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Bacillus thuringiensis (Bt) protein expressed by genetically modified (GM) crops is released
into the soil ecosystem, where it accumulates for a long time; therefore, degradation of
Bt protein has gained increased attention for environmental risk assessments. A first-order
kinetic model (Y=ae™*) is usually used to evaluate the degradation of Bt proteins, including
Bt-Cry1Ab and Bt-Cry1Ac; this has some limitations regarding the precise fitting and
explanation of the influence of various factors on Bt protein degradation in the later stage.
Therefore, to amend these limitations, we report a new degradation model Y=Y, +ae™*. The
effects of soil temperature, water content, soil types, and soil sterilization on the degradation
of Bt-Cry1Ah protein in soil were estimated in a 96d long laboratory study using a GM
maize leaf—soil mixture. The results showed that the Bt-Cry1Ah protein degraded rapidly
in the early stage and then slowly in the middle and late stages. Temperature was identified
as the key factor affecting the degradation of Cry1Ah protein—a relatively higher
temperature favored the degradation. The degradation rate of Cry1Ah protein was the
fastest when the water content was 33 and 20% in the early and later stages, respectively.
The soil types had a significant effect on the degradation of Cry1Ah protein. Moreover,
soil sterilization slowed down the rate of protein degradation in both the early and later
stages. In conclusion, the model Y=Y, +ae™™* established in this study provided a more
robust model for exploring and simulating the degradation of Bt protein in soil growing
GM crops and overcame the shortcomings of the Y=ae* model. The findings of this
study enriched the understanding of Bt protein degradation in soil ecosystems. They
would be helpful for evaluating the environmental safety of GM crops.
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INTRODUCTION

Since the approval of FlavrSavr® tomato, the first genetically
modified (GM) food for human consumption, the market of
GM foods has grown rapidly. The land area under cultivation
of GM crops has been expanded to around ~190.4 million
hectares, covering 12% of the global crop area. GM maize
is the second-largest GM crop, covering ~60.9 million hectares
and accounting for 32% of the global area under GM crops
(ISAAA, 2019). China is the second-largest maize growing
country globally, and GM maize has an important application
potential in China. Moreover, the government policies of
China have been committed to the research and development
of GM crops, including GM maize, to facilitate their
industrial use.

The crystalline (Cry) protein CrylAb derived from Bacillus
thuringiensis (Bt) is mainly used to develop GM maize worldwide
to manage insect pest infestations. It has been shown that the
release of Bt proteins from Bt crops in soil ecosystems through
root exudation (Morra, 1994), pollen, and stubble decomposition
(Palm et al., 1994) affects the soil microbiota, functional groups,
biodiversity, and soil ecological processes (Wang et al., 2005;
Zeng et al., 2014; Shu et al.,, 2017; Liu et al., 2018). Therefore,
several researchers have evaluated the degradation of Bt proteins,
including CrylAc and CrylAb, in soil ecosystems (Zhang et al.,
2007, 2015; Feng et al., 2011; Zaman et al., 2015). Similarly,
the degradation of CP4-EPSPS protein in soil has also been
reported (Zeng et al., 2018).

The first-order kinetics model (Y=ae™X) is widely used
to assess the degradation dynamics of proteins/herbicides in
soil (Zhang et al, 2015; Fang et al., 2016; Wang et al., 2016;
Carretta et al, 2018; Zeng et al., 2018), because of its simple
algorithm and high accuracy. However, in our data statistics
process, this model demonstrates lower fitting accuracy in the
presence of higher amounts of residual proteins, and it does
not explain the influence of various factors on residual proteins
in the later stage of exogenous protein degradation.

To expand the utilization of genetic resources and gain
intellectual property protection, the CrylAh gene was cloned
from the Bt8 strain by the Chinese Academy of Agricultural
Sciences, and it has been used to develop GM maize GH5112E-
117C (Han et al, 2016). CrylAh protein has a stronger
insecticidal activity against many lepidopteron pests than CrylAc,
CrylAb, and Crylle proteins, but it has lower insecticidal
activity against important economic insects, such as Bombyxmori
(Xue et al, 2008; Chen et al., 2020). The productive test of
GM maize GH5112E-117C, with potential industrial application
prospects, has been completed, and it is now in the process
of obtaining the Safety Certificate of Chinese GM Food Crops.
However, studies on the degradation of CrylAh protein in
soil have not been explored.

Therefore, in this study, we aimed to develop a more robust
statistical model to assess the degradation dynamics of plant
exogenous proteins in soil. The efficiency of the suggested
model was investigated to assess the degradation of CrylAh
protein released by GM maize GH5112E-117C. This method
will provide a comprehensive understanding of Bt protein

degradation in soil and facilitate assessment of the environmental
safety of GM crops.

MATERIALS AND METHODS

Plants
The seeds of GM maize GH5112E-117C were provided by
Beijing Origin Seed Technology Inc.

The seeds were planted in the test field, and the leaves of
the GM maize GH5112E-117C were randomly collected during
the maize harvesting period and naturally air-dried. Afterward,
the leaves were ground and sifted through a 1.0-mm sieve
and stored in a freezer at —20°C for further analysis.

