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Abstract: As pests are an important factor in reducing crop yields, pest control is an important
measure in preventing reductions in crop yields. With the aim of ending the use of chemical
pesticides, biological control and genetically modified methods are now considered more reasonable
pest control strategies. The bacterium Bacillus thuringiensis (Bt) can produce crystal proteins that
have specific toxicity to lepidopteran insects, and so it has been applied as a microbial insecticide
in the control of crop pests for several decades. With the development of plant genetic engineering,
Bt genes encoding insecticidal crystal protein have been introduced into many crop species for pest
control. This article indicates that, after years of experiments and research, Bt transgenic rice is close
to becoming a commercial insect-resistant rice, and many studies have shown that transgenic rice
has pronounced abilities in the control of pests such as yellow stem borers (Scirpophaga incertulas,
YSB), striped stem borers (Chilo suppressalis, SSB), and rice leaf rollers (Cnaphalocrocis medinalis, RLR);
moreover, it does not obviously differ from non-transgenic rice in terms of safety. This paper suggests
that transgenic Bt rice has application potential and commercial value.
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1. Introduction

Rice is one of the most important food crops in the world, being the staple food
for about half of the world’s population [1]. Rice is also one of the food crops most
seriously affected by pests, and the annual yield loss caused by insect pests is about 10% [2].
Therefore, effective pest control is particularly important. Chemical insecticides are mainly
used to control pests during production. This control method is not only expensive, but
also causes environmental pollution, pesticide residues, pest resistance, and other problems.
Since the Bt insecticidal protein was found to kill pests selectively, it has been widely used
as a biological agent in crop pest control. The creation of the first transgenic tobacco in
1983 heralded the arrival of the era of plant genetic engineering; since then, the transgenic
research of plants has entered a stage of vigorous development [3]. The development of
plant transgenic technology provides a new method for the control of agricultural pests.
The genetically modified crops are mainly designed with a focus on improving traits
to obtain ideal results. This has led to the development of crops with improved yield,
quality and tolerance to biotic and abiotic stresses. With the introduction of favorable
traits into crops, biotechnology has opened up a way for transgenic crops to integrate into
sustainable food production systems [4]. Using plant transgenic technology, researchers
have transferred the Bt gene into crops to control target pests. So far, it has been reported
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that transgenic rice with the Bt gene can effectively control pests such as yellow stem
borers (Scirpophaga incertulas), striped stem borers (Chilo suppressalis), and rice leaf rollers
(Cnaphalocrocis medinalis). In this paper, the breeding, resistance phenotype, and relative
safety of different forms of Bt transgenic rice are established and interrogated.

2. Bt Gene

Bacillus thuringiensis (Bt) is a kind of Gram-positive bacteria widely found in soil. It
produces a large number of parasporal crystals in the process of spore formation. These
crystals are composed of proteins with highly specific insecticidal activity, and they are
referred to as insecticidal crystal protein (ICP). A 1989 study proposed that, according to
their structural characteristics and insecticidal specificity, Bt proteins can be divided into
five categories: Cry I (specific toxicity for Lepidoptera insects), Cry II (specific toxicity
for Lepidoptera and Diptera insects), Cry III (specific toxicity for Coleoptera insects), Cry
IV (specific toxicity for Diptera insects), and Cyt (cytolytic crystal proteins) [5]. With the
discovery of more and more Bt genes, it was found that there was no consistency between
amino acid sequence homology and insecticidal activity. The discovery of new genes made
the defects of the above classification methods increasingly obvious, so it is difficult to
accurately classify new genes. In 1998, Crickmore et al. proposed using the homology of
the amino acid sequence of Bt proteins as the only basis for the classification of Bt genes.
A homology of amino acid sequences less than 45%, which is the first classification level,
is expressed in Arabic numerals. A sequence homology higher than 45% but less than
78%, which is the second classification level, is expressed in uppercase English letters. A
sequence homology higher than 78% but less than 95%, which is the third classification
level, is expressed in lowercase English letters; finally, a sequence homology more than
95%, which is the fourth classification level, is represented by Arabic numerals [6]. An
example is the crylAal gene. Since the first Bt gene was discovered and cloned in 1981 [7],
new Bt genes have been continuously discovered. By September 2016, the cloned Bt genes
fell into 77 categories, with a total of 825 gene sequences (including 787 cry genes and
38 cyt genes) (http:/ /www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/toxins2.html,
accessed on 5 May 2023). These Bt proteins can act on target insects such as Lepidoptera,
Diptera, and Coleoptera, as well as nematodes. Moreover, Cyt has cytolytic properties
(Figure 1). The nomenclature and statistics of the Bt gene in crop application are shown
in Table 1.

