defined as the functional response to
toxicant-induced stress measured at biochemical, or molecular
levels (Nakamori et al., 2010; Chen et al., 2011), allows a more
rapid diagnosis of the biological effects of environmental toxic sub-
stances (Van Straalen, 2008).

In the present study, the potential effects of Bt-maize straw
return on E. fetida were investigated using traditional
(life-history traits, such as growth and reproduction), biochemical
and molecular endpoints. In a series of experiments, E. fetida were
bred in soil covered with two varieties of transgenic Bt-maize
expressing Cry1Ab (5422Bt1, 5422CBCL) and near isogenic,



Table 1
Characteristics of the maize straws from three maize varieties.

Characteristics 5422 (non
Bt-maize)

5422Bt1
(Bt11)

5422CBCL
(MON810)

Soluble sugar (%) 5.3 ± 0.3B 6.8 ± 0.4A 7.4 ± 0.2A
Total protein (g kg�1) 10.0 ± 0.8A 10.7 ± 0.4A 6.9 ± 0.4B
Organic carbon (g kg�1) 40.5 ± 0.1A 40.3 ± 0.1A 40.4 ± 0.3A
Total nitrogen (g kg�1) 15.0 ± 0.1A 14.4 ± 0.2A 12.3 ± 0.2B
Total phosphorus (g kg�1) 2.5 ± 0.0A 2.4 ± 0.0A 2.1 ± 0.1B
Total potassium (g kg�1) 23.8 ± 0.2B 25.0 ± 0.0A 23.8 ± 0.1B
Cry1Ab (ng g�1) N.D 15194 ± 1850 16012 ± 1100

N.D. means ‘none detected’. Values were the means ± the standard error. Values in
the same row followed by different capital letter indicated no significant difference
by one-way ANOVA of SPSS 13.0, P < 0.05. The results of Duncan’s test were fol-
lowing: soluble sugar: F = 11.092, P = 0.01; total protein: F = 11.95, P = 0.01; organic
carbon: F = 0.496, P = 0.632; total nitrogen: F = 46.257, P = 0.00023; total phos-
phorus: F = 39.50, P = 0.00035; total potassium: F = 50.645, P = 0.00017.
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non-Bt-maize (5422) for 3 generations to investigate the effects on
the RGRs of earthworms over a period (90 d for adults and 60 d for
juveniles) and reproduction (the number of juveniles and cocoons
produced). To assess biochemical-level responses of adult earth-
worm E. fetida to Bt-maize straw return over a period (90 d), the
total protein, antioxidant enzymes activity of superoxide dismu-
tase (SOD), glutathione peroxidase (GSH-PX) were detected. To
determine the molecular response of adult earthworm E. fetida to
Cry1Ab released from Bt-maize over a period (90 d), heat shock
protein 70 (Hsp70), SOD, translationally controlled tumour protein
(TCTP) and annetocin (ANN), four genes involved in stress
response, carcinogenesis and reproduction, respectively, were
tested using real-time PCR (RT-PCR). Concurrently, the Cry1Ab
concentrations in straw, soil, earthworm casts and guts were mea-
sured by enzyme-linked immunosorbent assay (ELISA).
2. Materials and methods

2.1. Soil, maize plants, and earthworms

2.1.1. Soil
Soil was collected from the top layer (5–25 cm) of the conven-

tional maize field at the Agriculture Experiment Station (23�080N,
113�150E) of South China Agriculture University, Guangzhou,
China. No genetically engineered maize had been grown previously
at or around this site. The soil was air-dried at room temperature
and sieved through a broad-mesh screen (15 mm) to remove
stones and plant debris and to disrupt large soil aggregates. The
soil was then sieved again through a 2 mm mesh. The soil was
moistened and dried again to reduce the abundances of soil fauna.
The soil type was clay loam with a pH of 5.7. It contained
17.57 g kg�1 organic matter, 1.00 g kg�1 total N, 1.19 g kg�1 total
P, 24.04 g kg�1 total K, 116.05 mg kg�1 available N, 99.78 mg kg�1

available P, and 144.9 mg kg�1 available K.

2.1.2. Maize plants
Two transgenic maize cultivars [5422Bt1 (event Bt11) and

5422CBCL (event MON810) from Beck’s Hybrids, USA] expressing
Cry1Ab and their near-isoline cultivar (5422) (served as a control
in this study) were cultivated in a greenhouse. Plants were culti-
vated at distances of 40 cm, with each cultivar in a 3.0 m � 3.4 m
plot (a total of three plots). During the vegetative period, maize
plants were watered every 3 d and fertilized five times with a
top spray, 20 g of compound fertilizer per watering per pot, with
no pesticides added. Three weeks after pollen was shed, the straw,
including the leaves and stalks of the maize, were cut into approx-
imately 2–4-cm-length pieces, freeze-dried, ground, and sieved
through a 1 mm mesh. The plant material was stored at �20 �C
until used in the experiments. The basic straw characteristics of
the three maize varieties were listed in Table 1.

2.1.3. Earthworms
The test species earthworm, E. fetida Daping No. 2, was bred in

our lab and was originally derived from a culture purchased from
Hollen Ecological Agricultural Company, Guangzhou, China. Prior
to the experiment, the earthworms were housed in a
climate-controlled chamber (25 �C, 65% relative humidity, 24 h
darkness) in the same soil used for the experiments and fed pow-
dered straw from conventional, field-grown maize.

Individual adult E. fetida that were approximately 2 months old
with a clitellum and an average weight of approximately 200 mg
(180–220 mg) and juveniles with an average weight of approxi-
mately 60 mg (50–70 mg) were chosen for experiment. Prior to
the initiation of the test, they were placed onto clean moist filter
paper in the dark for 24 h to void gut contents, and then were
washed and dried before use. They were then placed on the sur-
faces of the test substances in preparation for the subsequent
experiments. As juveniles emerged in the containers, juveniles of
similar size and weight were chosen to begin the 2nd generation
of the same maize straw treatment; this process was repeated
for the 3rd generation.

2.2. Experimental design

Plastic container 11 cm width � 16 cm length � 10 cm depth
was filled with 500 g of materials consisting of air-dried soil and
25 g (5% of the total weight) of powdered maize straw according
to Shu et al. (2011a), who showed this amount of straw return
was appropriated for E. fetida. The straw was evenly distributed
onto the surface of the soil. The water content within the plastic
container was maintained at approximately 30% of the water hold-
ing capacity with distilled water. The healthy, selected 9 individu-
als of E. fetida were placed in each container, and the container was
closed with gauze to ensure that the earthworms easily breathe
over the course of the experiments.