Soil

Soil samples were collected from the 0-20cm surface layer of
maize fields growing non-GM maize in the main maize-producing
areas of China. The soil types included two representative sites
of China’s spring maize area in Gongzhuling and Beijing and
two of Chinas summer maize areas in Jinan and Zhengzhou.
The basic physical and chemical properties of soil at these
sites are shown in Table 1. The stones were removed from
the soil, and the soil was naturally air-dried. Then, the samples
were sifted using 1.0-mm sieves, homogenized, and kept for
further analysis.

Estimation of the Effects of Temperature,
Water Content, and Soil Types on
Degradation of Cry1Ah Protein

For each centrifuge tube (2ml), mixed corn leaves (0.1g) and
soil (0.9 g) were added. Afterward, to simulate the water content
of the field soil (20, 33, and 50%), water (0.23, 0.45, and 0.9g,
respectively) was added to the centrifuge tubes. We perforated
the cover of the centrifuge tubes with 2-3 holes (1 mm) and
weighed each centrifuge tube every 1-2 d to supplement the
evaporated water. The GM leaf-soil mixed samples were kept
at three different temperatures (15°C, 25°C, and 35°C) in
artificial climate chambers for 96 d. A total of 36 treatments
(4 soil types x 3 water contents x 3 temperatures) were evaluated
in this study.

Sampling was performed at 18 different time points in
triplicate (Oh, 4h, 8h, 12h, 16h, 20h, 24h, 1.5d, 2d, 3d, 4d,
7d, 11d, 16d, 21d, 32d, 64d, and 96d). A total of 1944 (36x 18 x 3)
samples were investigated. After each sampling, the small holes
on the centrifuge tubes were sealed with adhesive tape. The
collected samples were stored in a refrigerator at —80°C for
the subsequent analyses.

Estimation of the Effects of Soil
Sterilization on the Degradation of Cry1Ah
Protein

To assess the effect of soil microbiota on the degradation of
CrylAh protein, the soil samples obtained from Gongzhuling
were sterilized thrice at 120°C (1h each time) at an interval
of 1d. The samples kept at 35°C with a simulated soil water
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TABLE 1 | The basic physical and chemical characters of the four soil types.

Sampling sites Water pH Organic Nitrogen Phosphorus Potassium Cation exchange
content (%) C (g-kg™) (9-kg™) (9-kg™) (9-kg™) capacity (g-kg™")

Beijing 22.90 6.38 11.17 1.16 0.92 2.70 11.05

Gongzhuling 18.40 5.58 13.97 1.30 0.62 3.69 26.00

Jinan 20.00 6.77 10.17 1.09 0.61 4.54 16.73

Zhengzhou 15.00 6.24 2.79 0.50 0.51 3.91 6.27

content of 50%. The sampling was performed in three replicates
at 18 different times, as described in previous section.

Quantification of Bt Protein

The 0.1g samples incubated in 10ml centrifuge tubes were
extracted using 8ml of phosphate-buffered saline solution
combined with 0.1% Tween-20 (PBST) provided with the kit,
after which the extracts were clarified by centrifuging at 10000 x g
for 4min to achieve the best results. The supernatant was diluted
to certain ratios (100:1, 30:1, 10:1 or 0) with PBST to suit the
measuring range of the instrument. The presence of Bt proteins
was assessed using an enzyme-linked immunosorbent assay
(ELISA) kit [Bt-CrylAb/1Ac ELISA Kit (PSP 06200/0480, Agdia,
USA)] following the manufacturer’s instructions. Quantification
was corrected with different concentration of CrylAh protein
solution. The purified CrylAh protein was provided by Institute
of Biotechnology, Chinese Academy of Agricultural Sciences.
After obtaining the measured value, the Bt protein concentration
is calculated in combination with the water content.

Statistical Analyses

Effect of Temperature, Water Content, and Soil
Types on the Degradation of Cryl1Ah Protein in
Soil

The repeated measures module of IBM SPSS Statistics 23
software was used to perform ANOVA. The ELISA data of
CrylAh protein under different conditions (temperature, water
content, and soil types) were analyzed using the following
operating procedure: Analyze/General Linear Models/Repeated
Measures/Within-subject Factor Name: time/Number of levels:18/
Define/select (h0 - d96) add Within-subjects variables time/
select (Location, Water content, Temperature) add between
subjects Factor/OK.

Effects of Soil Sterilization on the Degradation of
Cry1Ah Protein

Since the sterilization experiment was not performed for all
samples, the effect of sterilization on CrylAh protein degradation
was analyzed separately. As described in previous section,
ANOVA was performed using the ELISA data of CrylAh
protein under different sterilization conditions. The operation
procedure was the same as in previous section.

Model Fitting

The model of CrylAh protein degradation in soil was fitted
by the exponential models (Y=ae™X and Y=Y,+ae™%) using
the SigmaPlot version 12.0 (Systat Software, San Jose, CA). X

denotes the degradation time (in days), Y is the amount of
residues of CrylAh protein in the soil at time x, and the
parameters Y,, a, and b are obtained after curve fitting.

The 50% degradation time (DTs,) was calculated from the
parameters fitted by the Y=ae™* model using the
following equation:

DTs,=Ln?%/b.

