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The Cry1C protein produced in Escherichia coli was used for in vitro evaluation and animal studies to sup-
port the safety assessment of GM food or feed products containing the Cry1C protein. The Cry1C protein
does not have any sequence homology with known allergens or toxins. Although the Cry1C protein was
heat stable it was rapidly degraded in vitro with simulated gastric or intestinal fluids. It did not cause
adverse effects in mice as administered by gavage at a high level dosage of 5 g (Cry1C protein)/kg body
weight. The mutagenicity of this protein was evaluated according to the national standards of People’s
Republic of China (PR China) for a new food resource. In mutagenic tests, the Cry1C protein caused <4
micronucleated cells per 1000 cells, <16 sperm abnormalities per 1000 cells and was not associated with
any increased mutations in the Ames test. Taken together, these data indicate that the Cry1C protein is
not a potential allergen or toxin.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Beginning in 1987, Bacillus thuringiensis (Bt) corn was geneti-
cally modified by introducing the Bt gene to combat crop damage
(Barton et al.,, 1987; Vaeck et al., 1987; Fischhoff et al., 1987).
The Bt genes in crops have been developing at a very fast pace to
become one of the most widely grown GM crops worldwide
(James, 2009). By 2009, the global area planted with commercial
transgenic crops had reached 134 million hectares, of which Bt
crops accounted for 15%, or about 20.7 million acres (James,
2009). These crops have been beneficial to the growers and the
environment because they greatly reduce the use of chemical
insecticides (Ferré and Van Rie, 2002).

Although a large number of Bt toxins are known, only a small
fraction of these are currently used in developing transgenic
crops to control lepidopteran pests. The most commonly used
Bt genes in transgenic crops, including rice, are Cry1Ab, CrylAc
and the fusion gene Cry1Ac/Cry1Ab (Tang et al., 2006). However,
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there is concern that the widespread adoption of genetically
modified crops could lead to the development of resistant insect
populations (Frutos et al., 1999). Indeed, it has already been
shown that some insects have developed resistance to Bt pro-
teins under laboratory and greenhouse conditions (Kain et al.,
2004). The results of binding tests of midgut brush border mem-
brane vesicles indicated that the CrylAa, CrylAb, and CrylAc
toxins share a common binding site (Karim and Dean, 2000);
thus, a mutant that is able to overcome one of these Cry1A tox-
ins may be resistant to the other CrylA toxins. Consequently,
identifying Cry toxins with modes of action that differ from
those induced by the Cry1Aa, Cry1Ab, and Cry1Ac toxins should
be explored. The Cry1C toxin is effective against a variety of le-
pidopteran pests, including rice stemborers. Cry1C binds with
weak affinity to the Cry1Ab and CrylAc binding sites in the
striped stem borer and yellow stem borer, which means that
Cry1C does not share a common binding site with the CrylA
toxins (Alcantara et al.,, 2004). Strizhov et al. (1996) produced
transgenic plants expressing a modified Cry1Ca gene in alfalfa
and tobacco that showed enhanced resistance to the Egyptian
cotton leafworm (Spodoptera littoralis) and the beet armyworm.
Cao et al. (1999) transformed broccoli with a modified CryiC
gene, and the resultant transgenic plants were highly resistant
to the diamond back moth (Plutella xylostella). Therefore, it ap-
pears that the Cry1C toxin can be a potential alternative to the
Cry1A toxin, and it can also be combined with other Cry1A genes
to develop two-toxin Bt crops (Tang et al., 2006).
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The objective of this study was to conduct a safety assessment
of the Cry1C protein. Because of its low content in rice, the protein
was produced in Escherichia coli to obtain sufficient levels for the
in vitro evaluation and animal studies, so that its potential safety
in human food or animal feed could be properly assessed. Exam-
ples of the structural and functional equivalences of the mircoor-
ganism-produced proteins and the proteins produced in the
transgenic crop were demonstrated to support its safety for wide-
spread use. One approach of the safety assessment is to compare
the novel protein to known food allergens. The Cry1C amino acid
sequence was compared to protein databases of known allergens
and toxins. Because most food allergens resist gastric and intestinal
digestion, the stability of the Cry1C protein to in vitro simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF) was con-
ducted. To assess protein toxicity in mammals, an acute oral study
in mice and in vitro mutational assays were performed, according
to the national standards of PR China for a new food resource.

2. Materials and methods
2.1. Protein production and characterization

PET-30a(+)-Cry1C-rcp-BL21 (DE3) (Laboratory of Food safety,
CAU, Beijing, China) was used to highly express the Cry1C protein.
The Cry1C fusion protein was expressed and identified as Xu et al.
(2009). The protein was expressed in E. coli after incubation at
37 °C and a 4-h induction. The bacteria were fragmented by ultra-
sound and then purified using a His Trap™ FF crude column
(Amersham Biosciences, Uppsala, Sweden). After purification and
refolding, the protein was identified by western blot and LC-MS/
MS.

2.2. Amino acid sequence homology search

The bioinformatics search for allergen sequence matches was
conducted according to Goodman et al. (2007). We searched for
80 amino acid alignments, looking for identities greater than 35%
on AllergenOnline (http://www.allergenonline.org/, version 9.0).
We also searched for eight exact amino acid matches on the same
web site. A sequence similarity search was conducted of the amino
acid sequence of the Cry1C protein using BLASTP 2.2.20 with an E
score cutoff of 1.0, according to Delaney et al. (2008a). A total of
8996,415 sequences were searched. Sequence annotations of pro-
teins with similarity to the Cry1C protein sequence were inspected
manually to identify known allergens or toxic proteins.