2.3. Effects of Bt-maize return on the growth of adult and juvenile E.
fetida

Nine healthy adult earthworms as described in Section 2.1.3
were selected and transferred to each plastic container for rearing,
with four replicates per maize variety. The total weight of the sur-
viving earthworms was recorded on the 30th, 60th and 90th d of
the experiment. The detailed procedure was as follows: maize
straw from each plastic container was firstly transferred to a white
plate, and the soil was transferred to a second white plate.
Earthworms were isolated and examined by gently probing the
front end of the worms with a blunt needle. If there was no reac-
tion, the earthworm was considered dead and was discarded. If
no earthworm was present, it was also considered dead, as earth-
worms rapidly undergo autolysis after death. Substances on the
surface of live earthworms were gently removed with blunt tweez-
ers. The earthworms were then washed in distilled water until
nothing remained on their surfaces. After drying the earthworms
on filter paper, the total weight of surviving E. fetida was recorded.
All live earthworms and test soils were then returned to their cor-
responding plastic cups, and the maize straw was placed onto the
surface of soil. Similarly, nine healthy juveniles as described as
Section 2.1.3 were transferred to plastic containers for rearing,
with four replicates per maize variety. The total weight of the sur-
viving juveniles was recorded on the 15th, 30th, 45th and 60th d of
the experiment. Their weights were recorded as with the adults.

The relative growth rate (RGR) of adults and juveniles was cal-
culated as RGR (%) = (Wn�W0)/(W0 � T) � 100% (Farrar et al.,
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1989), where W0 is the average weight of the nine E. fetida at the
beginning of the experiment, Wn is the fresh average weight of
the surviving earthworms on the day of inspection, and T (d) is
the duration of experimental period.

2.4. Effects of Bt-maize return on the reproduction of E. fetida

This experiment spanned 90 d for every generation. The nine
adult earthworms as described in Section 2.1.3 were selected and
transferred to a plastic container, with four replicates per maize
variety. Every 30 d, the numbers of juveniles and cocoons were
counted, and juveniles were removed from each container. The
soil, maize straw and the surviving adult earthworms and cocoons
were then returned to their respective containers.

2.5. Measurement of enzymes activity in guts of E. fetida

Nine healthy adult earthworms as described in Section 2.1.3
were transferred to a plastic container for rearing and considered
as a replicate, with twelve replicates per maize variety. Every
30 d, three replicates from each maize variety were sampled. The
surviving adult earthworms were isolated from each replicate
and washed in distilled water until nothing remained on their sur-
faces. After dissection in cooled physiological saline (0.7% NaCl,
4 �C), nine guts of E. fetida were washed three times with above liq-
uid and collected. The cooled physiological saline was then added
to the earthworm guts for homogenization. After centrifugation
(2500 g, 12 min, 2 �C), aliquots of the supernatants were directly
used for measurement of the antioxidant enzymes activity, SOD
and GSH-PX, using the corresponding kits and a Coomassie
Brilliant Blue protein kit obtained from the Nanjing Jiancheng
Biological Engineering Institute (NJBI, Nanjing, China).

2.6. Quantitative real-time PCR (qRT-PCR) analysis

Nine healthy adult earthworms as described in Section 2.1.3 were
transferred to a plastic container for rearing and considered as a
replicate, with twelve replicates per maize variety. Every 30 d, three
replicates from each maize variety were sampled. The surviving
adult earthworms were isolated from each replicate and washed
in distilled water until nothing remained on their surfaces. After dis-
section in cooled physiological saline (0.7% NaCl, 4 �C), the guts of E.
fetida were collected and stored at�80 �C until used for RNA extract.

Total RNA of each sample was conducted with Trizol reagent
(Invitrogen). The RNA purity and integrity were checked by ensur-
ing that absorbance ratios (A260/280) were between 1.8 and 2.0
and by agarose gel (1.5%) electrophoresis. The gene-specific pri-
mers for Hsp70 (GenBank Accession no. GU177858) (50-CCA AGG
ACA ACA ACC TGC TC-30 and 50-CGG CGT TCT TCA CCA TTC-30),
TCTP (GU177860) (50-TCG AAT ATG CCC TCA GCA-30 and 50-TGG
ACT CGC CAC AGA AGA-30), SOD (GU177856) (50-TGC TCA CTT
CAA CCC ATT T-30 and 50-TTG GCA ACA CCA CTT TCA-30), ANN
(GU177859) (50-TTT CTT CCG CCT GCT TTG-30 and 50-ACC GAC
CTA CCA CCG ACA-30) were designed. The primers of housekeeping
gene b-actin (GU177854) were, QActinS (5-TCC ATC GTC CAC AGA
AAG-30) and QActinR (50-AAA TGT CCT CCG CAA GCT-30) used as
endogenous control. QPCR was performed on a DNA Engine
Opticon 2 Continuous Fluorescence Detection System (MJ
Research Inc., Waltham, MA, USA) with SYBR Premix Ex Taq Kit
(Takara, Japan) under the thermal program: one cycle of 95 �C for
10 s, 40 cycles of 95 �C for 5 s and 60 �C for 30 s. After qRT-PCR,
the homogeneity of the PCR product was confirmed by a melting
curve analysis. The relative copy number of above gene mRNA
was calculated according to the 2-DDCT method (Livak and
Schmittgen, 2001). The threshold cycle value difference (DCT)
between above genes mRNA and b-actin RNA of each reaction
was used to normalize the level of total RNA. The assay was
repeated three times with separately extracted total RNA samples.
Three replicates were performed for each reaction to account for
intra experiment variation.

2.7. Enzyme-linked immunosorbent assay (ELISA) of Cry1Ab

Nine healthy adult earthworms as described in Section 2.1.3 were
transferred to a plastic container for rearing and considered as a
replicate, with twenty-four replicates per maize variety. Every
15 d, four replicates from each maize variety were sampled. The sur-
viving adult earthworms were isolated from each replicate and
washed in distilled water until nothing remained on their surfaces.
After dissection in phosphate-buffered saline (PBS), the guts of E.
fetida were washed three times with PBS and collected. In addition,
approximately 2.0 g of test maize straw, soil from each container
during the corresponding experiment time was collected and the
soil and earthworm casts removed. Approximately 2.0 g of earth-
worm casts were also collected separately. The samples were frozen
immediately in liquid nitrogen and stored at �80 �C until use for
Cry1Ab detection.

The concentrations of Cry1Ab in maize straw, soil, and the casts
and guts of E. fetida were measured using a Cry1Ab/Ac
enzyme-linked immunosorbent assay (ELISA) kit, following the
manufacturer’s protocol (catalogue number: PSP 06200; Agdia,
Indiana, USA). Briefly, each sample was extracted with 1 mL PBS
containing 0.1% Tween-20 (PBST) in a 2 mL centrifuge tube and
was centrifuged at 12000 rpm for 10 min at 4 �C. The resulting
supernatants were diluted at ratios of 200:1, 100:1, and 0; and
100 lL of each diluted sample was loaded into a well of the
ELISA plate. The ELISA plate was wrapped with aluminium foil,
shaken at 200 rpm for 30 min, and then incubated at room temper-
ature for 2 h. The plate was washed five times with PBST, and
100 lL of enzyme conjugate was added to each well. The plate
was incubated for another 2 h. TMB substrate solution (100 lL)
was then added to each well, and the plate was incubated for
20 min. Absorbance was measured at 650 nm with a microplate
reader (Molecular Devices, California, USA). The concentration of
Cry1Ab protein was calculated using a six-point standard curve
developed with purified Cry1Ab (supplied with the kit). Test
results were validated with both positive and negative controls.