Table 1. Nomenclature and application of Bt gene.

Nomenclature Gene [5] Nog:::l[zt]ure Insect Spectrum Number of Amino Acids Applied Crops
crylA(a) crylAa Lepidoptera 1176 Rice, Sweet potato
crylA(b) crylAb Lepidoptera 1155 Rice, Maize, Cotton
crylA(c) crylAc Lepidoptera 1178 Rice, Maize, Cotton

crylB crylBa Lepidoptera 1207 Rice, Maize
crylC crylCa Lepidoptera 1189 Rice, Maize, Cotton
crylD crylDa Lepidoptera 1165 Maize
crylIA cry2Aa Lepidoptera/Diptera 633 Rice
crylIB cry2Ab Lepidoptera 633 Maize, Cotton
cryllIA cry3Aa Coleoptera 644 Rice, Potato
cryllIB cry3Ba Coleoptera 649 Rice
crylVA cry4Aa Diptera 1180
crylVB cry4Ba Diptera 1136
cryIVC cryl0Aa Diptera 675
crylVD cryllAa Diptera 643
cytB cytlAa Diptera/others 248



http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/toxins2.html

Sustainability 2023, 15, 9779 30f13

A

i* .

Crystalline Cry Cry pro-toxin Cry toxin

Pest in leaf : Cry3A
RLR Cry3B

Pest in stem :
YSB, SSB

Pest in root :
RWW

Figure 1. The Insecticidal Mechanism of Bt Protein and Its Application in Rice. (A) Models of the
mode of action of Cry toxins: (1) Toxin dissolved in the midgut. (2) Activated by midgut protease.
(3) Binding to primary receptor cadherin. (4) Step 3 induces the cleavage of helix a-1 and triggers
toxin oligomerization. (5) Toxin oligomers bind to a second receptor (glycosylphosphatidylinositol-
anchored proteins, GPI-Aps), such as aminopeptidase or alkaline phosphatase, which is anchored by
glycosylphosphatidylinositol in the membrane. (6) The toxin enters the cell membrane, forming a
hole, killing insect cells; (B) Bt protein’s application in rice.

3. Research Progress of Transgenic Rice That Is Resistant to Lepidoptera Pests

Lepidoptera pests (such as YSB, SSB damage rice stems, RLR damage rice leaves) harm
rice and affect its physiological development. At present, many different Bt genes have
been applied to various varieties of rice, including indica rice, japonica rice and hybrid rice
(Table 2).
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Table 2. Application of Bt gene in rice.
Rice Variety Rice Type Gene Reference
Huahui No.1 Xian/indica rice crylAb/1Ac 9]
BT Shanyou 63 Xian/indica rice crylAb/1Ac
Minghui 63 Xian/indica rice cry2A*(2A) [10]
Minghui 63 Xian/indica rice crylC*(1C) [11]
Minghui 63 Xian/indica rice crylAb/1C
Minghui 63 Xian/indica rice crylAb/2A
Minghui 63 Xian/indica rice crylAc/1C [12]
Minghui 63 Xian/indica rice crylAc/2A
Minghui 63 Xian/indica rice crylC2A
Hanhui 3T Xian/indica rice crylAb/crylAc [(13]
Huhan 5A /Hanhui 3T Hybrid rice crylAb/crylAc
Nip Geng/japonica rice crylAb/1Ac [14]
ZH11 Geng/japonica rice crylC* [15]
Zhejing 22 Geng/japonica rice crylAb
Zhejing 27 Geng/japonica rice crylAb [16]
Jiahua 1 Geng/japonica rice crylAb
Xiushui 63 Geng/japonica rice crylAb