2.3. Heat stability study

The Cry1C protein was dissolved in 20 mM Tris-HCl and 5 mM
EDTA buffer at a concentration of 0.1 mg mL~! in 1.5 mL microcen-
trifuge tubes. The stability was assessed at a temperature of 100 °C
for periods of 10, 30, and 60 min. The assay was terminated by
placing the sample tubes on ice and adding SDS-sample buffer
(50 mM Tris-Cl, 8% sucrose, 2% SDS, with 5% 2-mercaptoethanol,
and 0.02% bromophenol blue). Control samples subjected to no
incubation (kept at 4°C) were also prepared (Hérouet et al.,
2005). The resulting proteins were analyzed by SDS-PAGE and
western blot (Anti-Cry1C rabbit polyclonal antibody was used in
western blot, 1:10000).

2.4. In vitro digestion of Cry1C protein

In vitro digestion of Cry1C protein was conducted according to
the Ministry of Agriculture of PR China No0.869 Bulletin 2-2007.
The concentrations of Cry1C protein in simulated gastric fluid

(SGF) and simulated intestinal fluid (SIF) (Sigma, USA) were
0.25 mg mL~! and 0.1 mg mL~!, respectively. The ratio of the Cry1C
protein (5 gL' for SGF, 2 g L~! for SIF) and enzyme was 1:19. The
mixture was incubated at 37 °C, and the samples were taken out at
intervals of 0, 15, 30, 60s, 2, 5, 10, 20, and 30 min. The SDS-PAGE
and western blot (Anti-Cry1C rabbit polyclonal antibody was used
in western blot, 1:10000) enabled the examination of the stability
of the protein that was to be digested in SGF/SIF. The experiments
were also performed for the positive control STI (soybean trypsin
inhibitor) and negative control BSA (bovine serum albumin) or o-
casein for SGF and SIF, using the method above (Lu et al., 2007).

2.5. Acute toxicity experiment of Cry1C protein in ICR mice

2.5.1. Husbandry and dosing

Approximately 6-week-old female and male ICR (Institute of
Cancer Research) mice, weighing 18-22 g, were obtained from
the Experimental Animal Center of Peking University (Beijing, Chi-
na). Following a 5-day acclimatization, they were divided ran-
domly into three groups, with 12 mice for each group (6 males
and 6 females per treatment). The mice were kept in stainless steel
wire cages (two/cage) at 21-23 °C and a relative humidity of 40-
60%, with an air change 15 times h~! and electric light from
09.00 to 21.00 in animal rooms. Food and water were supplied to
the mice from the public supply, which was available ad libitum.

The Cry1C protein was dissolved in redistilled water, and the
concentration of Cry1C protein was adjusted to 250 mg mL™! to
produce a solution with 95.8% purity. Each mouse received
20 mL kg~! protein (5000 mg kg~! Cry1C protein for each mouse)
by gavage on the first day. BSA was used as the protein control
and water as the blank control. The mice were given basal diets
and tap water and observed for 14 days for any signs of morbidity
or mortality. During the experimental period, all animals were in-
spected twice daily (cage side). On day 15 at completion, all the
animals were anaesthetized by carbon dioxide inhalation and
killed by exsanguinations for gross and histopathological examin-
ations (Chinese standard GB15193.13-2003).

2.5.2. Blood biochemistry and hematology assay

The animals in Section 2.5.1 were fasted overnight to minimize
any potential fluctuations in the parameters measured. Blood sam-
ples were taken from the eyeball veniplex and stabilized by hepa-
rin. The following biochemical parameters were measured: total
protein (TP), albumin (ALB), glucose (GLU), blood urea nitrogen
(BUN), triglycerides (TRIG), total cholesterol (CHOL), creatinine
(CREA), lactate dehydrogenase (LDH), alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and alkaline phosphatase
(ALKP). All analyses on blood plasma were performed on an RA-
1000 autoanalyzer (Technicon, Tarrytown, NY, USA). Blood sam-
ples used to assess hematology characteristics were stabilized with
EDTA. The following characteristics were measured using a HEMA-
VET 950FS (Drew Scientific, USA): hemoglobin (HGB), white blood
cells (WBC), red blood cell counts (RBC), blood platelet counts
(PLT), hematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC) and mean platelet volume (MPV).

2.5.3. Organ weights, gross necropsy and histopathology

A thorough necropsy was performed and the following organs
were sequentially excised: brain, thymus, heart, lungs, liver,
spleen, stomach, duodenum, adrenals, kidneys, ovaries and testes.
These organs were immediately weighed, and the stomach, duode-
num, kidneys and liver were immediately fixed in 4% buffered
formaldehyde for histological processing. Tissue samples were
embedded in paraffin, and 4- to 6-pum thick sections were then
stained with standard hematoxylin-eosin for light microscopy.
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2.6. Micronucleus test

The micronucleus test was conducted according to GB 15193.5-
2003. ICR mice were obtained and kept until they reached the age
of 7-12 weeks before being used. On test days 1 and 3, four groups
of male mice (5 mice/group) were exposed through oral gavage to
0, 125, 625 or 1250 pgkg™' b.w. of Cry1C protein (Tang et al.,
2006). Cyclophosphamide was used at a dose of 40 mgkg ! as
the positive control. Mice from each group were killed after the
second gavage by cervical dislocation, their sternums were re-
moved and their bone-marrow fluid was extruded. The bone-mar-
row fluid was mixed with bovine serum and smeared onto the
slides, then air dried. After fixing them with methanol for
5-10 min, the bone-marrow cells were stained with Giemsa for
10-15 min, rinsed with distilled water and air dried. For each
suspension, 1000 chromatophilic red cells were examined.