2.8. Statistical analysis

Statistical analyses were performed using SPSS software
(Version 13.0, SPSS Inc. USA). A significance level of 5% was applied
to all tests. The Cry1Ab concentrations in maize straw, soil, earth-
worm casts and earthworm guts were analysed by repeated mea-
sure with generalized linear models (GLM). Descriptive statistics
followed by explore were used to test data for normality.
One-way analyses of variance (ANOVA) followed by Tukey HSD
test was performed to test for significant differences in RGR, repro-
duction, enzymes activities, genes expression, and Cry1Ab of earth-
worms among the three maize varieties in the corresponding
testing times. RGR measures (as percentages) were arcsine
square-root transformed before analysis. Other measures were
log-transformed to attain homogeneous variances.
3. Results

3.1. Effects of Bt-maize straw return on growth of adult E. fetida

Over the whole experiment period, E. fetida adult had high sur-
vival across treatments, regardless of whether they received
Bt-maize or non-Bt-maize. The RGRs of adult E. fetida from the
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1st, 2nd and 3th generation were shown in Fig. 1. Except on the
30th d, no significant differences in the RGR of adult earthworms
from the 1st generation were observed between the 5422Bt1 and
5422 treatments on any observation time. The RGRs of adult earth-
worms from the 5422CBCL treatments were significantly lower
than those of 5422 and 5422Bt1 treatments on corresponding test-
ing time (Fig. 1A). At the observation times, no significant differ-
ences in the RGRs from the 2nd generation were observed among
the three maize varieties (Fig. 1B). Across the entire experiment
in the 3rd generation, no significant difference in adult RGR was
observed between the 5422Bt1 and 5422 treatments at any obser-
vation times. The RGRs of adults from the 5422 treatments were
significantly lower than that in 5422CBCL treatments (Fig. 1C).

3.2. Effects of Bt-maize straw return on reproduction of adult E. fetida

Except on the 90th d, adult earthworms from the 1st generation
produced significantly more juveniles and cocoons in the 5422Bt1
treatments than the 5422 treatments. Significantly fewer juveniles
and cocoons were observed in the 5422CBCL treatments than the
5422 treatments (Fig. 2A). Furthermore, the total number of off-
spring produced by E. fetida from 5422Bt1 treatments was signifi-
cantly higher than that of the 5422 treatments, while the contrast
case was found in 5422CBCL treatments (F = 64.313, P = 0.0001).
The mean numbers of offspring produced by adult earthworms
from the 2nd generation for the three maize varieties were similar,
with no significant differences detected among them (Fig. 2B). The
similar number of juveniles and cocoons produced by adult earth-
worms from the 3rd generation was found in the 5422Bt1 and
5422 treatment, but significantly higher in the 5422CBCL
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3.3. The relative growth rate (RGR) of juvenile E. fetida

The RGRs of adult E. fetida from the 1st and 2nd generation were
shown in Fig. 3. For the 5422CBCL treatments, the RGRs of juve-
niles produced by the 1st-generation adults were lower than those
of 5422 treatments, and the significant differences were detected
on the 30th and 60th d (Fig. 3A). For the 5422Bt1 treatments, the
RGRs of juveniles produced by the 1st-generation adults were sig-
nificantly higher than those of the 5422 treatments on the 30th d,
but not on the 60th d (Fig. 3A). Over the whole experiment period,
RGRs of juveniles from 5422Bt1 treatments were significantly
higher than those from 5422CBCL treatments at the corresponding
testing time (Fig. 3A). The juveniles produced by the
2nd-generation adults survived well in every treatment. For the
5422Bt1 treatments, the RGRs of juveniles were significantly
higher than those of the 5422 treatments at each observation time
(Fig. 3B). Those differences were also observed between the
5422CBCL and 5422 treatments on the 45th and 60th d (Fig. 3B).

3.4. The content of total protein and enzymes activities in guts of E.
fetida

No significant differences were found in the content of total
protein extracted from guts of earthworms among maize varieties
treatments at the corresponding testing time (Fig. 4A). GSH-PX
activities in guts of earthworms from Bt-maize treatments were
significantly higher than that of 5422 treatments on the 90th d,
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whereas no significant differences among three maize varieties
treatments were found on the 30th and 60th d (Fig. 4B). There
were no significant differences found in SOD activity among three
maize varieties treatments during the whole experiment (Fig. 4C).
3.5. Genes expression in E. fetida

During the period of 90 d, the significantly down-regulated
expression was found in Hsp70 gene of guts from 5422CBCL treat-
ments (Fig. 5A). There were no significant differences of Hsp70
gene expression present between 5422 and 5422Bt1 treatments.
TCTP gene expression of 5422Bt1 treatments was significantly less
than that of 5422 treatments (Fig. 5B). However, the contrast result
was found in TCTP of 5422CBCL treatments on the 30th, 60th d,
with the significantly high expression compared to 5422 treat-
ments. On the 30th and 60th d, SOD gene expression of 5422Bt1
treatments was significantly lower than that of 5422 treatments
(Fig. 5C). The significantly up-regulated expression of SOD gene
was found in 5422CBCL treatments compared to 5422 treatments
over the whole experiment. The highest expression of ANN gene
was detected in 5422CBCL treatment on the 30th d, whereas the
contrast result was found on the 60th and 90th d (Fig. 5D).
Compared to 5422 treatments on the 60th and 90th d, the signifi-
cantly higher expression of ANN gene was found in 5422Bt1 treat-
ments, and the contrast results were found in 5422CBCL
treatments.
3.6. Cry1Ab concentrations in Bt-maize straw, soil, cast, and guts of
earthworms

The immunoreactive Cry1Ab in Bt-maize straw, soil covered
with Bt-maize straw, casts and guts of earthworms from
Bt-maize treatments, was absolutely stronger than that of
non-Bt-maize treatments (Fig. 6). With the increase of experiment
time, a gradual decline in Cry1Ab concentrations was observed in
Bt-maize straw (Fig. 6A). The Cry1Ab concentration in 5422Bt1
straw on the 15th d was 2017 ± 220 ng g�1, which was 1.3, 3.1,
5.9, 23.7 and 133.7 times that observed in 5422Bt1 straw on the
30th, 45th, 60th, 75th and 90th d, respectively. The Cry1Ab con-
centration in 5422CBCL straw on the 15th d was 1612 ± 399 ng g�1,
which was 3.5, 4.6, 9.0, 10.6 and 13.8 times that observed in
5422CBCL straw on the 30th, 45th, 60th, 75th and 90th d, respec-
tively. The Cry1Ab concentrations in 5422Bt1 straw from the
15th to 60th d were significantly higher than the corresponding
concentrations in 5422CBCL straw during the corresponding sam-
pling time. In contrast, the Cry1Ab concentrations in 5422CBCL
straw from the 75th to 90th d were significantly higher than the
corresponding concentrations in 5422Bt1 straw during the corre-
sponding sampling time.

With the increase of experiment time, a gradual decline in
Cry1Ab concentrations was observed in the soil covered with
5422Bt1 straw (Fig. 6B). The similar case was found in the soil cov-
ered with 5422CBCL straw, except for the 75th d. The Cry1Ab con-
centrations in the soil from 5422Bt1 treatments were significantly
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higher than those in 5422CBCL treatments during the correspond-
ing sampling time.