RESULTS

ANOVA Analysis of the Degradation of
Cry1Ah Protein in Soil Under Varying
Temperature, Water Content, and Soil
Types

The quantification data of CrylAh protein obtained under
different conditions are shown in Supplementary Table S1.
ANOVA results of the data are shown in Supplementary Table S2.
In the multivariate test section, the analysis revealed significant
differences (p<0.01) between the average values of CrylAh
protein residues obtained under different sampling times; it
also showed significant interactions between the soil types,
simulated water contents, temperatures, and sampling times.
In the subject effects section, the results demonstrated significant
variation in CrylAh protein residues with time, and the effect
of soil types, simulated water content, and temperature
significantly affected the changing trend of protein residues
with time (p<0.01). Additionally, the within-subject contracts
section showed that the variation of CrylAh protein residues
with time could be fitted via linear, quadric, cubic, and so
on curves (p<0.01). The between-subject effects section showed
that the average value of CrylAh protein residue was different
for different soil types, water content, and temperature (p <0.01),
and soil types, water content, and temperature demonstrated
interaction effects (Supplementary Table S2).

Degradation Curve of Cry1Ah Protein in
Soil Under Different Conditions

Accuracy Comparison of Two Models

The curve simulation results showed that the degradation
characteristics of CrylAh protein in soil complied with the
Y=ae™®™X and Y= Y,+ae ™ models under all conditions. (All
value of ps were less than 0.0001.) The fitting precision values
(R?) of the Y=ae™X model under different conditions varied
from 0.8267 to 0.9944, with an average of 0.9434. However,
the Y=Y, +ae X model showed higher R? values (0.9152-0.9962
with an average is 0.9733). These results suggested a higher
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fitting accuracy of the Y= Y,+ae™* model than that of the
Y=ae™™* model, especially when there are more residual proteins
at the later stage of degradation under 15°C (Table 2).

The degradation dynamics of CrylAh protein in soil were
drawn based on the results of the two models (Figures 1, 2).
Collectively, the results showed a similar pattern of degradation
of CrylAh protein in soil under all conditions—a rapid
degradation in the early stage followed by slow degradation
in the middle and late stages. In particular, when the temperature
was 15°C, the degradation rate was relatively slow, and there
were more residual proteins in the late stage. These results
were more clear when the curve was drawn using the
Y= Y,+ae™* model (Figure 2).

Practical Meaning and Comparative Analysis of
Parameter b

To analyze the effect of different conditions on the degradation
of CrylAh protein, we analyzed the parameters of the two
models under different conditions. The parameter b of both
models has the same meaning and represents the degradation
rate of CrylAh protein. It showed a strong correlation between
the two models indicating that the parameter b in the Y=ae™*
model is similar to that of the Y= Y,+ae™* model. Since
DTj, is directly derived from the parameter b of the Y=ae™*
model (DTs=In*b), for convenience of description,
we calculated DT;, to analyze the degradation of CrylAh
protein in the early stage.

The average DTs, of CrylAh protein degradation in soil
over all conditions was 9.8d. The results showed an inverse
relation between DTs, and temperature—the average DT, at
15°C, 25°C, and 35°C was 17.3d, 7.7d, and 4.3d, respectively.
These results suggest that a higher temperature facilitates faster
degradation. DT, was the smallest (7.4d) at 33% water content,
indicating the fastest degradation rate, whereas it was the
slowest at 50% water content (DTs,=12.4d). The average DTj,

TABLE 2 | Degradation model of Cry1Ah protein in the soil collected from
Gongzhuling (the results for the other soil types are shown in Supplementary
Table S3).

Condition = Degradation model R? Value of p  DTs(d)

15°C, 20%  Y=336.25e 004 0.9105 <0.0001 15.1
Y=83.58 +266.69g0.097¢ 0.9727 <0.0001

15°C, 33% Y= 346.22¢700%61 0.9227 <0.0001 10.5
Y=74.37+286.73e"2" 0.9756 <0.0001

15°C, 50%  Y=319.48e~00%7® 0.8938 <0.0001 18.3
Y=87.33+246.25¢ 00873 0.9640 <0.0001

25°C, 20%  Y=370.36e7011% 0.9898 <0.0001 5.8
Y=22.09+352.16g70-1%% 0.9939 <0.0001

25°C, 33%  Y=351.53g7 01 0.9608 <0.0001 6.1
Y=44.53+319.43g7017%% 0.9811 <0.0001

25°C, 50%  Y=310.77g700747 0.9026 <0.0001 9.3
Y=51.36+274.35¢70-1%6% 0.9215 <0.0001

35°C,20%  Y=375.38e701%6" 0.9944 <0.0001 3.7
Y=15.92+362.61e02072 0.9962 <0.0001

35°C, 33%  Y=372.06e70%'" 0.9750 <0.0001 3.5
Y=11.92+362.25¢ 02168 0.9766 <0.0001

35°C, 50%  Y=347.45¢70074 0.9916 <0.0001 9.3
Y=4.58+343.26e0076% 0.9915 <0.0001

was 9.6d at 20% water content, indicating an intermediate
degradation rate. The average DT, in four soil types
(Gongzhuling, Jinan, Beijing, and Zhengzhou) was 9.1, 6.6,
10.1, and 13.3d, respectively, indicating the fastest degradation
rate in Jinan soil.