2.7. Sperm shape abnormality test

Sperm abnormalities in the mice experiment were assessed
according to GB 15193.7-2003. ICR mice were obtained and kept
until they reached an age of 6-8 weeks before being used. Four
groups of male mice (5 mice/group) were exposed through oral ga-
vage to 0, 125, 625 or 1250 pug kg~! b.w. of Cry1C protein (Tang
et al., 2006). Cyclophosphamide was used at a dose of 40 mg kg™!
as the positive control. Each animal was given a daily intragastric
administration of the Cry1C protein or cyclophosphamide for five
days. Mice from each group were killed on test day 40 by cervical
dislocation, and their cauda epididymides were removed. The
sperm suspensions were prepared by mincing the cauda in 2 ml
of physiological saline, pipetting the resulting suspension and fil-
tering it through an 80 pm stainless steel mesh to remove tissue
fragments. A fraction of each suspension was then mixed with
methanol for 5 min, allowed to air dry, stained with eosin for 1 h
and then rinsed with distilled water and air dried. For each suspen-
sion, 1000 sperm were examined at a 400-fold magnification with
blue-green filters.

2.8. Ames test

An in vitro evaluation of the mutagenic potential of the Cry1C
protein in bacteria (Ames test) was performed with and without
an exogenous metabolic activating system (S9) (GB 15193.4-
2003). The S9 metabolic fraction and the Salmonella typhimurium
strains TA97, TA98, TA100, and TA102 were obtained from the Chi-
nese Center for Disease Control and Prevention (China CDC). The
sensitivity of the S. typhimurium strains was verified using the fol-
lowing positive controls with the S9 mix: 2,4,7-trinitrofluorenone
(2,4,7-TNF-one) (0.5 pg/plate) with strain TA97 and strain TA9S,
NaNs; (2.5 pg/plate) with strain TA100 and mitomycin C (MMC)
(1.0 pg/plate) with strain TA102. For the positive controls without
the S9 mix, the following were used: 2-acetylaminofluorene (2-
AAF) (20 pg/plate) with strain TA97 and strain TA98, benzo(a)pyr-
ene (50 pg/plate) with strain TA100 and 1,8-dihydroxyanthraqui-
none (1.0 pg/plate) with strain TA102. Sterile water was used as
a negative control. The Cry1C protein was dissolved in sterile water
at concentrations of 50, 250, 1250, 2500, and 5000 pg/plate. A po-
sitive result was defined as a reproducible, dose-related increase in
the number of his +/— revertants, with the increase at least
doubling.

2.9. Statistical analysis
Statistical comparisons were designed to determine whether

the differences in the aforementioned response variables between
groups were attributable to the Cry1C protein as compared to con-

trol groups. Data obtained from the male and female Cry1C protein
groups were compared separately using the values from the water
control and BSA control groups. Homogeneity of variance was ana-
lyzed by one-way analysis of variance (ANOVA) with the statistical
software program Statistical Product and Service Solutions (SPSS)
17.0 (SPSS Inc., Chicago, IL, USA). Differences were considered sig-
nificant when p <0.05, and a step-down analysis was conducted
using least squares differences (LSD).

3. Results

3.1. Structural and functional equivalence of Cry1C protein derived
from bacteria and rice

E. coli BL21 (DE3) containing the CrylC-rcp (GenBank
HM107006) gene (Laboratory of Food safety, CAU, Beijing, China)
was used to produce Cry1C protein instead of extracting it directly
from genetically modified rice. Tests for evaluating the equivalence
between the E. coli- and the rice-derived forms were carried out,
and the results demonstrated that the recombinant protein pro-
duced from E. coli was an appropriate substitute for the protein ex-
tracted directly from the genetically modified rice. E. coli and the
rice-derived proteins had the same epitope accessibility, which
was proven by western blot (Fig. 1). LC-MS/MS revealed that 37
peptides (E. coli-Cry1C) displayed 63.33% identification with the
Cry1C protein sequence (data not shown).

3.2. No homology with known toxins or allergens

The in silico analysis showed no evidence of any similarity be-
tween the Cry1C protein and any known toxic or allergenic pro-
teins in the NCBI database. Using AllergenOnline, there were no
matches of >35% identity over a window of 80 amino acids or
any evidence of the protein having 8 or greater continuous identi-
cal amino acid matches with known allergens.

3.3. Heat stability

On SDS-PAGE, the Cry1C protein was clearly visible at about
67 kDa at time zero (Fig. 2A). When incubated at 100 °C for
60 min, the Cry1C protein persisted and was still detectable
(Fig. 2A). Therefore, it was not degraded or modified in a way that
would affect its migration on SDS-PAGE after exposure to 100 °C
for 60 min. In addition, its immunoreactivity was still detectable
(Fig. 2B).

3.4. Rapid degradation in digestive fluids

The digestibility of the Cry1C protein was confirmed using SGF
and SIF. CBBG-stained gels and western blots of the protein sam-

M 1 2

Fig. 1. Western blot for rice protein and E. coli protein. Lane 1, rice protein; Lane 2,
E. coli protein.



S. Cao et al./Regulatory Toxicology and Pharmacology 58 (2010) 474-481

2 3 4 5

x:

7.4
6.2

N

.
»
(=3

>
—
=

M

477

1 2 3 4 =] M

PR oo —
-

Fig. 2. Heat stability assay. Lanes 1, 2, 3, 4, 5: Cry1C protein dissolved in 20 mM Tris-HCI and 5 mM EDTA buffer at a concentration of 0.1 mg mL~" and heated to 100 °C for 0,

10, 20, 30, 60 min, respectively. (A) SDS-PAGE; (B) Western blot.

ples (Fig. 3A and B; Fig. 4A and B) indicated that high molecular
weight proteins were completely digested within 15 s. The refer-
ence proteins of the SGF/SIF assay, a-casein and STI, were rapidly
and slowly digested, respectively, which is in agreement with pub-
lished data (Xu et al., 2009).

3.5. Acute toxicity experiment of Cry1C protein in ICR mice

In the acute toxicity experiment, control mice treated with
5000 mg kg~ ! BSA (protein controls) or 20 mL kg ! water (blank
controls) showed no visible signs of systemic toxicity. In this study,
there was no mortality nor any toxic effects observed in mice after
acute oral administration of the Cry1C protein at 5000 mg kg !
body weight.