Except for the 60th d, Cry1Ab concentrations in the casts of
earthworms from the 5422Bt1 treatments significantly decreased
with the increase of experiment time (Fig. 6C). However, Cry1Ab
concentrations in the casts of earthworms from the 5422CBCL
treatments showed no consistent decrease with experimental
time. With the exception of the 30th and 90th d, Cry1Ab concen-
trations in the casts of earthworms from the 5422CBCL treatments
were higher than the corresponding concentrations of the 5422Bt1
treatments, with significant differences detected on the 45th and
60th d.

Cry1Ab concentrations in the guts of earthworms from the
Bt-maize straw treatments decreased significantly with increasing
experiment time (Fig. 6D). With the exception of the 90th d,
Cry1Ab concentrations in the guts of earthworms from 5422Bt1
treatments were higher than the corresponding concentrations
from the 5422CBCL treatments, with significant differences
observed on the 15th, 60th, and 75th d. However, the Cry1Ab con-
centration in the guts of earthworms from the 5422CBCL treatment
was 0.036 ng g�1 on the 90th d, which was significantly higher
than that from the 5422Bt1 treatment (0.024 ng g�1).

4. Discussion

This study was the first to evaluate generational effects of
Bt-maize straw mulching (surface-placed residues) on the
life-history traits (reproduction and growth) of E. fetida over the
long-term (three generations) under laboratory conditions. The
multi-generation chronic toxicity test revealed that no mortality
was observed either in the 5422Bt1 and 5422CBCL treatment
groups or the controls (5422 treatment). However, their effects
on the growth and reproduction of E. fetida were different among
different generations, development stages and Bt-maize
(MON810 and Bt11) treatments. 5422Bt1 straw return had no
deleterious effects on the growth of adult earthworms (Fig. 1),
which were consistent with there were no significant differences
occurred in weight gain of adults earthworms between transgenic
and isogenic maize (Saxena and Stotzky, 2001a; Ahmad et al.,
2006; Zeilinger et al., 2010). The results not only differed from pre-
vious observations of higher growth of E. fetida in transgenic maize
treatments (Clark and Coats, 2006; Vercesi et al., 2006), but also
from the RGR of adult earthworms from the 5422Bt1 treatments
in the shorter term (30 d) (Shu et al., 2011a). We concluded that
no significantly positive or negative effect was found on the growth
of adult earthworms treated with 5422Bt1 (event 11) straw return
in the long term exposure (longer than 90 d). 5422Bt1 treatments
have positive effects on juvenile growth and reproduction of adults
(Figs. 2 and 3), which were consistent with Liu et al. (2009), who
showed that the leaves of transgenic Bt + CpTI cotton were more
suitable for E. fetida growth than those of non-transgenic cotton,
Zhong23.

However, the effects of 5422CBCL straw return on adult earth-
worms differed among the three generations, with negative, no,
and positive effects observed in the 1st, 2nd and 3rd generations,
respectively (Figs. 1 and 2). Previous studies have reported that
Bt crop varieties return presented controversial effects (i.e., no or
low acute toxicity, or slight positive effects) on earthworm growth
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and reproduction (Liu et al., 2009; Zeilinger et al., 2010; van der
Merwe et al., 2012; Hönemann and Nentwig, 2009; Vercesi et al.,
2006). Moreover, above laboratory studies were carried out in
short term; multi-generation effects and even the whole life cycle
traits of earthworm species were not observed. Augustyniak et al.
(2006), Van Ooik and Rantala (2010) showed that long-lasting
(i.e., across many generations) exposure of animals to exogenous
chemicals may lead to adaptive mechanisms that supposedly
increase the ability to survive by regulating energy resources
trade-off among growth, detoxification and immune responses of
organisms. Therefore, we could not conclude that 5422CBCL (event
Mon810) straws return has positive or negative effects on E. fetida
in the short time or even over three generations.

During the 90 d enzymes activity test, no significant differences
were observed in total protein and SOD activity between Bt-maize
treatment groups and the controls, which was consistent with Liu
et al. (2009), who also showed no significant difference in SOD
activity between Bt-cotton and their non-Bt isolines. SOD, as the
antioxidant enzyme, is easily induced by oxidative stress, and the
activity levels of this enzyme have been used to quantify oxidative
stress in cells (van der Oost et al., 2003; Gao et al., 2013). Some
studies showed that SOD in Eisenia species was not inducible and
hence not suitable as biomarkers of oxidative stress (Honsi et al.,
1999; Zheng et al., 2013). In the present study, E. fetida, inhabiting
in Bt-maize straw treated soils, SOD activity might be less sensitive
to Bt-maize straw treatments, indicating SOD activity was not a
suitable biomarker for Bt-maize straw treated soils in our case.
We found significantly higher GSH-PX activities of 5422Bt1 and
5422CBCL treatments than control on the 90th d, which was incon-
sistent with results of Shu et al. (2011b), who showed the signifi-
cant decrease of GSH-PX activity was found in Bt-maize straw
treatments on the 14th d. However, changes in GSH-PX activity
on the 90th d reflected the effects of Bt-maize straw return on
growth and reproduction of adult E. fetida from the 1st generation
well, where the RGR and reproduction of earthworms from
Bt-maize treatments were less than that of 5422 treatment on
the 90th d (Fig. 1A and B), indicating GSH-PX may be considered
as a good biomarker to assess the potential risk of Bt-maize straw
return to earthworm E. fetida in the long term.

During the 90 d gene expression test, 5422CBCL treatments pro-
voked a significant down-regulation of Hsp70 gene expression.
Similarly, the down-regulation of Hsp70 expression was also
reported in response to chemical stressors in aquatic invertebrates
(Lee et al., 2006; Chen et al., 2011). Our results also agreed with the
study of high heavy metal stress decreased Hsp70 expression in
terrestrial invertebrates (Augustyniak et al., 2009). However, our
results seem to contradict with the results of studies on toxic sub-
stances to earthworms, where the quantity of Hsp70 expression
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was increased in the earthworms after metal exposure (Nadeau
et al., 2001; Homa et al., 2005). This phenomenon has been due
to that there might be selectivity in Hsp70 gene expression
response to different chemical exposure with different stress
degree (Chen et al., 2011). The expression of TCTP gene in E. fetida
from 5422CBCL treatments showed the significant up-regulation.
As an important molecular biomarker, TCTP is involved in cell cycle
regulation and tumour reversion (Telerman and Amson, 2009), and
enhanced expression of this gene reflect the stress effects of exoge-
nous substances. The significant induction in SOD expression level
was observed in earthworms from 5422CBCL treatments, indicat-
ing E. fetida was affected by oxidative stress. However, this pattern
was inconsistent with the SOD activity, where no significant differ-
ence was found between 5422 and 5422CBCL treatments. The pos-
sible reason was that gene expression was not positively correlated
with protein synthesis. Messenger RNAs are rapidly change by
external or internal stimuli and thereby alter the composition of
the transcriptome within hours (Olsvik et al., 2005), while the con-
trast case was found in protein synthesis in eukaryotes. ANN is
involved in certain reproductive traits. Indeed, it has been shown
that ANN elicits stereotyped egg-laying behaviours in E. fetida such
as ovulation, egg packaging, oviposition, and other related events
(Oumi et al., 1996). The correlation between ANN expression level
and earthworm reproduction has been established, and thus ANN
gene is proposed as a potential reproductive biomarker in earth-
worm ecotoxicology (Ricketts et al., 2004). We found the signifi-
cant down-regulation of ANN gene was observed in E. fetida from
5422CBCL treatments in a period (longer than 30 d). These results
of genes expression showed 5422CBCL treatments presented
harmful effects on E. fetida. During the 90 d gene expression test,
the significantly enhanced expression of ANN gene, and the
down-regulation in TCTP gene over the whole experiment, as well
as the obvious down-regulation in SOD gene on the 30th and
60th d were found in 5422Bt1 treatments (Fig. 5). These results
showed that 5422Bt1 treatments presented no or even positive
effects on E. fetida.