Practical Meaning and Comparative Analysis of
Parameter Y,

Y, is the minimum limit value of the model Y= Y,+ae™®X. The
meaning of Y, can be explained as the residual CrylAh protein
that could not be degraded in the later stage. At 15°C, 25°C,
and 35°C, the average values of Y, were 85.7ng-g”', 34.2ng-g”',
and 15.5ng-g”’, respectively, indicating that the higher the
temperature, the less the amount of residual protein. The average
value of Y, was 37.1ng-g”", 47.3ng-g”', and 50.1ng-g™" at 20,
33, and 50% water content, respectively, suggesting a positive
relationship between the water content and residual protein.
The average Y, values in samples collected from Gongzhuling,
Beijing, Jinan, and Zhengzhou were 43.9ng-g”!, 38.6ng-g”!,
50.2ng-g”!, and 47.8ng-g™!, respectively. The residual protein
was the least in Jinan soil and the most in Beijing soil.

Effects of Soil Sterilization on the
Degradation of Cry1Ah Protein

The quantification data of CrylAh protein obtained under the
sterilization condition are shown in Supplementary Table S4.
The ANOVA results of the data are shown in Supplementary
Table S5.

Sterilization had a significant impact on the residual amount
of CrylAh protein, and the change in the amount of residual
protein varied with time (Supplementary Table S5). The fitting
accuracy of the model Y= Y,+ae™* (R*=0.9935) was better
than that of the model Y=ae ™™ (R*=0.9717) under sterilization
conditions (Table 3).

As shown in Figure 3, the degradation of CrylAh protein
is characterized by rapid degradation in the early stage and
slow degradation in the middle and late stages. The residual
protein in the sterilized soil was higher than that in the
nonsterilized soil, and the trend was clearer in the Y= Y,+ae ™%
model (Figure 3). In nonsterilized soil, there was less residual
protein in the later stage, the parameter Y, of Y= Y,+ae™™*
model was close to zero, and parameter b was close to the
parameter b of Y=ae™%; in addition, the fitting accuracy
(Table 3) and fitting curves (Figure 3) of the two models
were similar.

DISCUSSION
Repeated Measures ANOVA

Repeated measure designs are designs in which the same subject
is measured more than once at different times or environments,
and they are used to analyze the changing trend of the
observations and related influencing factors. However, several
researchers have used multi-way ANOVA (time was regarded
as a factor equal to temperature and water content) to study
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FIGURE 1 | The degradation dynamics of Cry1Ah protein in the soil in four soil types under different environmental conditions. The data were calculated following
degradation model Y=ae ™, (A) Gongzhuling, (B) Jinan, (C) Beijing, and (D) Zhengzhou; temperature (15°C, 25°C, and 35°C), water content (20, 33, and 50%).
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the degradation of Bt protein or to directly compare different
factors at a single time point without considering the correlation
of the observations at different time points or the changing
trend of the observations with time (Bai et al., 2005; Zhang
et al., 2007, 2015; Feng et al, 2011; Zeng et al., 2018).

The repeated measures ANOVA analysis in this paper not
only proved that the amount of Bt protein residues changed
consistently with time but also proved that location, water
content, temperature, and sterilization had a significant impact
on the degradation of Bt proteins with time and laid a foundation
for the model fitting and statistical description of Bt protein
degradation in soil.

Whole and Part in Statistical Analysis

In this study, we replaced the broken line graph reported in
earlier studies with the fitting curve (Feng and Simpson, 2009;
Feng et al,, 2011; Slade and Riutta, 2012; Zeng et al, 2018),
which intuitively shows the degradation of Bt protein with

time and the influence of different factors on the degradation
trend. Error is inevitable in data statistics, and every measured
value has a certain deviation from the real value. However,
the results obtained by model fitting are closer to the real
value than the measured value. Furthermore, the degradation
of Bt protein with time is a continuous process; therefore, the
results should show continuous change.

ANOVA is based on the principle of the whole before part.
In other words, if the result of the ANOVA is not significant
in general, it is not necessary to analyze every time point.
On the contrary, if the ANOVA gets significant results in
general, each time point should be analyzed, and the time
points with differences should be determined. However, even
if there is no significant difference in the data at each time
point, we think that this factor has a significant impact on
the observed variables. This is because the ANOVA result, in
general, is the sum of all samples and is concluded by examining
all the data. For example, Feng et al. (2011) conducted ANOVA
on the data at each time point and concluded that soil pH
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FIGURE 2 | The degradation dynamics of Cry1Ah protein in the soil in four soil types under different environmental conditions. The data were calculated following
degradation model Y= Y, +ae®. (A) Gongzhuling, (B) Jinan, (C) Beijing, and (D) Zhengzhou; temperature (15°C, 25°C, and 35°C), water content (20, 33, and
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TABLE 3 | Degradation model of Cry1Ah protein in the soil (sterilized).

Condition Degradation model R? Value of p DTs, (d)

Sterilized Y=346.34g7005% 0.9717 <0.0001 11.75
Y=48.82+302.95e70%2t  0,9935 <0.0001

Nonsterilized — Y=347.45e0074 0.9916 <0.0001 9.34
Y=4.58+343.26 00762 0.9915 <0.0001

value and water content had no significant effect on the
degradation of CrylAb (Feng et al., 2011); however, we observed
contrasting results, and found that the degradation at high
pH was smaller than that at low pH at most time points.
Some other studies had encountered similar problems (Bai
et al, 2005; Zhang et al, 2007, 2015; Zeng et al., 2018).
Therefore, to get a more scientific conclusion, we suggest that
repeated measures ANOVA should be adopted.