3.1. A Close-To-Commercial Insect-Resistant Rice Strain: Huahui No.1

Since the first case of insect-resistant rice with a modified Cry1Ab gene was re-
ported [17], more and more studies have reported the successful breeding of insect-resistant
upland rice with the Bt gene. Huahui No.1 is the first transgenic rice line with the Bt
gene being tested in the field in China. The Cry1Ab/1Ac fusion gene vector driven by an
Actinl promoter and the vector containing a hygromycin phosphotransferase gene (hpt)
were transformed into the rice restorer line MH63 by particle bombardment. Through
the self-separation of offspring, a good homozygous line without a selective marker gene
was screened, namely TT51-1(Huahui No.1). According to the results of the Western Blot
analysis, it was estimated that the ratio of Cryl1Ab/1Ac protein to total soluble protein
in the transgenic plants was about 0.02%. A field insect resistance test in Wuhan in 1999
investigated the damage caused by rice leaf rollers under natural infestation. The results
showed that the TT51-1 plants had significantly fewer damaged leaves than the control
variety MH63 (30.5), and the percentage of damaged tillers (0.7%) was also significantly
lower than that of the control varieties (85.9%). Under the conditions of artificial inoculation
and natural infestation, the dead heart rate (0-0.2%) and white ear rate (0-0.4%) caused by
stem borers (C. suppressalis and S. incertulas) in Huahui No.1 and its hybrid combination
Bt Shanyou 63 were significantly lower than that of the control varieties MH63 and SY63
(the dead heart rate and white ear rate were 1.1~41.8% and 10.3~94.2%, respectively). No
pesticides were sprayed during the whole growth period; the results of the investigation of
agronomic characteristics showed that there was no significant difference between Bt SY63
and the control SY63 for most variables, but the yield increased by 28.9%. The results fur-
ther showed that the transgenic Huahui No.1 and its hybrid combination Bt SY63 had good
resistance to rice leaf rollers, striped rice borers, and yellow rice borers across the whole
growth period [9]. In 2014 and 2020, Huahui No.1 and Bt SY 63 obtained safety certificates
for production and application in Hubei Province, which allowed their commercialization
to progress steadily.

On 20 January 2018, the transgenic insect-resistant rice “Huahui No.1” passed the
safety review procedures of the FDA and EPA in the United States, which means that
“Huahui No.1” rice and its products can be exported to the United States and directly sold
to ordinary consumers in the country’s market. The data from the safety evaluation of
“Huahui No.1” granted by the FDA showed that there was no substantial difference between
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“Huahui No.1” rice and the original variety in terms of safety, nutritional composition,
anti-nutritional factors, and other related parameters, either as human food or animal feed
(https:/ /www.fda.gov/media/110390/download; accessed on 5 May 2023).

3.2. Cultivation of Insect-Resistant Transgenic Rice with the New Bt Gene

Bt transgenic crops have been commercially cultivated for 20 years, but most of the
Bt genes used in these crops are Cry1A (CrylAb, CrylAc, CrylAb/CrylAc) [18-26]. Some
studies have shown that Cryl1Ab and Cry1lAc have the same receptor in insects and exhibit
cross resistance. Once the target insect develops resistance to one of these proteins, then all
these proteins will lose their insect resistance [27,28]. Therefore, it is of great significance
to find a new type of Bt insect resistance gene. The homology of the CrylC, Cry2A, and
CrylA proteins was found to be very low; they have different receptors in insects and do
not exhibit cross resistance [29-31].