3.5.1. Clinical observations and body weight
During the course of the experiment, no treatment-related
adverse effects in the clinical appearance of the animals were

KD 12 34 56 78 9101112131415
97.4 .
66.2 -
43.0 ]
31 ®

observed. The body weights of male and female mice in the Cry1C
groups were comparable with the control groups at the beginning,
day 7 and the end of the experiment (19-21 g for females and 20-
22 g for males).

3.5.2. Blood biochemistry and hematology

Results of the blood biochemistry and hematology assessment
for males and females measured at study termination (day 15)
are listed in Table 2 and 3, respectively. There were no statistically
significant differences between male and female Cry1C protein
groups and the controls groups for most of the parameters mea-
sured (p < 0.05 for the experimental group compared to the blank
control group or to the protein control group but not for both).
HGB, RBC, HCT, MCH2 and MPV in males showed statistically sig-
nificant differences as compared to the water group. These results
were not considered to be biologically significant because the BSA
group (with the exception of MPV) also showed statistically
significant differences as compared to the water group, and the

12 34 56 78 9101112131415

pepsin

Fig. 3. SGF digestion test. Lane 1, the degradation fluid without incubation; Lane 2, the degradation fluid with incubation; Lane 3, the Cry1C protein without degradation fluid
and incubation; Lane 4, the Cry1C protein without degradation fluid but with incubation; Lane 5, low molecular weight protein marker. Lanes 6, 7, 8,9, 10, 11, 12, 13, 14, 15:
Cry1C protein digested for 0, 15, 30, 60 s, 2, 5, 10, 20, 30 and 60 min, respectively. (A) SDS-PAGE; (B) Western blot.
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Fig. 4. SIF digestion test. Lane 1, the degradation fluid without incubation; Lane 2, the degradation fluid with incubation; Lane 3, the Cry1C protein without degradation fluid
and incubation; Lane 4, the Cry1C protein without degradation fluid but with incubation; Lane 5, low molecular weight protein marker; Lanes 6, 7, 8,9, 10, 11, 12, 13, 14, 15:
Cry1C protein digested for 0, 15, 30, 60 s, 2, 5, 10, 20, 30 and 60 min, respectively. (A) SDS-PAGE; (B) Western blot.
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differences did not occur in females. For treated females, the MCH
and HCT values were different from the BSA group but were com-
parable to the water group. The mean of the TP and ALB concentra-
tions in the females from the Cry1C group were lower (p < 0.05)
than the concentrations observed in the BSA group. This statistical
difference was not considered adverse or related to the Cry1C pro-
tein because the value in males was higher than that observed
from both the BSA and water groups. The means of GLU, UREA,
TG and GOT concentrations in females were statistically significant
as compared to the water group. These differences were not con-
sidered to be biologically significant because they were compara-
ble with the BSA group, and such differences were not observed
in males. The statistical difference in ALP was only observed in
males as compared to the water group and was not found in fe-
males. All of the results obtained in this study were comparable

with published studies (Schreder et al., 2007; He et al., 2008),
and the differences observed in the blood biochemistry and hema-
tology endpoints were within the historical control range for our
laboratory (Xu et al., 2009).

3.5.3. Organ weights, gross necropsy and histopathology

There were no group-related alterations or statistically identi-
fied differences in the organ/body weights of male and female mice
given the Cry1C protein as compared to the control groups
(Table 1). All observations were considered to be the result of spon-
taneous alterations, unassociated with exposure to the Cry1C pro-
tein (only three organ weights from the experimental group were
compared to either the blank control group or protein control
group p < 0.05). Liver weights were higher in females but lower
in males as compared to the control groups. Kidney weights were