Model Fitting

Repeated measures ANOVA showed that the variation of
CrylAh protein residues with time could be fitted by linear,
quadric, and cubic curves (Supplementary Table S3). In
previous studies, linear, asymmetric, quadratic, power
functions, exponential model, and shift log model have been
used to study the degradation of various substances in soil
(Wider and Lang, 1982; Sims and Holden, 1996; Herman
et al., 2002a,b; Feng et al., 2011; Slade and Riutta, 2012).
However, in recent years, the first-order kinetics model
(Y=ae™™X) has been adopted by most studies (Zhang et al.,
2015; Fang et al., 2016; Wang et al., 2016; Carretta et al.,
2018; Zeng et al, 2018), probably because of its simple
calculation of methods and higher fitting precision value
compared to that of the other models, the other models
are either less accurate or more complex, and whose parameters
are difficult to explain.
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FIGURE 3 | The degradation dynamics of Cry1Ah protein in nonsterilized
and sterilized soils. A (degradation model Y=ae™*), B (degradation model
Y= Y,+ae ).

The Y= Y,+ae ™™ model established and applied in this
study shows higher accuracy than the Y=ae™* model, with
an average R* difference of 0.03. Y, is the minimum limit
value of the model Y= Y,+ae™* representing the residual
CrylAh protein that cannot be degraded in the later stage.
Y= Y,+ae™* showed higher accuracy, mainly with more
residual proteins in the later stage, whereas with lower
amounts of residual protein in the later stage, the parameter
Y, is close to zero, and the parameter b and fitting accuracy
of the two models tend to be the same. Similarly, three of
the four curves in Figure 3 almost overlap, and the difference
between the curves fitted by Y=ae™* between the two
groups of data is not obvious, the curve fitted by Y=Y, +ae™™*
can clearly see the difference between the two groups of
data, and the curve fitted by Y= Y,+ae ™ almost coincides
with the measured value under sterilization conditions
(R*=0.9935). Overall, the model Y= Y,+ae™X resolves the
problem that the fitting accuracy of Y=ae™ is lower when
the residual protein is higher in a later stage, and it can
completely replace Y=ae™X*. The model Y= Y,+ae™*
unraveled precise estimation of the influence of various
factors on the degradation of CrylAh protein in soil. The
model directly describes the effect of different gradients of
different factors on the degradation of CrylAh protein in
soil. Moreover, based on the comparison of the range of
different parameters, it explains that the factors affecting
the early stage degradation of CrylAh protein are
temperature >soil types > water content > sterilization
(13.0d>6.7d>5.0d >2.4d), and those in the later stage are
temperature > sterilization > water content > soil types
(70.2ng-g"' >44.2ng-g7' >13.0ng-g"' >11.5ng-g™").

Regulation of Bt Protein Degradation in
Soils

Several studies have shown that the residual proteins released
from the GM crops follow a typical pattern of a rapid rate
of degradation in the early stage followed by a slow rate in
the middle and late stages (Bai et al., 2006; Feng et al., 2011;
Zhang et al., 2015; Zeng et al., 2018). Accordingly, our results
also demonstrated similar patterns of degradation dynamics
of CrylAh protein in soil. Feng et al. (2011) demonstrated
that soil temperature had significant effects on the degradation
of CrylAb protein released from two kinds of GM maize
straw, with a higher degradation rate at a higher temperature;
however, soil water content and pH had no effects (Feng
etal, 2011). Zeng et al. (2018) reported that the soil temperature
and sterilization significantly affected the degradation of
CP4-EPSPS protein released from maize leaves, whereas the
soil water content and pH did not reveal any significant
effect (Zeng et al., 2018). It has also been shown that the
CrylAc protein in the Bt cotton leaves and buds was degraded
most rapidly in the early stage at 35°C with 70% soil water
holding capacity, and soil temperature was a major factor
influencing the degradation of CrylAc protein from Bt cotton
residues (Zhang et al, 2015). Another study showed that
flooding could accelerate the decomposition of rice tissues
and thus enhance the degradation of CrylAb protein, and
microbes in soils had positive effects on the Cryl Ab degradation
(Bai et al., 2005). It has also been shown that the degradation
rate of CrylAb was influenced by the soil water content,
pH, and temperature, of which the effects of soil pH and
temperature were relatively more pronounced (Bai et al., 2006).
Collectively, it can be inferred that temperature has the greatest
impact on the degradation of Bt protein in soil. The higher
the temperature, the faster the degradation rate, and the less
the residual protein in the late stage. This regular pattern is
not only suitable for the degradation of Bt protein in soil
but also suitable for the degradation of other substances (Feng
and Simpson, 2009; Fang et al., 2016; Wang et al., 2016;
Carretta et al., 2018; Velasquez-Castillo et al., 2020), including
total organic matter in the soil (Bosatta and Agren, 1999;
Wettersted et al., 2010).