Chen et al. modified the wild type cry2Aa gene according to the codon preference of
rice, added a non-translational sequence (5'UTR) at the 5" end to improve the gene expres-
sion, and added a 3 tailed recognition sequence to synthesize a new cry2A* gene. Then, the
cry2A* gene was driven by a maize Ubiquitin promoter to construct a transformation vector
and introduced into indica rice restorer line MH 63 through Agrobacterium tumefaciens-
mediated genetic transformation. Through Southern Blotting and a field investigation of
transgenic offspring, four transgenic single-copy homozygous families with good resistance
were screened (T2A-1, T2A-2, T2A-3, and T2A-4). The results of the indoor feeding of
the first instar yellow rice borer showed that all the larvae of the four transgenic families
died, while the mortality rate of the control variety MH63 was only 10%. Four transgenic
families showed good insecticidal effects. In 2004, field insect resistance identification
was carried out in the field. A combination of natural infestation and artificial inoculation
(i-e., access to the first instar S. incertulas during the tillering stage) was adopted. The
results of the first investigation showed that the number of damaged leaves per tiller of four
transgenic families was 0.01~0.02, which was significantly lower than that of MH 63 (1.17).
The dead heart rate of the transgenic families was 5.36-7.48%, which was significantly
lower than that of MH63 (17.24%). The results of the second investigation showed that the
number of damaged leaves per tiller of the four transgenic families was 0.01~0.08, which
was significantly lower than that of MH 63 (1.13). The dead heart rate and white ear rate
of transgenic families were 0.98-4.18% and 0.00-0.50%, respectively, significantly lower
than the values of 17.37% and 5.57% of the control MH63. The results of the indoor and
field experiments showed that the four transgenic families had good resistance to YSB, SSB,
and RLR [10].

Tang et al. modified the wild-type cryICa5 gene according to the codon preference of
rice, adding nos Terminator at the 3’ end, and then synthesizing a new cry1C* gene. Genetic
transformation mediated by Agrobacterium tumefaciens was introduced into the indica
rice restorer line MH63. Through a series of molecular detections and field investigations,
five transgenic single-copy homozygous families with good insect resistance were selected.
After an indoor inoculation test and the determination of the Cry1C* protein content, the
family with the best performance, T1C-19, was selected for follow-up field experiments.
The results of the field resistance test of T1C-19 and its hybrid combinations showed that
T1C-19 and its hybrid combinations had good resistance to YSB, SSB, and RLR [11].

3.3. Cultivation of Bivalent Bt Insect-Resistant Rice

As is the case for chemical insecticides, the large-scale cultivation of Bt transgenic
crops also leads to resistance in the target insects, resulting in reduced insect resistance and
even the loss of the insecticidal effect of Bt transgenic crops. In the 20 years since the initial
commercial cultivation of Bt crops, a variety of resistant insects have been found in the
field. Plutella xylostella was the first insect found to be resistant to the Bt protein (Cry1A) in
the field [27]. Then, Helicoverpa armigera and Heliothis virescens were found to be resistant
to the Bt protein [32]. In addition, Helotropha leucostigma was the first stem-boring insect
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found to be resistant to the Bt protein [33]. It has been suggested that there is a risk of
insects evolving populations resistant to transgenic rice with the Bt gene in the field. In
view of the risk of insect resistance to Bt crops, a series of insect resistance management
(IRM) strategies have been advanced, including the high-dose strategy, the shelter strategy,
the high-dose/shelter strategy, and the gene aggregation strategy. In view of the particular
context of the decreasing area of cultivated land in China, the gene aggregation strategy is
the most effective one. The gene aggregation strategy refers to the aggregation of two or
more different types of insect-resistant genes in the same crop; for instance, the aggregation
of Bt genes and non-Bt insect-resistant genes, or the aggregation of Bt genes without cross-
resistance. Because the probability of insect resistance to two or more insecticidal proteins
is much lower than that of resistance to a single gene, the gene aggregation strategy can
effectively delay the emergence of resistant insect populations, improving the useful life of
transgenic insect-resistant crops.

In their study of insect-resistant rice in China, Yang et al. used Minghui 63 insect-
resistant materials transformed with four univalent Bt genes (cry1Ab (named 1Ab), cry1Ac
(named 1Ac), cry1C* (named 1C) and cry2A* (named 2A)) as parents to carry out reciprocal
polymerization with five combinations (1Ab+1C, 1Ab+2A, 1Ac+1C, 1Ac+2A, 1C+2A)
to aggregate different types of Bt genes together. Ten bivalent Bt gene insect-resistant
combinations were obtained. Then, the homozygous lines of bivalent Bt were screened
using the PCR method. The results of the indoor inoculation test showed that the resistance
of almost all bivalent strains to the first instar C. suppressalis and S. incertulas was consistent
with or significantly increased relative to the univalent Bt strain, while most bivalent Bt
strains had higher resistance to the second instar C. suppressalis and S. incertulas than the
univalent Bt strain. In the field experiments, both the bivalent Bt homozygous lines and
univalent Bt homozygous lines showed good resistance to YSB, SSB, and RLR under both
natural and artificial treatments; in particular, the bivalent Bt strain polymerized cry2A*
made up for the lack of resistance of cry2A* univalent lines to RLR. Under normal pesticide
spraying in the field, the yields of most bivalent Bt lines were not significantly different
from that of the control MH63. A few bivalent Bt lines with some differences showed good
recovery of yield characters in their hybrid combinations (with Zhenshan 97A) and have
good application prospects [12].