Overall, the multilevel assessments by enzymes activities and
molecular endpoints over a period (90 d) revealed the consistent
effects with the results of chronic toxicity test from the 1st gener-
ation by traditional endpoints using growth and offspring produc-
tion. These different effects may be due to direct toxicity of
ingested Cry toxins, associated changes in the Bt crop, and/or asso-
ciated changes in the soil flora and fauna (Birch et al., 2007).
However, previous studies showed that Cry toxins have no delete-
rious effects on the growth and reproduction of earthworms,
although earthworms ingest Cry toxins from root exudates, clay
particles in soil, and/or crop litter (Saxena and Stotzky, 2001b;
Zwahlen et al., 2003b; Icoz and Stotzky, 2008; Pham et al., 2008;
Shu et al., 2011a). We subsequently detected Cry1Ab concentra-
tions in the food (maize straw and soil) and in the casts and guts
of earthworms. The results showed that Cry1Ab released from
Bt-maize straw return entered soil and be ingested by the earth-
worms. Cry1Ab was excreted via the casts or stored in the gut of
earthworms (Fig. 6).

The degradation dynamics of Cry1Ab released from the two
types of Bt-maize straw were similar to each other at different
observation times, involving a rapid decline early on and a slow
decline at later stages. Extremely low concentrations of Cry1Ab
remained at the end of the experiment. These findings were consis-
tent with previous studies (Sims and Holden, 1996; Hopkins and
Gregorich, 2003; Daudu et al., 2009; Feng et al., 2011; Shu et al.,
2011a). When Cry1Ab concentrations in two Bt-maize straws were
compared, 5422Bt1 straw on the 15th–60th d was significantly
higher than 5422CBCL straw, while the contrast case was found
on the 75th–90th d. The differences in RGR of adult E. fetida from
the 1st generation between the two Bt-maize treatments were
inconsistent with the differences in Cry1Ab concentrations in
straw between them. The Cry1Ab concentrations in 5422Bt1 straw
treated soils were significantly higher than those in 5422CBCL
treatments during the corresponding testing time, which was con-
sistent with the results of Cry1Ab concentrations in maize straw.
The significant decline we observed in Cry1Ab concentrations in
guts over time was inconsistent with Shu et al. (2011a), who
reported a gradual increase over time in the guts of E. fetida from
5422Bt1 treatments and an increase between 14 and 30 d in those
from 5422CBCL treatments. This difference has been the result of
maize straw return in different way.

We did not find that effects of Bt-maize straw return on E. fetida
from the 1st generation were related to Cry1Ab concentrations in
straw, soil, casts and guts. However, the obvious inhibition and
promotion were observed in 5422CBCL and 5422Bt1 treatments
over a period (90 d), respectively, in comparison with 5422 treat-
ments. The genetic modification of Zea mays with the Cry1Ab gene
derived from Bt resulted in the pleiotropic effects (Poerschmann
et al., 2005), which causes above different effects among three
maize varieties. As documented in several studies, transgenic crop
varieties exhibited large quantitative differences in plant compo-
nents such as carbohydrates, cellulose, lignin, carbon and nitrogen
(Saxena and Stotzky, 2001b; Rossi et al., 2003; Zwahlen et al.,
2003b; Poerschmann et al., 2005). Variation in such plant compo-
nents could influence decomposition rate of residues and conse-
quently the quality of plant material as food resource
(Hönemann and Nentwig, 2009). Here, significantly more soluble
sugar was extracted from the two types of Bt-maize than from
the non-Bt-maize, while significantly less total protein, total nitro-
gen and phosphorus was extracted from the 5422CBCL straw than
from the 5422 and 5422Bt1 straw (Table 1). These results showed
two aspects: (i) 5422CBCL straw supplied fewer nutrients for the
growth and reproduction of E. fetida; and (ii) the C:N of
5422CBCL straw might be higher than 5422 and 5422Bt1 straw.
Hönemann and Nentwig (2009) showed that the C:N ratio has
major impact on degradability, where straw of lower C:N pre-
sented more easily degradable. Therefore, 5422CBCL straw was
more difficultly degradable and consequently provided a worse
food resource and therefore feeding on them should negatively
affect growth and reproduction, in comparison with 5422Bt1 and
5422 straw. The changes in plant compound composition and dif-
ferent residue decomposition that leads to the changes in micro-
bial community in soil might have an effect on the nutritional
quality ingested by earthworms (Zwahlen et al., 2003b; Hilbeck
et al., 2008). Furthermore, Bt hybrids with different transformation
events not only led to the differences in Cry1Ab release (Saxena
et al., 2002), but also exhibited considerable quantitative differ-
ences in plant components (Halpin et al., 1994). Expect for above
plant components, the lignin content of 5422CBCL straw was
higher than 5422Bt1 straw at the harvesting time (unpublished
results). Increased lignin content contributes to reduce rates of
Bt-maize decomposition (Flores et al., 2005; Zeilinger et al.,
2010). Thus, 5422CBCL straw may present more difficulty degrad-
able and feeding on them could have an impact on fitness param-
eters, like growth and reproduction of E. fetida, compared to 5422
and 5422Bt1 straw. However, the continuously negative effects
were not found in 2nd- and 3rd-generation adult earthworms from
the 5422CBCL treatments. Thus, it was unlikely that differences in
nutrients among the three maize varieties resulted in the observed
differences in growth and reproduction of earthworm. The more
complicated reason needs further studies. Compared to the previ-
ous study (Shu et al., 2011a), the different ways of straw return
possibly resulted in the differences in the release and degradation
of Cry1Ab and other chemical components from straw, as well as
effects on earthworms, which is clearly needed in the future study
necessary. Considering enzymes activities and gene expressions
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information originated from single generation in our study, in
order to evaluate whether the results of these measures were con-
sistent with traditional endpoint using growth and offspring pro-
duction in the long term, a further study is necessary to
investigate above measures in earthworms from the 2nd and 3rd
generation. Additional field studies of this issue and inclusion of
other earthworm species in the investigation were need in the fur-
ther study.
5. Conclusion