Table 1
Organ/body weight mean values + SD.
Groups Female Male
Water BSA Cry1C Water BSA Cry1C
Brain 20.739 +0.820 19.996 + 1.441 20.355£1.524 18.101 +1.789 17.531+0.837 18.148 £+ 0.535
Heart 5.162 +0.269 4.985+0.611 4.910+0.295 5.328+0.193 5.255+0.218 5.448 + 0.857
Livers 37.370 £ 1.679 34.973 £ 1.962 41.298 +3.903*° 41.907 £2.389 41.818 £2.472¢ 40.502 £ 0.499°
Spleen 4.240 + 0.395 3.445 +0.330° 3.798 £+ 0.356 4.505 +1.154 3.069 +0.250 3.138+0.147
Lungs 6.574 + 0.681 6.182 +0.627 6.346 +1.139 5.781 +0.459 5.427 +0.691 5.689 + 0.397
Kidneys 11.814 +0.740 10.717 £ 0.866° 12.230 £0.282° 14.663 = 2.280 14.840 £ 1.090 14.016 + 0.608
Thymus 1.937 £0.321 1.373 £0.247¢ 1.689 +0.385 1.267 £0.318 1.192 £ 0.245 1.250 £ 0.145
Adrenals 0.296 +0.123 0.369 + 0.066 0.375+0.097 0.262 +0.123 0.175+0.108 0.207 + 0.096
Testes/Ovaries 1.048 £0.277 0.845 +0.329 0.969 +0.361 7.119£0.653 7.043 £ 0.407 6.695 + 0.944
¢ p<0.05 experimental group compared to blank control group.
b p <0.05 experimental group compared to negative control group.
€ p<0.05 negative control group compared to blank control group.
Table 2
Blood biochemistry mean values * SD.
Groups Female Male
Water BSA Water BSA Water BSA
TP (g/1) 61.73 £2.27 62.96 +3.30 58.54 +2.83° 56.13 +2.50 61.86 +2.77¢ 62.62 +2.87%
ALB (g/1) 35.03+0.79 36.41+1.53 34,57 +1.18" 30.01+1.03 33.59 +1.15¢ 34.72 +1.27*
GLU (mmol/l) 2.72+0.52 332+1.12 3.77 £ 0.66* 3.12+£0.93 3.25+£0.79 3.20 £ 0.60°
UREA (mmol/l) 242+0.28 2.64 +0.40 3.05+0.53% 2.62+0.43 2.57+0.40 2.54+0.28
TRIG (mmol/l) 1.14+0.17 1.08 +0.26 0.87 +0.14° 1.01+0.23 1.28 +0.12¢ 1.10+0.07
CHOL (mmol/l) 1.87+0.15 1.88+0.47 1.70+0.10 2.36+0.13 241+0.25 2.29+0.28
CREA (umol/l) 130.13 £3.91 131.74 £ 8.00 127.99 +3.53 123.40+3.92 123.40+3.88 125.79 +3.64
LDH (U/L) 1136.3+159.1 1030.0 + 446.6 886.8+187.5 1246.0+301.4 958.0+315.3 1208.2 £ 504.9
ALT (U/L) 91.50 + 30.53 173.00 + 242.97 85.17 +21.40 49.33 £ 14.49 77.17 £43.18 130.17 £ 125.64
AST (U/L) 309.50 + 26.77 378.33 £112.00 480.17 £ 142.43* 308.83 £112.11 390.50 +170.59 359.33 £ 150.09
ALKP (U/L) 110.50+57.18 130.83 +17.30 146.33 +7.69 124.17 +14.36 151.00 + 18.45¢ 150.17 £17.75°
2 p <0.05 experimental group compared to blank control group.
b p <0.05 experimental group compared to negative control group.
€ p<0.05 negative control group compared to blank control group.
Table 3
Haematology mean values + SD.
Groups Female Male
Water BSA Water BSA Water BSA
HGB (g/L) 140.17 £ 2.48 142.33+4.32 142.50+1.87 132.17 +7.68 143.83 +1.33¢ 146.00 * 4.05°
WABC (10°/L) 1.99 £+ 0.44 2.22+0.34 2.46£0.36 3.10£0.77 2.48 £0.49 2.21+047
RBC (10'?/L) 9.13£0.11 9.33+£0.23 9.20£0.18 8.77 £0.45 9.40+0.13¢ 9.47 +0.18%
PLT (10°/L) 656.50 + 70.65 681.33 £64.19 706.83 +159.40 818.50 +54.99 836.00 + 70.63 864.17 +75.76
HCT (10°/L) 41.63 £0.55 45.13 +0.80c 42.08 £0.62° 40.90 +1.90 42.82 +0.42° 43.37 £1.26%
MCV (fl) 45.62 £ 0.65 45.13£0.80 45.75+0.29 46.72 +2.36 45.55 +0.34 45.80+1.16
MCH (pg) 15.35+0.18 15.27 £0.20 15.48 +0.12° 15.35+0.19 15.30+0.13 15.43 £0.29
MCHC (g/L) 336.67 £3.88 338.00 £3.79 338.67 £1.37 323.00 £ 5.06 335.67 £1.37¢ 336.67 £2.73°
MPV (fl) 7.52£0.17 7.58 £0.40 7.38£0.12 7.77 £0.36 7.53+0.27 7.37 £0.31°

# p<0.05 experimental group compared to blank control group.

b p<0.05 experimental group compared to negative control group.
€ p<0.05 negative control group compared to blank control group.
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higher in females as compared to the BSA group, but no differences
could be found in males.

No group-related histopathologic observations were found. The
few spontaneous findings observed were generally minimal to
slight/mild in severity, were randomly distributed among all
groups and were the type commonly observed in control rats of
this age and strain (data not shown).

3.6. Micronucleus test

Table 4 shows the incidence of micronucleated polychromatic
erythrocytes (MPE) per 5000 chromatophilic red cells. The Cry1C
protein did not increase MPE at any of the dose levels used when
compared to vehicle controls for each sex. MPE levels did not ex-
ceed 3% in the Cry1C group. The positive control cyclophospha-
mide produced a significant increase in MPE (26.6 +3.4% for
males and 26.6 + 3.4% for females).

3.7. Sperm shape abnormality test

The effects of the Cry1C protein on the incidence of sperm
abnormalities in mice are shown in Table 5. The frequencies of
abnormalities in the high, middle and low dose Cry1C groups were
1.50 £ 0.5%, 1.24 £ 0.6% and 1.38 + 0.4%. The data showed no signif-
icant differences between the groups or the negative control,
whose frequency of abnormality was 1.28 £ 0.5%. In the positive
control group, 4.86 +1.2% showed sperm abnormalities, which
was significantly higher than that observed in the negative control

group.
3.8. Ames test

The revertants with or without metabolic activation in each
group are listed in Table 6. The mutant frequencies of the negative
controls were in the range of the historical controls, and the posi-
tive controls induced significant increases in the mutant frequen-
cies, verifying the sensitivity of the strains used. No increases in
the mutant frequencies were observed for the four tester strains
after treatment with 50-5000 pg/plate of Cry1C protein, either
with or without metabolic activation.

4. Discussion

The Codex Alimentarius Commission has suggested a concep-
tual framework for the conduct of safety assessments for allergen-
icity (Codex, 2009). The amino acid sequence homology with, or
structural similarity to allergenic proteins, the resistance of novel
proteins to digestion in a simulated gastric fluid and case by case
basis serological identity of the protein of interest with proven hu-
man allergens should be considered (Codex, 2009). Identification of
allergic potential is a key issue whenever new proteins are brought
into contact with humans, either through food or other modes of

Table 4

Table 5
Results of sperm abnormality test of mice mean values + SD.