To improve the insect resistance of water-saving and drought-resistant rice (WDR),
Ye et al. used Huahui No. 1 (TT51) as the cry1Ab/Ac gene donor, crossed it with water-
saving and drought-resistant rice recovery line variety Hanhui No. 3, screened the target
gene by molecular marker-assisted selection technology, and finally obtained the Hanhui
3T of the new insect-resistant recovery line. Subsequently, the hybrid rice combination
Huhan 5A /Hanhui 3T was also found to have high resistance to Cnaphalocrocis medinalis,
which laid a material foundation for the cultivation of new rice varieties with water-saving,
drought-resistant and insect-resistant properties [13].

3.4. The Tissue-Specific Expression of Bt in Insect-Resistant Rice

In recent years, there have been many breakthroughs and much progress in transgenic
rice with the Bt gene, but there are still many deficiencies. One obvious problem is that, in
most studies, the promoters used to drive Bt gene expression are constitutive promoters,
such as the Actinl promoter [9], the Ubiquitin promoter [10,11], and so on. These constitutive
expression promoters lead to the expression of the Bt gene in all rice plant tissues, which
increases the metabolic burden of the rice itself. In addition, since rice is the part we eat
directly, the presence of the Bt protein in the endosperm raises concerns about its edible
safety, which will further affect the commercial production of the rice. Using tissue-specific
promoters to drive the expression of the Bt gene and reduce the content of the Bt protein in
endosperm is a very effective strategy.

Qiu et al. used a maize-derived PEPC promoter to drive crylAb/Ac fusion gene
expression to transform the Japonica rice variety Nipponbare. Western Blot analysis of this
transgenic rice showed that high expression levels of the CrylAb/Ac protein could be
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detected in the leaves and stems, but the Cry1Ab/Ac protein could not be detected in
mature seeds [14]. In the vector constructed by Ye et al., cry1C* gene expression was driven
by the rbcS promoter from Nipponbare. The vector was transformed into the Japonica variety
Zhonghua 11. After a series of subsequent tests, six single-copy homozygous families (R]2,
RJ3, RJ4, RJ5, R]6, and R]7) were selected for subsequent field resistance determination. In
the field experiment, under artificial inoculation, the rolled leaves caused by C. medinalis
damage in six transgenic families were very weak; the percentage of damaged tillers per
plant was 0.005-1.41% with less than 0.1 leaves per tiller. However, Zhonghua 11 seriously
suffered, and the damaged tiller ratio and proportion of damaged leaves per tiller were
37.1% and 4.25%, respectively.

In addition, the rate of white ear caused by C. suppressalis and S. incertulas of the
six transgenic families was 0.82% and 2.13%, respectively, which was significantly lower
than the value of 36.25% for Zhonghua 11 in the control. The results of CrylC protein
determination showed that the content of Cry1C protein in the leaves of the 6 families
was 0.87 ug g1~3.13ug g1 at the tillering stage and 0.71 pug g'~0.86 pg g™ at the filling
stage. Meanwhile, the content of Cry1C protein in the endosperm was very low; the lowest
content was less than 0.001 ug g'ug g~! (RJ6) and less than 1/600 Cry1C* protein content
in the leaves during the filling stage. The content of Bt protein in the endosperm is well
controlled and has good application prospects [15].

3.5. Expression of Hybrid Fusion Protein in Transgenic Rice

Xu et al. transformed crylAb and vip3A toxin fusion genes into rice. The trans-
genic plants expressing the fusion protein had high resistance to the two main rice pests
Chilo suppressalis and Cnaphalocrocis medinalis, while their agronomic traits were not signifi-
cantly different from those of non-transgenic rice [34].