Previous studies have demonstrated inconsistent results for
other factors (water content, pH value, and sterilization).
Moreover, some results were not statistically significant (Palm
et al,, 1996; Feng et al., 2011; Zhang et al., 2015; Zeng et al,,
2018), which could be due to the insufficient sample size of
the experimental design (few repetitions or Latin square
design) and the insufficient gradient settings. However, the
impact of these factors on the degradation of Bt protein in
the soil cannot be ignored. For example, the factors that
change in a curve only take the data that have a greater or
smaller impact on the degradation, there is not enough
variation in the observed values of variables, and the statistical
model cannot capture the changes of variables. Moreover, it
does not consider the continuous change of time and does
not carry out ANOVA on the whole data, but independently
carries out ANOVA on the data of each time point to
summarize the whole.
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CONCLUSION

In this study, a new model (Y= Y,+ae™¥) is established
to study the degradation of Bt protein in soil. The accuracy
of the new regression model is higher, and through the
analysis of parameters b and Y,, the study provides a better
understanding of the degradation of Bt protein in the soil.
The results show that Bt protein in soil degrades rapidly
in the early stage and slowly in the middle and late stages.
The factors affecting its early stage degradation are temperature
> soil types > water content > sterilization, whereas those
affecting the residues in the later stage are temperature >
sterilization > water content > soil types. Collectively, these
findings show that a relatively higher temperature facilitates
a faster degradation rate in the early stage and less residual
protein in the later stage, suggesting that the CrylAh protein
might not accumulate in soil under appropriate environmental
conditions. However, the precise effects of environmental
factors in natural field conditions should be ascertained by
further studies to realize the environmental impacts of
GM maize.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can
be directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

XS and LL brought the idea and designed the trial. ZJ
and LZ interpreted the results and wrote the paper. ZJ,
LZ, BW, JY, FW, and DW performed the experiments. All

REFERENCES

Bai, Y. Y, Jiang, M. X,, and Cheng, J. A. (2005). Temporal expression patterns of
CrylAb insecticidal protein in Bt rice plants and its degradation in paddy
soils. Acta Ecol. Sin. 25, 1583-1590. doi: 10.3321/j.issn:1000-0933.2005.07.008

Bai, Y. Y, Jiang, M. X,, and Cheng, J. A. (2006). Impacts of environmental factors
on degradation of CrylAb insecticidal protein in leaf-blade powders of transgenic
Bt rice. Agric. Sci. China 6, 167-174. doi: 10.1016/S1671-2927(07)60031-5

Bosatta, E., and Agren, G. I. (1999). Soil organic matter quality interpreted
thermodynamically. Soil Biol. Biochem. 31, 1889-1891. doi: 10.1016/
$0038-0717(99)00105-4

Carretta, L., Cardinali, A., Marotta, E., Zanin, G., and Masin, R. (2018).
Dissipation of terbuthylazine, metolachlor, and mesotrione in soils with
contrasting texture. J. Environ. Sci. Health B 53, 661-668. doi: 10.1080/
03601234.2018.1474556

Chen, Y., Guan, X, and Ren, M. (2020). Impacts of transgenic insect-resistant
maize HGK60 with CrylAh gene on biodiversity of arthropods and weeds in
the field. Chin. J. Appl. Ecol. 31, 4180-4188. doi: 10.13287/j.1001-9332.202012.031

Fang, W,, Wang, Q., Han, D, Liu, P, Huang, B, Yan, D,, et al. (2016). The
effects and mode of action of biochar on the degradation of methyl
isothiocyanate in soil. Sci. Total Environ. 565, 339-345. doi: 10.1016/j.
scitotenv.2016.04.166

Feng, Y., Ling, L., Fan, H,, Liu, Y., Tan, E, Shu, Y., et al. (2011). Effects of
temperature, water content and pH on degradation of CrylAb protein

authors contributed to the manuscript and approved the
final version.

FUNDING

This study was supported by the National Natural Science
Foundation of China (grant number 32071546).

ACKNOWLEDGMENTS

We would like to thank Zhihong Lang at Chinese Academy of
Agricultural Sciences for providing the purified CrylAh protein.
In addition, we thank Beijing Origin Seed Technology Inc. for
providing the seeds of GM maize GH5112E-117C. We are grateful
to the editors of Elsevier Author Services; they not only polished
the language, but also put forward very professional suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2022.875020/
full#supplementary-material

Supplementary Table S1 | The ELISA results on the degradation of Cry1Ah
protein under different conditions of temperature, water content, and soil types.

Supplementary Table S2 | The ANOVA of the degradation data of Cry1Ah
protein under different conditions of temperature, water content, and soil types.

Supplementary Table S3 | Degradation model of Cry1Ah protein in the soil.

Supplementary Table S4 | The ELISA results on the degradation of Cry1Ah
protein under soil sterilization and non-sterilization conditions.