Groups Dose Sperms Abnormal Frequencies of
(ug/kg) examined sperms abnormality (%)
Cry1C 1250 5 x 1000 75 1.50+0.5
Cry1C 625 5 x 1000 62 1.24+06
Cry1C 125 5 x 1000 69 1.38+04
Negative 0 5 x 1000 64 1.28 +0.5
Control
CcP 40 5 x 1000 243 486 +1.2*

Compared with control group: *p < 0.05.

exposure. Bioinformatics is an important tool for managing aller-
gen data, analysis of the properties of allergens, assessment of pro-
tein allergenicity and analysis of potential allergic cross-reactivity
(Zhang et al., 2006; Thomas et al., 2009). Sequence searches are
performed to evaluate the sequential and structural similarities be-
tween the query sequences and known allergens to evaluate the
possibility that one or more of the query sequences may share
one or more common IgE binding epitopes with an allergen. If
matched, there is a possibility that the query sequence might elicit
an allergic response in those with existing allergies and a serum
screening study with relevant subjects should be conducted. Epi-
topes that are bound by IgE may be short sequential segments of
amino acids. Proteins sharing high percent identities by local align-
ment programs such as FASTA or BLASTP are highly likely to cause
cross-reactions (Goodman et al., 2005, 2008). The Cry1C protein
had no homology with known toxins or allergens in NCBI and aller-
gens in AllergenOnline.

As the Cry1C protein was expressed in rice, it would be boiled
before eaten. Indeed, in addition to potential loss of the Cry1C pro-
tein in the boiled water that reduces the exposure level, it was
interesting to discern whether it would be degraded by heat.
Although heat stability and protein allergenicity is not strictly cor-
related, fragmenting the amino acid structure is certainly consis-
tent with a decrease in the allergenicity potential. We assessed
whether the Cry1C protein would be completely degraded, leave
some fragments or be heat stable. We found that the Cry1C protein
is heat stable. Importantly, this does not suggest that the protein is
allergenic. In fact, the weight of evidence indicates that the Cry1C
protein lacks allergenic potential.

Food allergens are considered to be able to exert systemic aller-
gic reactions only after they have been absorbed through the intes-
tinal mucosa. In addition, the resistance of a protein toward
digestion in the human gastrointestinal tract is considered in a
weight of evidence assessment. Scientifically, when the protein is
digested in the SGF (and no adverse effects are observed in the
acute oral study in rodents), there is no utility to run an SIF study.
We performed this experiment, since the Ministry of Agriculture of
PR China No0.869 Bulletin 2-2007 requires the SIF test. And the SIF
test can consolidate the Cry1C safety conclusion in a certain extent.
The Cry1C protein was digested in both SGF and SIF within 15s.

Permillage of micronucleated polychromatic erythrocytes in 5 x 1000 polychromatic erythrocytes and the ratio between polychromatic and normochromatic erythrocytes in

bone-marrow cells mean values * SD.

Groups Dose (ug/kg) Males Females

Chromatophilic red cells MPE Permillage (%) Chromatophilic red cells MPE Permillage (%)
Cry1C 125 5 x 1000 13 26+1.0 5 x 1000 11 22+1.1
Cry1C 625 5 x 1000 11 22+13 5 x 1000 14 2.8+20
Cry1C 1250 5 x 1000 15 3.0+15 5 x 1000 6 1.2£1.0
Negative control 0 5 x 1000 8 1.6+£1.2 5 x 1000 7 14+1.1
CP 40 5 x 1000 135 27.0+2.9* 5 x 1000 133 26.6 +3.4*

Compared with control group: *p < 0.01.
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Table 6
Ames test: summary of revertants with or without metabolic activation mean values + SD.
Groups (mg/plate)  TA97 TA98 TA100 TA102
-S9 +S9 -S9 +S9 -S9 +S9 -S9 +S9
Cry1C 0.05 1258 12310 351 333 134+11 13618 269+8 273+£30
0.25 119+£12 122+5 32+3 34+2 133+12 134+8 264 +21 269+ 14
1.25 1218 118+ 14 34+3 363 123+9 125+10 267 £41 272 +52
25 1057 1237 332 334 11923 1227 265+20 268 £23
5 114+ 14 123+24 34+5 35+7 139+28 136+ 11 263 +31 275+24
Negative control 1376 1033 355 33+3 145 +41 156 +38 262 +23 294 +40
Positive control 31902511 1254 +£291® 32912301 1060+ 189 2902 £206@®  2312+188") 2408 £+312®) 1092 £ 182®)

(1) 2,4,7-TNF-one (0.5 pg/plate); (2) NaN; (2.5 pg/plate); (3) MMC (1.0 pg/plate); (4) 2-AAF (20 ng/plate); (5) Benzo(a)pyrene (1.0 pg/plate); (6) 1,8-dihydroxyanthraquinone

(50 pg/plate).

Based on the experimental results, the Cry1C protein is rapidly
digested.

Acute toxicity testing of transgenic proteins is performed in ro-
dents (usually mice) to assess potential mammalian toxicity fol-
lowing a single exposure to high concentrations of the protein.
Acute toxicology studies are required by the EPA to assess the haz-
ards of protein-based pesticides, which are the active components
of microbial pesticides that are Plant-Incorporated Protectants
(PIPs; US EPA, 2000). To date, no tested transgenic proteins used
in GM crops have demonstrated adverse effects in acute toxicity
studies, even at extremely high doses of Cry1Ab >4000 (oral),
Cry1Ac >4200 (oral), Cry2A>3000 (oral), Cry3A>5200 (oral),
Cry3Bb1 >3850 (oral), Cry1F>600 (oral) and Cry9C >3760 (oral)
(Delaney et al., 2008b). In this study, there was no mortality or
toxic effect observed in mice after acute oral administration of
the Cry1C protein at 5 g/kg body weight, which is considered to
be the limit dose (Chinese standard GB15193.13-2003).