This study was the first to investigate the generational effects of
Bt-maize straw return on the life-history traits (growth and repro-
duction) of the earthworm E. fetida under laboratory conditions.
Different effects on the growth and reproduction of earthworms
were observed among the different generations, developmental
stages of earthworms, and Bt-maize (MON810 and Bt11) treat-
ments. Across generations, 5422Bt1 straw return had no deleteri-
ous effects on adult E. fetida and even had significant positive
effects on juveniles. However, no continuously negative or positive
effects on the growth and reproduction of E. fetida from the
5422CBCL treatments were observed in the 1st, 2nd or 3rd gener-
ation. Changes in biomarkers, such as GSH-PX activity, genes
expression of SOD, Hsp70, TCTP and ANN reflected the effects of
Bt-maize straw return on growth and reproduction of adult E.
fetida from the 1st generation well. These results were unlikely
to be directly caused by either the Cry1Ab released from the
Bt-maize or nutrient differences among plant varieties, although
the significant differences in nutrient levels were observed
between the 5422 straw and both the 5422CBCL and 5422Bt1
straw.
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Augustyniak, M., Tarnawska, M., Babczyńska, A., Augustyniak, M., 2009. Hsp70 level
in progeny of aging grasshoppers from variously polluted habitats and
additionally exposed to zinc during diapause. J. Insect Physiol. 55, 735–741.

Birch, A.N.E., Griffiths, B.S., Caul, S., Thompson, J., Heckmann, L.H., Krogh, P.H.,
Cortet, J., 2007. The role of laboratory, glasshouse, and field scale experiments in
understanding the interactions between genetically modified crops and soil
ecosystems: a review of the ECOGEN project. Pedobiologia 51, 251–260.

Chen, C., Xue, S., Zhou, Q., Xie, X., 2011. Multilevel ecotoxicity assessment of
polycyclic musk in the earthworm Eisenia fetida using traditional and molecular
endpoints. Ecotoxicology 20, 1949–1958.

Clark, B.W., Coats, J.R., 2006. Subacute effects of Cry1Ab Bt-maize litter on the
earthworm Eisenia fetida and the springtail Folsomia candida. Environ. Entomol.
35, 1121–1129.
Clark, B.W., Phillips, T.A., Coats, J.R., 2005. Environmental fate and effects of Bacillus
thuringiensis (Bt) proteins from transgenic crops: a review. J. Agric. Food Chem.
53, 4643–4653.

Daudu, C.K., Muchaonyerwa, P., Mnkeni, P.N.S., 2009. Litterbag decomposition of
genetically modified maize residues and their constituent Bacillus thuringiensis
protein (Cry1Ab) under field conditions in the central region of the Eastern
Cape, South Africa. Agr. Ecosyst. Environ. 134, 153–158.

Edwards, C.A., 2004. Earthworm Ecology, second ed. CRC Press LLC, Florida, p. 441.
Emmerling, C., Strunk, H., Schöbinger, U., Schrader, S., 2011. Fragmentation of

Cry1Ab protein from Bt-maize (MON810) through the gut of the earthworm
species Lumbricus terrestris. Eur. J. Soil Biol. 47, 160–164.

Farrar, R.R., Barbour, J.J., Kennedy, G., 1989. Quantifying food consumption and
growth in insects. Ann. Entomol. Soc. Am. 82, 593–598.

Feng, Y.J., Ling, L., Fan, H.Z., Liu, Y.H., Tan, F.X., Shu, Y.H., Wang, J.W., 2011. Effects of
temperature, water content and pH on degradation of Cry1Ab protein released
from Bt-maize straw in soil. Soil Biol. Biochem. 43, 1600–1606.

Fließbach, A., Messmer, M., Nietlispach, B., Infante, V., Mäder, P., 2012. Effects of
conventionally bred and Bacillus thuringiensis (Bt) maize varieties on soil
microbial biomass and activity. Biol. Fertil. Soils 48, 315–324.

Flores, S., Saxena, D., Stotzky, G., 2005. Transgenic Bt plants decompose less in soil
than non-Bt plants. Soil Biol. Biochem. 37, 1073–1082.

Gao, M., Song, W., Zhang, J., Guo, J., 2013. Effect on enzymes and histopathology in
earthworm (Eisenia foetida) induced by triazole fungicides. Environ. Toxicol.
Pharmacol. 35, 427–433.

Halpin, C., Knight, M.E., Foxon, G.A., Campbell, M.M., Boudet, A.M., Boon, J.J.,
Chabbert, B., Tollier, M., Schuch, W., 1994. Manipulation of lignin quality by
down regulation of cinnamyl alcohol dehydrogenase. Plant J. 6, 339–350.

Hilbeck, A., Arpaia, S., Birch, A.N.E., Chen, Y., Fontes, E.M.G., Lang, A., Le, T.T.H., Lovei,
G.L., Manachini, B., Nguyen, T.T.C., Nguyen, V.H., Nguyen, V.T., Phan, V.L., Pham,
V.T., Pires, C.S.S., Sujii, E.R., Trac, K.L., Underwood, E., Wheatley, R.E., Wilson, L.J.,
Zwahlen, C., Andow, D.A., 2008. Non-target and biological diversity risk
assessment. In: Andow, D.A., Hilbeck, A., Nguyen, V.T. (Eds.), Environmental
Risk Assessment of Genetically Modified Organisms. Challenges and
Opportunities with Bt Cotton in Vietnam, vol. 4. CABI Publishing, Wallingford,
Oxfordshire, UK, pp. 115–137.

Homa, J., Olchawa, E., Stürzenbaum, S., John Morgan, A., Plytycz, B., 2005. Early-
phase immunodetection of metallothionein and heat shock proteins in
extruded earthworm coelomocytes after dermal exposure to metal ions.
Environ. Pollut. 135, 275–280.

Hönemann, L., Nentwig, W., 2009. Are survival and reproduction of Enchytraeus
albidus (Annelida: Enchytraeidae) at risk by feeding on Bt-maize litter. Eur. J.
Soil Biol. 45, 351–355.

Hönemann, L., Zurbrügg, C., Nentwig, W., 2008. Effects of Bt-maize decomposition
on the composition of the soil meso- and macrofauna. Appl. Soil Ecol. 40, 203–
209.

Honsi, T.G., Hoel, L., Stenersen, J.V., 1999. Non-inducibility of antioxidant enzymes
in the earthworms Eisenia veneta and E. fetida after exposure to heavy metals
and paraquat. Pedobiologia 43, 652–657.

Hopkins, D.W., Gregorich, E.G., 2003. Detection and decay of the Bt endotoxin in soil
from a field trial with genetically modified maize. Eur. J. Soil Sci. 54, 793–800.

Icoz, I., Saxena, D., Andow, D.A., Zwahlen, C., Stotzky, G., 2008. Microbial
populations and enzyme activities in soil in situ under transgenic maize
expressing Cry proteins from Bacillus thuringiensis. J. Environ. Qual. 37, 647.

Icoz, I., Stotzky, G., 2008. Fate and effects of insect-resistant Bt crop in soil
ecosystem. Soil Biol. Biochem. 40, 559–586.

ISO, 1998. Soil Quality-Effects of Pollutants on Earthworms (Eisenia fetida), Part 1:
Determination of Acute Toxicity Using Artificial Substrate. International
Standards Organisation, Geneva.