Supplementary Table S5 | The ANOVA of the degradation data of Cry1Ah
protein under soil sterilization and non-sterilization conditions.

released from Bt corn straw in soil. Soil Biol. Biochem. 43, 1600-1606. doi:
10.1016/j.s0ilbio.2011.04.011

Feng, X. J.,, and Simpson, M. J. (2009). Temperature and substrate controls on
microbial phospholipid fatty acid composition during incubation of grassland
soils contrasting in organic matter quality. Soil Biol. Biochem. 41, 804-812.
doi: 10.1016/j.s0ilbi0.2009.01.020

Han, S. W, Zou, S. Y, He, X. Y, Huang, K. L, and Mei, X. H. (2016).
Potential subchronic food safety of the stacked trait transgenic maize
GH5112E-117C in Sprague-Dawley rats. Transgenic Res. 25, 453-463. doi:
10.1007/s11248-016-9944-6

Herman, R. A., Nscherer, P,, and Wolt, J. D. (2002a). Rapid degradation of a
binary, PS149B1, 8-endotoxin of Bacillus thuringiensis in soil, and a novel
mathematical model for fitting curve-linear decay. Environ. Entomol. 31,
208-214. doi: 10.1603/0046-225X-31.2.208

Herman, R. A., Wolt, J. D.,, and Halliday, W. R. (2002b). Rapid degradation
of the CrylF insecticidal crystal protein in soil. J. Agri. Food Chem. 50,
7076-7078. doi: 10.1021/jf025630u

ISAAA (2019). Global Status of Commercialized Biotech/GM Crops in 2019:
Biotech Crops Drive Socioeconomic Development and Sustainable Environment
in the New Frontier. ISAAA Brief no. 55. Ithaca, NY: ISAAA.

Liu, T.,, Chen, X.,, Qi, L., Chen, E, Liu, M., and Whalen, J. K. (2018). Root
and detritus of transgenic Bt crop did not change nematode abundance
and community composition but enhanced trophic connections. Sci. Total
Environ. 644, 822-829. doi: 10.1016/j.scitotenv.2018.07.025

Frontiers in Plant Science | www.frontiersin.org

April 2022 | Volume 13 | Article 875020


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2022.875020/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.875020/full#supplementary-material
https://doi.org/10.3321/j.issn:1000-0933.2005.07.008
https://doi.org/10.1016/S1671-2927(07)60031-5
https://doi.org/10.1016/S0038-0717(99)00105-4
https://doi.org/10.1016/S0038-0717(99)00105-4
https://doi.org/10.1080/03601234.2018.1474556
https://doi.org/10.1080/03601234.2018.1474556
https://doi.org/10.13287/j.1001-9332.202012.031
https://doi.org/10.1016/j.scitotenv.2016.04.166
https://doi.org/10.1016/j.scitotenv.2016.04.166
https://doi.org/10.1016/j.soilbio.2011.04.011
https://doi.org/10.1016/j.soilbio.2009.01.020
https://doi.org/10.1007/s11248-016-9944-6
https://doi.org/10.1603/0046-225X-31.2.208
https://doi.org/10.1021/jf025630u
https://doi.org/10.1016/j.scitotenv.2018.07.025

Jiang et al.

Bt-Cry1Ah Protein Degradation

Morra, M. J. (1994). Assessing the impact of transgenic plant products on soil
organisms. Mol. Ecol. 3, 53-55. doi: 10.1111/j.1365-294X.1994.tb00044.x
Palm, C. J., Donegan, K. K., Harris, D., and Seidler, R. J. (1994). Quantification
in soil of Bacillus thuringiensis var. kurstaki delta-endotoxin from
transgenic plants. Mol. Ecol. 3, 145-151. doi: 10.1111/j.1365-294X.1994.
tb00115.x

Palm, C. J., Schaller, D. L., Donegan, K. K., and Seidler, R. J. (1996). Persistence
in soil of transgenic plant produced Bacillus thuringlensis var. kurstaki
8-endotoxin. Can. J. Microbiol. 42, 1258-1262. doi: 10.1139/m96-163

Shu, Y., Zhang, Y., Zeng, H., Zhang, Y., and Wang, J. (2017). Effects of CrylAb
Bt maize straw return on bacterial community of earthworm Eisenia fetida.
Chemosphere 173, 1-13. doi: 10.1016/j.chemosphere.2017.01.023

Sims, S. R., and Holden, L. R. (1996). Insect bioassay for determining soil
degradation of Bacillus thuringiensis subsp. kurstaki CryIA(b) protein in
corn tissue. Environ. Entomol. 25, 659-664. doi: 10.1093/ee/25.3.659

Slade, E. M., and Riutta, T. (2012). Interacting effects of leaf litter species and
macrofauna on decomposition in different litter environments. Basic App.
Ecol. 13, 423-431. doi: 10.1016/j.baae.2012.06.008

Veldsquez-Castillo, L. E., Leite, M. A., Ditchfield, C., Sobral, P. J. D. A., and
Moraes, I. C. E (2020). Quinoa starch nanocrystals production by acid
hydrolysis: kinetics and properties. Int. J. Biol. Macromol. 143, 93-101. doi:
10.1016/j.ijbiomac.2019.12.011

Wang, ], Feng, Y., and Luo, S. (2005). Effects of Bt corn straw decomposition
on soil enzyme activities and soil fertility. Chin. J. Appl. Ecol. 16, 524-528.
doi: 10.13287/j.1001-9332.2005.0483

Wang, Q. X, Gao, S. D., Wang, D., Kurt, S., Cao, A,, and Yan, D. D. (2016).
Mechanisms for 1,3-dichloropropene dissipation in biochar-amended soils.
J. Agric. Food Chem. 64, 2531-2540. doi: 10.1021/acs.jafc.5b04941