Boddupally et al. used the DI and DII domains of Bt CrylAc and the carbohydrate-
binding domain of garlic lectin (ASAL) to construct fusion genes and generate transgenic
rice lines to evaluate the efficacy of CrylAc: ASAL fusion protein against YSB, RLR and
brown planthopper (Nilaparvata lugens, BPH). The results showed that the transgenic rice
lines had a significant control effect on lepidopteran pests YSB and RLR, and also had a
good effect on the toxic hemipteran pest BPH [35].

4. Research Status of the Safety of Transgenic Rice

With the development of genetic engineering technology, the improvement of crop
characteristics has been greatly accelerated; as a result, genetically modified corn, cotton,
and soybeans have been commercially planted in many countries around the world. Since
Yang et al. bred the first transgenic rice with the Bt gene [36] in 1989, researchers have
developed a variety of transgenic rice plants with the Bt gene, including cry1Ab [23,37],
crylAc [25,38], crylAb/Ac [9], cry1C [11,15], and cry2A [10]. In 2009, the Chinese Ministry of
Agriculture issued a safety certificate in Hubei Province for the production and application
of Huahui No.1, which expresses a CrylAb/Ac fusion protein, and its corresponding
hybrid combination Bt Shanyou 63, which was approved again in 2014. However, due to
the pressure of public opinion in China and some experts’ concerns about the safety of GM
rice, it has not been approved for commercial cultivation. In the past decade, there have
been many research reports on the safety of GM rice, which can provide a reference for
government departments to approve the commercial cultivation of GM rice.

4.1. Edible Safety

As rice is a food crop that people use directly, consumers’ primary concern is its edible
safety. An important principle in food safety assessments is the principle of substantive
equivalence. A variety of biochemical methods have been used to compare nutrients
between transgenic rice and its receptor parents. In the process of the evaluation, the
subjects of the experiment were mainly mice. Compared with the control varieties, the rice
transformed with Cry1Ab or CpTI+Cryl1Ab showed no differences in terms of the main
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nutrients (such as crude protein, crude fat, free amino acids, and mineral elements) and
physicochemical properties (such as the starch content, gelatinization temperature, and
starch viscosity) [39,40].

In the 90-day feeding experiment, Cao et al. [41] used 1H-NMR to detect the metabolic
molecules in the urine of mice fed with rice containing Cry2A and their corresponding
control rice; they further analyzed their metabolic groups. Through multivariate analysis
and analysis of variance, it was found that, although there were differences between them,
these differences had no biological significance. The team also achieved similar results in
rice containing the Cry1C protein [42]. In the 90-day experiment, Yuan et al. studied the
feces of mice fed with Cry2A and its control MH63 rice using the real-time PCR method and
detected their intestinal colonies (Lactobacillus, Bifidobacterium, Escherichia coli, Enterococcus,
and Clostridium perfringens). There was no difference in the number of single bacteria
and total bacteria. In addition, there were no differences in the microbial community’s
composition, intestinal permeability, epidermal structure, fecal enzymes, bacterial activity,
or intestinal immunity [43,44].

The 90-day indoor feeding test of mice showed that the Cry1Ab rice flour did not affect
the development of the mice. There were no differences in the animals’ behavior, body weight,
organ weight, or blood indexes between the transgenic rice flour and control rice flour. A
small number of blood index differences were within the normal reference value [45,46].
Zhu et al. fed Xenopus laevis with food containing 30% Huahui No.1 and MH63 rice.
The results of the 90-day experiment showed that there were no significant differences in
body weight, body length, animal behavior, organ weight, liver and kidney function, or
microstructure of tested tissues between Huahui No.1 containing the Cry1Ab/1Ac protein
and the control MH63 [47]. In the 90-day experiment and a long-term experiment with
two generations of mice, Wang et al. fed the animals with 60% MH63 and Huahui No. 1 rice.
There were no significant differences in body weight, food consumption, reproductive data,
or the organ/body weight ratio between the two groups. However, there were differences
in some hematological and serum chemical parameters, and in the brain, heart, liver, spleen,
stomach, small intestine, and thymus. There were no histological abnormalities in the
ovaries, testes, or other organs, indicating that Huahui No.1 did not affect the reproductive
systems of the mice [48,49]. In the 78-week experiment conducted by Zhang et al., Sprague—
Dawley (SD) mice were fed with rice containing Cry1Ac, sck, and their controls; there were
no significant differences in body weight, food consumption, mortality, tumor incidence, or
pathological parameters [50].