As the Cry1C protein is rapidly degraded, its absorption is neg-
ligible. Nevertheless, we have evaluated the genotoxic potential of
the Cry1C protein for consolidating the Cry1C safety conclusion in
case of impairment of physiological digestive conditions, in accord
with the recommendations of PR China. National standard of PR
China requires the micronucleus test, sperm shape abnormality
test and Ames test for new food sources. Wang et al. (2004) proved
that Cry1Ab rice could not cause any increase in the incidence of
MPE in male or female mice at any of the dose levels. In this study,
the Cry1C protein showed no adverse effects on mice chromato-
philic red cells, which coincides with the study performed by Wang
et al. (2004). Sperm abnormalities of Cry1Ac cotton were evaluated
to provide a scientific basis for transgenic crop safety (Zhang et al.,
2000). Sperm abnormalities have long been associated with male
infertility and sterility in most species. These abnormalities vary
from morphological defects that are evident upon clinical exami-
nation to those that are more subtly defective. In general, sperm
structure can play a substantial role in both fertilization and preg-
nancy outcome (Chauhan et al., 2000; Chenoweth, 2005). The
Cry1C protein had no significant effect on the incidence of sperm
abnormality in mice. These results are concordant with Zhang
et al. (2000). In another study, herbicide-tolerant gene (bar) trans-
genic rice was not found to be mutagenic using the S. typhimurium
assay (Wang et al., 2000). Fifty-fifty thousand pg/plate of Cry1C
protein did not increase the revertants in the S. typhimurium strains
TA97, TA98, TA100 and TA102, and the mean number of revertants
in the Cry1C protein groups had no mutagenic effect in this study,
which is concordant with Wang et al. (2000). In summary, the
Cry1C protein was proven to have no mutagenicity potential.

5. Conclusion

The Cry1C protein had no sequence homology with any known
allergens or toxins by bioinformatics analysis. Although the Cry1C
protein was heat stable it was rapidly digested in SGF and SIF

(according to Chinese standard). The protein caused no adverse
effects in mice by gavage at a high dose level of 5¢g (Cry1C pro-
tein)/kg body weight (according to Chinese standard). In the muta-
genic test and sperm abnormalities study, the Cry1C protein group
results were similar to those obtained in the control group. Further-
more, the Cry1C protein caused no increased mutation in the Ames
test (according to Chinese standard). Taken together, these data indi-
cate that the Cry1C protein is not a potential allergen or toxin.

Acknowledgments

This work was funded by the Genetically Modified Organisms
Breeding Major Projects of PR China (2008ZX08011-005 and
2009ZX08011-001B), and we express our gratitude to the Ministry
of Science and Technology and the Ministry of Agriculture of PR
China for their financial support.

References

Alcantara, E.P., Aguda, R.M., Curtiss, A., Dean, D.H., Cohen, M.B., 2004. Bacillus
thuringiensis 3-endotoxin binding to brush border membrane vesicles of rice
stem borers. Arch. Ins. B 55, 169-177.

Barton, K.A., Whiteley, H.R,, Yang, N.S., 1987. Bacillus thuringiensis §-endotoxin
expressed in transgenic Nicotiana tabacum provides resistance to lepidopteran
insects. Plant Physiol. 85, 1103-1109.

Cao, J., Tang, J.D., Strizhov, N., Shelton, A.M., Earle, E.D., 1999. Transgenic broccoli
with high levels of Bacillus thuringiensis Cry1C protein control diamondback
moth larvae resistant to Cry1A or Cry1C. Mol. Breed 5, 131-141.

Chauhan, LKS., Pant, N, Gupta, S.K., Srivastava, S.P., 2000. Induction of
chromosome aberrations, micronucleus formation and sperm abnormalities in
mouse following carbofuran exposure. Mut. Res-Gte. 465, 123-129.

Chenoweth, PJ., 2005. Genetic sperm defects. Theriogenology 64, 457-468.

Chinese Standard GB 15193.4-2003. Salmonella typhimurium/mammals microsomal
enzyme test (Ames test).

Chinese Standard GB 15193.5-2003. Bone marrow cell micronucleus test.

Chinese Standard GB 15193.7-2003. Mice sperm abnormality test.

Chinese Standard GB15193.13-2003. Toxicology Assessment Procedure and Method
for Food Safety.

Codex Alimentarius Commission, 2009. Joint FAO/WHO Food Standards
Programme, Food and Agriculture Organization of the United Nations. Foods
Derived from Modern Biotechnology. pp. 1-33.

Delaney, B., Zhang, J., Carlson, G., Schmidt, J., Stagg, B., Comstock, B., Babb, A., Finlay,
C., Cressman, RF., Ladics, G., Cogburn, A., Siehl, D., Bardina, L., Sampson, H.,
Youngshin, H., 2008a. A gene-shuffled glyphosate acetyltransferase protein
from Bacillus licheniformis (GAT4601) shows no evidence of allergenicity or
toxicity. Toxicol. Sci. 102, 425-432.

Delaney, B., Astwood, ].D., Cunny, H., Conn, R.E., Herouet-Guicheney, C., MacIntosh,
S., Meyer, L., Privalle, L., Gao, Y., Mattsson, ]., Levine, M., 2008b. Evaluation of
protein safety in the context of agricultural biotechnology. Food Chem. Toxicol.
46, S71-S97.

Ferré, J., Van Rie, ]., 2002. Annu. R Entom. 47, 501-533.

Fischhoff, D.A., Bowdish, K.S., Perlak, FJ., Marrone, P.G.,, McCoormick, S.M.,
Niedermeyer, ].G., Dean, D.A., Kusano, K.K., Mayer, EJ., Rochester, D.E., Rogers,
S.G., Fraley, R.T., 1987. Insect tolerant transgenic tomato plants. Nat. Biotechnol.
5, 807-813.

Frutos, R., Rang, C., Royer, M., 1999. Managing insect resistance to plants producing
Bacillus thuringiensis toxins. Cr R Biotec. 19, 227-276.