James, C., 2014. Global Status of Commercialized Biotech/GM Crops: 2014. ISAAA
Briefs No. 46. ISAAA: Ithaca, NY.

Krogh, P.H., Griffiths, B., Demsar, D., Bohanec, M., Debeljak, M., Andersen, M.N.,
Sausse, C., Birch, A.N.E., Caul, S., Holmstrup, M., 2007. Responses by earthworms
to reduced tillage in herbicide tolerant maize and Bt-maize cropping systems.
Pedobiologia 51, 219–227.

Lang, A., Arndt, M., Beck, R., Bauchhenss, J., Pommer, G., 2006. Monitoring of the
environmental effects of the Bt gene. Bavarian State Research Center for
Agriculture No. 10. Vöttinger Strasse 38, 85354.

Lee, S.M., Lee, S.B., Park, C.H., Choi, J., 2006. Expression of heat shock protein and
hemoglobin genes in Chironomus tentans (Diptera, chironomidae) larvae
exposed to various environmental pollutants: a potential biomarker of
freshwater monitoring. Chemosphere 65, 1074–1081.

Liu, B., Cui, J., Meng, J., Luo, J., Zheng, Y., 2009. Effects of transgenic Bt+CpTI cotton on
the growth and reproduction of earthworm Eisenia foetida. Front. Biosci. 14,
4008–4014.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2-DDCT Method. Methods 25, 402–408.

Losey, J.E., Rayor, L.S., Carter, M.E., 1999. Transgenic pollen harms monarch larvae.
Nature 399, 214.

Miethling-Graff, R., Dockhorn, S., Tebbe, C.C., 2010. Release of the recombinant
Cry3Bb1 protein of Bt-maize MON88017 into field soil and detection of effects
on the diversity of rhizosphere bacteria. Eur. J. Soil Biol. 46, 41–48.

Nadeau, D., Maizeeau, S., Plante, I., Morrow, G., Tanguay, R., 2001. Evaluation for
Hsp70 as a biomarker of effect of pollutants on the earthworm Lumbricus
terrestris. Cell Stress Chaperon. 6, 153.

Nakamori, T., Fujimori, A., Kinoshita, K., Ban-nai, T., Kubota, Y., Yoshida, S., 2010.
MRNA expression of a cadmium-responsive gene is a sensitive biomarker of

http://refhub.elsevier.com/S0045-6535(15)00501-9/h0005
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0005
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0005
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0005
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0010
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0010
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0010
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0015
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0015
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0015
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0015
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0020
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0020
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0020
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0025
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0025
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0025
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0025
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0030
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0030
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0030
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0035
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0035
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0035
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0040
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0040
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0040
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0045
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0045
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0045
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0045
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0050
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0055
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0055
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0055
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0060
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0060
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0065
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0065
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0065
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0070
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0070
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0070
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0075
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0075
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0080
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0080
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0080
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0085
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0085
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0085
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0090
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0090
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0090
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0090
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0090
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0090
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0090
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0090
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0095
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0095
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0095
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0095
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0100
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0100
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0100
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0105
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0105
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0105
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0110
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0110
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0110
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0115
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0115
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0120
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0120
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0120
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0125
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0125
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0130
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0130
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0130
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0140
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0140
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0140
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0140
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0145
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0145
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0145
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0150
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0150
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0150
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0150
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0155
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0155
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0155
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0160
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0160
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0160
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0165
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0165
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0170
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0170
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0170
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0175
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0175
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0175
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0180
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0180


Y. Shu et al. / Chemosphere 137 (2015) 59–69 69
cadmium exposure in the soil collembolan Folsomia candida. Environ. Pollut.
158, 1689–1695.

Olsvik, P.A., Kristensen, T., Waagbø, R., Rosseland, B.O., Tollefsen, K.E., Baeverfjord,
G., Berntssen, M.H., 2005. MRNA expression of antioxidant enzymes (SOD, CAT
and GSH-Px) and lipid peroxidative stress in liver of Atlantic salmon (Salmo
salar) exposed to hyperoxic water during smoltification. Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 141, 314–323.

Oumi, T., Ukena, K., Matsushima, O., Ikeda, T., Fujita, T., Minakata, H., Nomoto, K.,
1996. Annetocin, an annelid oxytocin-related peptide, induces egg-laying
behavior in the earthworm, Eisenia foetida. J. Exp. Zool. Part A 276, 151–156.

Pham, V.T., Hoang, N.B., Anyango, B., Zwahlen, C., Manachini, B., Andow, D.A.,
Wheatley, R.E., 2008. Potential effects of transgenic cotton on soil ecosystem
processes in Vietnam. In: Hilbeck, A., Andow, D.A., Nguyen, V.T. (Eds.),
Environmental Risk Assessment of Genetically Modified Organisms.
Challenges and Opportunities with Bt Cotton in Vietnam, vol. 4. CABI
Publishing, Wallingford, Oxfordshire, UK, pp. 258–273.

Poerschmann, J., Gathmann, A., Augustin, J., Langer, U., Górecki, T., 2005. Molecular
composition of leaves and stems of genetically modified Bt and near-isogenic
non-Bt-maize-characterization of lignin patterns. J. Environ. Qual. 34, 1508–
1518.

Ricketts, H.J., Morgan, A.J., Spurgeon, D.J., Kille, P., 2004. Measurement of annetocin
gene expression: a new reproductive biomarker in earthworm ecotoxicology.
Ecotoxicol. Environ. Saf. 57, 4–10.

Rossi, F., Moschini, M., Fiorentini, L., Masoero, F., Piva, G., 2003. Analytical
composition and rumen degradability of isogenic and transgenic maize
varieties. J. Sci. Food Agric. 83, 1337–1341.

Saxena, D., Flores, S., Stotzky, G., 2002. Bt toxin is released in root exudates from 12
transgenic maize hybrids representing three transformation events. Soil Biol.
Biochem. 34, 133–137.

Saxena, D., Stewart, C.N., Altosaar, I., Shu, Q., Stotzky, G., 2004. Larvicidal Cry
proteins from Bacillus thuringiensis are released in root exudates of transgenic B.
thuringiensis maize, potato, and rice but not of B. thuringiensis canola, cotton,
and tobacco. Plant Physiol. Biochem. 42, 383–387.

Saxena, D., Stotzky, G., 2001a. Bacillus thuringiensis (Bt) toxin released from root
exudates and biomass of Bt-maize has no apparent effect on earthworms,
nematodes, protozoa, bacteria, and fungi in soil. Soil Biol. Biochem. 33, 1225–
1230.

Saxena, D., Stotzky, G., 2001b. Bt-maize has a higher lignin content than non-Bt-
maize. Am. J. Bot. 88, 1704–1706.

Schrader, S., Münchenberg, T., Baumgarte, S., Tebbe, C.C., 2008. Earthworms of
different functional groups affect the fate of the Bt-toxin Cry1Ab from
transgenic maize in soil. Eur. J. Soil Biol. 44, 283–289.

Shu, Y.H., Ma, H.H., Du, Y., Li, Z.X., Feng, Y.J., Wang, J.W., 2011a. The presence of
Bacillus thuringiensis (Bt) protein in earthworms Eisenia fetida has no deleterious
effects on their growth and reproduction. Chemosphere 85, 1648–1656.