Wettersted, J. A. M., Persson, T., and Agren, G. L. (2010). Temperature sensitivity
and substrate quality in soil organic matter decomposition: results of an
incubation study with three substrates. Glob. Chang. Biol. 16, 1806-1819.
doi: 10.1111/§.1365-2486.2009.02112.x

Wider, R. K., and Lang, G. E. (1982). A critique of the analytical methods
used in examining decomposition data obtained from litter bags. Ecology
63, 1636-1642. doi: 10.2307/1940104

Xue, J., Liang, G., Crickmore, N., Li, H. T., He, K. L., Song, E P, et al.
(2008). Cloning and characterization of a novel CrylA toxin from bacillus
thuringiensis with high toxicity to the Asian corn borer and other lepidopteran

insects. FEMS Microbiol. Lett. 280, 95-101. doi: 10.1111/j.1574-6968.
2007.01053.x

Zaman, M., Mirza, M. S., Irem, S., Zafar, Y., and Ahman, M. U. (2015). A
temporal expression of CrylAc protein in cotton plant and its impact on
soil health. Int. J. Agric. Biol. 17, 280-288.

Zeng, P, Feng, Y, Zhang, W.,, Zhang, Y, Dong, W,, and Wang, J. (2014).
Change of Bt protein in soil after growing Bt corns and returning corn
straws to soil and its effects on soil nutrients. Chin. J. Appl. Ecol. 25,
1997-2003. doi: 10.13287/j.1001-9332.2014.0129

Zeng, X., Wang, K., Feng, C, Song, X., Qi, F, Zhang, L., et al. (2018).
Effects of temperature, water content, pH and soil sterilization on the
degradation of CP4-EPSPS protein released from herbicide-tolerant corn
leaves in the soil. Soil Biol. Biochem. 120, 165-170. doi: 10.1016/j.
s0ilbio.2018.02.011

Zhang, M. J., Feng, M. C,, Lu, J. X,, Song, X. Y., Yang, W. D,, and Ding, G. W.
(2015). Impact of water content and temperature on the degradation of
CrylAc protein in leaves and buds of Bt cotton in the soil. PLoS One
10:€115240. doi: 10.1371/journal.pone.0115240

Zhang, Y. H., Huang, W,, Hu, H. Q, Liu, Y. R, and Chen, D. Q. (2007).
Remaining dynamics of CrylAb proteins from GM Bt corn in soils. J. Agri.
Univ. 26, 486-490. doi: 10.13300/j.cnki.hnlkxb.2007.04.009

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Jiang, Zhou, Wang, Yin, Wu, Wang, Li and Song. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

April 2022 | Volume 13 | Article 875020


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/j.1365-294X.1994.tb00044.x
https://doi.org/10.1111/j.1365-294X.1994.tb00115.x
https://doi.org/10.1111/j.1365-294X.1994.tb00115.x
https://doi.org/10.1139/m96-163
https://doi.org/10.1016/j.chemosphere.2017.01.023
https://doi.org/10.1093/ee/25.3.659
https://doi.org/10.1016/j.baae.2012.06.008
https://doi.org/10.1016/j.ijbiomac.2019.12.011
https://doi.org/10.13287/j.1001-9332.2005.0483
https://doi.org/10.1021/acs.jafc.5b04941
https://doi.org/10.1111/j.1365-2486.2009.02112.x
https://doi.org/10.2307/1940104
https://doi.org/10.1111/j.1574-6968.2007.01053.x
https://doi.org/10.1111/j.1574-6968.2007.01053.x
https://doi.org/10.13287/j.1001-9332.2014.0129
https://doi.org/10.1016/j.soilbio.2018.02.011
https://doi.org/10.1016/j.soilbio.2018.02.011
https://doi.org/10.1371/journal.pone.0115240
https://doi.org/10.13300/j.cnki.hnlkxb.2007.04.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Construction of a Novel Degradation Model of Bacillus thuringiensis Protein in Soil and Its Application in Estimation of the Degradation Dynamics of Bt-Cry1Ah Protein
	Introduction
	Materials and Methods
	Plants
	Soil
	Estimation of the Effects of Temperature, Water Content, and Soil Types on Degradation of Cry1Ah Protein
	Estimation of the Effects of Soil Sterilization on the Degradation of Cry1Ah Protein
	Quantification of Bt Protein
	Statistical Analyses
	Effect of Temperature, Water Content, and Soil Types on the Degradation of Cry1Ah Protein in Soil
	Effects of Soil Sterilization on the Degradation of Cry1Ah Protein
	Model Fitting

	Results
	ANOVA Analysis of the Degradation of Cry1Ah Protein in Soil Under Varying Temperature, Water Content, and Soil Types
	Degradation Curve of Cry1Ah Protein in Soil Under Different Conditions
	Accuracy Comparison of Two Models
	Practical Meaning and Comparative Analysis of Parameter b
	Practical Meaning and Comparative Analysis of Parameter Y0
	Effects of Soil Sterilization on the Degradation of Cry1Ah Protein

	Discussion
	Repeated Measures ANOVA
	Whole and Part in Statistical Analysis
	Model Fitting
	Regulation of Bt Protein Degradation in Soils

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding

	References