4.2. Environmental Security
4.2.1. Effects on Non-Target Insects

Rice planthoppers and leafhoppers are both significant rice pests. As common feeding
pests of rice, they are important non-target herbivores of transgenic rice with Bt resistance.
Bai et al. found that the development of brown planthoppers was not affected by feeding
on Bt rice material containing the Cry protein [51]. Years of studies in the same place have
shown that the populations of rice planthoppers and leafhoppers are the same in Bt rice
fields and non-transgenic rice fields [52,53]. Lu et al. found that there was no significant
difference in biological parameters such as the egg period, adult fresh weight, life span,
and spawning period between the black-tailed leathopper fed with T1C-19 (Cry1C) or
T2A-1 (Cry2A) rice and the control MH63. Moreover, there were no significant differences
in the population density and dynamics of adults and nymphs between the transgenic
(T1C-19 and T2A-1) rice field and the control rice field [54]. The effect of the transgenic
rice containing cry1Ab on the white-backed planthopper was similar, and the laboratory
results showed that there were no significant differences in the egg stage, nymph survival
rate, or female fecundity. In addition, the results of the field sampling survey showed that
there were no significant differences in nymph and adult density between the transgenic
materials and control materials. However, the results of the vacuum extractor showed that
the adult density of white-backed planthoppers in the transgenic rice field was slightly
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lower than that in the control field; this finding needs to be further verified by long-term
and large-scale field investigations [55].

Han et al. investigated the effect of T2A-1 on Hylyphantes graminicola, which preys
on brown planthoppers. There were no differences in survival rate, development time,
body weight, or fecundity after H. graminicola preyed on brown planthoppers on T2A-1
and MH63 plants, and Cry2A protein was not accumulated in the body. The results of
the field investigation from 2011 to 2013 showed that there was no significant difference
in population density between the T2A-1 and MH63 fields [56]. The team studied the
effect of Cry2A on Anagrus nilaparvatae parasitizing brown planthopper eggs for up to
seven generations in the laboratory. There were no significant differences in survival
rate, development time, female-to-male ratio, longevity, or fecundity between the brown
planthopper eggs parasitizing T2A-1 and those on the control MH63. In addition, even if
the A. nilaparvatae was directly fed with a high dose of the Cry2Aa protein, its survival rate
and fecundity were not significantly affected [57].

Li et al. found that rice expressing the Cry2A protein had no effect on the growth
and development of Chrysopa sinica larvae [58]. In addition, in laboratory experiments,
adults of C. sinica fed on rice pollen containing Cry2A showed no differences in terms
of their survival rate, pre-oviposition, fecundity, or dry weight compared with those
fed on non-transgenic control materials [59]. Li et al. found that the larval stage of the
Propylaea japonica fed with Cry1C or Cry2A rice pollen was longer than that of the control
pollen, but the purified Cry1C or Cry2A was added to the rape pollen and then fed upon
by the P. japonica larvae. There was no difference in the larval stage between the tortoise
ladybug and the control, indicating that the tortoise ladybug was not sensitive to Cry1C
or Cry2A [60].

Sun et al. investigated the effects of Bt rice (T1C-19) on the main stored pest,
Rhyzopertha dominica, and its parasitoid Nasonia. An analysis of the electronic nose and
electronic tongue showed that the brown rice of T1C-19 was like that of the control MH63,
and the GC-MC results showed that the types of volatiles were similar. Moreover, the
contents of most species were the same, and there were no differences in the densities of
stone cells and epidermal hairs. R. dominica and Nasonia had no selectivity to the brown
rice of transgenic rice and control rice. These results show that T1C-19 had no negative
effect on the behaviors of transgenic rice and control rice [61].