Shu, Y.H., Ma, H.H., Du, Y., Wang, J.W., 2011b. Effects of Bt corn straw insecticidal
proteins on enzyme activities of Eisenia fetida. Chin. J. Appl. Ecol. 22, 2133–2139
(In Chinese).

Sims, S.R., Holden, L.R., 1996. Insect bioassay for determining soil degradation of
Bacillus thuringiensis subsp. kurstaki Cry1A(b) protein in maize tissue. Environ.
Entomol. 25, 659–664.
Spurgeon, D.J., Weeks, J.M., Van Gestel, C.A.M., 2003. A summary of eleven years
progress in earthworm ecotoxicology. Pedobiologia 47, 588–606.

Stotzky, G., 2004. Persistence and biological activity in soil of the insecticidal
proteins from Bacillus thuringiensis, especially from transgenic plants. Plant Soil
266, 77–89.

Tapp, H., Stotzky, G., 1998. Persistence of the insecticidal toxin from Bacillus
thuringiensis subsp. Kurstaki in soil. Soil Biol. Biochem. 30, 471–476.

Telerman, A., Amson, R., 2009. The molecular programme of tumour reversion: the
steps beyond malignant transformation. Nat. Rev. Cancer 9, 206–216.

Thakuria, D., Schmidt, O., Finan, D., Egan, D., Doohan, F.M., 2010. Gut wall bacteria of
earthworms: a natural selection process. Int. Soc. Microbiol. Ecol. 4, 357–366.

van der Merwe, F., Bezuidenhout, C., van den Berg, J., Maboeta, M., 2012. Effects of
Cry1Ab transgenic maize on lifecycle and biomarker responses of the
earthworm, Eisenia Andrei. Sensors 12, 17155–17167.

van der Oost, R., Beyer, J., Vermeulen, N.P.E., 2003. Fish bioaccumulation and
biomarkers in environmental risk assessment: a review. Environ. Toxicol.
Pharmacol. 13, 57–149.

Van Gestel, C.A.M., van der Waarde, J.J., Derksen, J.G.M., van der Hoek, E.E., Veul, M.,
Bouwens, S., Rusch, B., Kronenburg, R., Stokman, G.N.M., 2001. The use of acute
and chronic bioassays to determine the ecological risk and bioremediation
efficiency of oil-polluted soils. Environ. Toxicol. Chem. 20, 1438–1449.

Van Ooik, T., Rantala, M.J., 2010. Local adaptation of insect herbivore to a heavy
metal contaminated environment. Ann. Zool. Fennici 47, 215–222.

Van Straalen, N., 2008. Genomics technology for assessing soil pollution. J. Biol. 7,
19.

Vercesi, M.L., Krogh, P.H., Holmstrup, M., 2006. Can Bacillus thuringiensis (Bt) maize
residues and Bt-maize plants affect life-history traits in the earthworm
Aporrectodea caliginosa? Appl. Soil Ecol. 32, 180–187.

Zeilinger, A.R., Andow, D.A., Zwahlen, C., Stotzky, G., 2010. Earthworm populations
in a northern U.S. maize belt soil are not affected by long-term cultivation of Bt-
maize expressing Cry1Ab and Cry3Bb1 proteins. Soil Biol. Biochem. 42, 1284–
1292.

Zheng, K., Liu, Z., Li, Y., Cui, Y., Li, M., 2013. Toxicological responses of earthworm
(Eisenia fetida) exposed to metal-contaminated soils. Environ. Sci. Pollut. Res.
Int. 20, 8382–8390.

Zurbrügg, C., Hönemann, L., Meissle, M., Romeis, J., Nentwig, W., 2010.
Decomposition dynamics and structural plant components of genetically
modified Bt-maize leaves do not differ from leaves of conventional hybrids.
Transgenic Res. 19, 257–267.

Zwahlen, C., Andow, D.A., 2005. Field evidence for the exposure of ground beetles to
Cry1Ab from transgenic maize. Int. Soc. Biosaf. Res. 4, 113–117.

Zwahlen, C., Hilbeck, A., Gugerli, P., Nentwig, W., 2003a. Degradation of the Cry1Ab
protein within transgenic Bacillus thuringiensis maize tissue in the field. Mol.
Ecol. 12, 765–775.

Zwahlen, C., Hilbeck, A., Howald, R., Nentwig, W., 2003b. Effects of transgenic Bt-
maize litter on the earthworm Lumbricus terrestris. Mol. Ecol. 12, 1077–1086.

Zwahlen, C., Hilbeck, A., Nentwig, W., 2007. Field decomposition of transgenic Bt-
maize residue and the impact on non-target soil invertebrates. Plant Soil 300,
245–257.

http://refhub.elsevier.com/S0045-6535(15)00501-9/h0180
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0180
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0185
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0185
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0185
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0185
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0185
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0190
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0190
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0190
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0195
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0195
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0195
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0195
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0195
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0195
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0200
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0200
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0200
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0200
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0205
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0205
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0205
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0210
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0210
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0210
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0215
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0215
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0215
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0220
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0220
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0220
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0220
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0225
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0225
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0225
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0225
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0230
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0230
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0235
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0235
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0235
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0240
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0240
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0240
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0245
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0245
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0245
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0250
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0250
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0250
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0255
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0255
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0260
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0260
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0260
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0265
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0265
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0270
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0270
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0275
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0275
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0280
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0280
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0280
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0285
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0285
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0285
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0290
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0290
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0290
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0290
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0295
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0295
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0300
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0300
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0305
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0305
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0305
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0310
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0310
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0310
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0310
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0315
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0315
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0315
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0320
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0320
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0320
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0320
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0325
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0325
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0330
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0330
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0330
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0335
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0335
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0340
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0340
http://refhub.elsevier.com/S0045-6535(15)00501-9/h0340

	Multilevel assessment of Cry1Ab Bt-maize straw return affecting  the earthworm Eisenia fetida
	1 Introduction
	2 Materials and methods
	2.1 Soil, maize plants, and earthworms
	2.1.1 Soil
	2.1.2 Maize plants
	2.1.3 Earthworms

	2.2 Experimental design
	2.3 Effects of Bt-maize return on the growth of adult and juvenile E. fetida
	2.4 Effects of Bt-maize return on the reproduction of E. fetida
	2.5 Measurement of enzymes activity in guts of E. fetida
	2.6 Quantitative real-time PCR (qRT-PCR) analysis
	2.7 Enzyme-linked immunosorbent assay (ELISA) of Cry1Ab
	2.8 Statistical analysis

	3 Results
	3.1 Effects of Bt-maize straw return on growth of adult E. fetida
	3.2 Effects of Bt-maize straw return on reproduction of adult E. fetida
	3.3 The relative growth rate (RGR) of juvenile E. fetida
	3.4 The content of total protein and enzymes activities in guts of E. fetida
	3.5 Genes expression in E. fetida
	3.6 Cry1Ab concentrations in Bt-maize straw, soil, cast, and guts of earthworms

	4 Discussion
	5 Conclusion
	Acknowledgments
	References