Ren et al. studied the effects of three transgenic Bt rice lines KMD1, KMD2 and
G8-7 on the biological parameters and population dynamics of the non-target insect
Rhopalosiphum maidis. There was no significant difference in aphid survival rate between Bt
rice and non-Bt rice. The developmental duration of R. maidis fed on KMD1 and KMD2
was not significantly different from that of the parent Xiushui 11. Two years of field investi-
gation showed that Bt rice did not significantly affect the population dynamics of R. maidis
compared with non-Bt rice [62].

4.2.2. Effects of Bt Rice on the Root Ecosystem

Another important aspect of the environmental impact of transgenic rice is the effect
of Bt protein on soil microorganisms and its residues in the soil. It was found that the
straw of the KMD transgenic rice was not toxic to a variety of culturable microorganisms
in paddy fields [63]. The results of laboratory studies showed that mixed Bt (CrylAb)
rice straw and non-transgenic rice straw had no decisive effect on soil microorganisms
including bacteria, actinomycetes, and fungi [64]. Wang et al. investigated tadpoles and
young frogs in a Huahui No. 1 rice field and a Minghui 63 rice field. No significant
difference was found for tadpole density and young frog weight between the two rice
fields, and no CrylAb/1Ac protein was detected in tissue samples of tadpoles and young
frogs, indicating that Cry1Ab/1Ac had no significant effect on frogs in rice fields [65].

Wang et al. mixed rice straw containing CrylAb KMD with five different soils, and
the semi-residue time (half of the initial content of the experiment) of the Cryl1Ab protein
in soil was 11.5d~34.3d. CrylAb degraded most rapidly in alkaline soil; in contrast, it took
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the longest to degrade in acidic soil. In addition, after five months, almost all Cry1Ab in
the five kinds of soil degraded [66]. Li et al. found that, after the rice harvest, the Cryl1Ab
content in the rice stalks and roots rapidly degraded to less than 50% within a month. As
the temperature decreases, the degradation rate slows down. After the temperature rises in
the spring, the degradation continues. In addition, the Cry1Ac protein degraded rapidly
in soil, but then entered a long stable period; meanwhile, CrylAc degraded slowly and
continuously in sterilized water and was completely degraded at 115 days, reflecting the
need for timely ploughing and irrigation after the rice harvest to promote the degradation
process of CrylAc protein [67].

Wang et al. planted transgenic Bt rice lines cry1Ab/1Ac Minghui 63 (Huahui 1) and
cry2A Minghui 63 in the same field for 9 years. Cry proteins in rhizosphere soil were
determined at the tillering stage and 60 days after harvest. The Cry protein content of
seedlings, flowering and mature stages was measured in the first year (2012) and the last
year (2020) of the experiment. Cry protein could be detected in the tillering stage of Bt
rice, but it had degraded 60 days after harvest, and the concentration of Cry protein in soil
would not accumulate in multiple planting years [68].

5. Prospects

Since the commercial cultivation of genetically modified crops began in 1996, the
planting area of genetically modified crops has increased year on year. More and more
countries have planted modified crops, mainly soybeans, corn, cotton, rape, and so forth.
The large-scale planting of genetically modified crops has not only reduced the use of
chemical pesticides, but has also generated huge economic benefits. The growing global
population has amplified food shortages around the world and ushered in the development
of genetically modified (GM) crops to overcome these challenges [69]. At present, com-
mercially grown crops are mainly eaten indirectly or used as raw processing materials, so
they are relatively easily accepted by ordinary consumers. However, regarding genetically
modified rice for direct consumption, people’s concerns about safety—and especially safety
for consumption—have always been difficult to dispel. The current research results show
that transgenic rice is not associated with food safety problems; in particular, the idea that
it affects fertility has been thoroughly disproven.

In terms of environmental safety, no obvious adverse effects have been found so far.
In general, GM rice that is approved by the state is as safe as traditional rice. As far as
the specific situation of China is concerned, the pressure of public opinion and ordinary
consumers’ understanding of GM rice have not reached suitable levels, so the acceptance of
GM rice is still relatively low; as such, the government and researchers need to strengthen
science popularization, so that consumers know more about GM. The general public also
needs to actively try to understand it, rather than following the opinions of others. It will
take a long time for transgenic rice to move from the research and development stage to
commercial cultivation.
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