Goodman, R.E., Helfe, S.L., Taylor, S.L, van Ree, R., 2005. Assessing genetically
modified crops to minimize the risk of increased food allergy: a review. Int.
Arch. Allergy Immunol. 137, 153-166.

Goodman, R.E., Taylor, S.L., Yamamura, ]., Kobayashi, T., Kawakami, H., Kruger, C.L.,
Thompson, G.P., 2007. Assessment of the potential allergenicity of a Milk Basic
Protein fraction. Food Chem. Toxicol. 45, 1787-1794.



S. Cao et al./Regulatory Toxicology and Pharmacology 58 (2010) 474-481 481

Goodman, R.E., Vieths, S., Sampson, H.A., Hill, D., Ebisawa, M., Taylor, S.L., 2008.
Allergenicity assessment of genetically modified crops - what makes sense?
Nat. Biotech. 26, 73-81.

Hérouet, C., Esdaile, DJ., Mallyon, B.A., Debruyne, E., Schulz, A. Currier, T.,
Hendrickx, K., Klis, RJ. Rouan, D., 2005. Safety evaluation of the
phosphinothricin acetyltransferase proteins encoded by the pat and bar
sequences that confer tolerance to glufosinate—ammonium herbicide in
transgenic plants. Regul. Toxicol. P. 41, 134-149.

He, X.Y., Huang, K.L,, Li, X., Qin, W., Delaney, B., Luo, Y.B., 2008. Comparison of grain
from corn rootworm resistant transgenic DAS-59122-7 maize with
nontransgenic maize grain in a 90-day feeding study in Sprague-Dawley rats.
Food Chem. Toxocol. 46, 1994-2002.

James, C., 2009. Global Status of Commercialised Biotech/GMcrops: 2009. ISAAA
Briefs, No. 41. International Service for the Acquisition of Agri-biotech
Applications. Ithaca, New York.

Kain, W.C.,, Zhao, ].Z., Janmaat, A.F., Myers, J., Shelton, AM., Wang, P., 2004.
Inheritance of resistance to Bacillus thuringiensis Cry1Ac toxin in a greenhouse-
derived strain of cabbage looper (Lepidoptera: Noctuidae). J. Econ. Entomol. 97,
2073-2078.

Karim, S., Dean, D.H., 2000. Toxicity and receptor binding properties of Bacillus
thuringiensis delta-endotoxins to the midgut brush border membrane vesicles
of the rice leaf folders, Cnaphalocrocis medinalis and Marasmia patnalis. Curr.
Microb. 41, 276-283.

Lu, Y., Xu, W.T., Kang, A., Luo, Y.B., Guo, F.,, Yang, R., Zhang, ]., Huang, K.L., 2007.
Prokaryotic expression and allergenicity assessment of hygromycin B
phosphotransferase protein derived from genetically modified plants. J. Food
Sci. 27, 232-288.

Ministry of Agriculture of PR China No. 869 Bulletin 2-2007. Food safety detection of
genetically modified organisms and derived products. Method of target protein
digestive stability in simulative gastric and intestinal fluid.

Schreder, M., Poulsen, M., Wilcks, A., Kroghsbo, S., Miller, A., Frenzel, T., Danier, ].,
Rychlik, M., Emami, K., Gatehouse, A., Shu, Q.Y., Engel, K.H., Altosaar, I., Knudsen,

L., 2007. A 90-day safety study of genetically modified rice expressing Cry1Ab
protein (Bacillus thuringiensis toxin) in Wistar rats. Food Chem. Toxicol. 45, 339-
349.

Strizhov, N., Keller, M., Mathr, J., Koncz, K.Z., Bosch, D., Prdovsky, E., Schell, J., Sneh,
B., Koncz, C., Zilberstein, A., 1996. A synthetic CryIC gene, encoding a Bacillus
thuringiensis delta-endotoxin, confers Spodoptera resistance in alfalfa and
tobacco. Proc. Natl. Acad. Sci. USA 93, 15012-15017.

Tang, W., Chen, H., Xu, C.G,, Li, X.H., Lin, Y.J., Zhang, Q.F., 2006. Development of
insect-resistant transgenic indica rice with a synthetic Cry1C* gene. Mol. Breed
18, 1-10.

Thomas, K., MacIntosh, S., Bannon, G., Herouet-Guicheney, C., Holsapple, M., Ladics,
G., McClain, S., Vieths, S., Woolhiser, M., Privalle, L, 2009. Scientific
advancement of novel protein allergenicity evaluation: An overview of the
HESI protein allergenicity technical committee (2000-2008). Food Chem.
Toxicol. 47, 1041-1050.

Vaeck, M., Reynaerts, A., Hofte, H., Jansens, S., Beukeleer, M.D., Dean, C., Zabeau, M.,
Montagu, M.V., Leemans, J., 1987. Transgenic plants protected from insect
attack. Nature 328, 33-37.

Wang, Y., Lai, W.Q., Chen, ].G., Mei, S., Bo, Y.G., Hu, X., Zhang, W.L., 2000. Toxicity of
anti-herbicide gene (BAR) transgenic rice. J. Hyg. Res. 29, 141-142.

Wang, Z.H., Wang, Y., Shu, Q.Y., Wu, D.X,, Xia, Y.W., 2004. Study on mutagenicity of
transgenic rice flour with a synthetic Cry1Ab gene from Bacillus thuringiensis.
Scientia Agricultura Sinica. 37, 2043-2046.

Xu, W.T, Cao, S.S., He, XY., Luo, Y.B, Guo, X, Yuan, Y.F, Huang, K.L., 2009.
Safety assessment of CrylAb/Ac fusion protein. Food Chem. Toxicol. 47,
1459-1465.

Zhang, Z.H., Tan, S.C.C., Koh, J.L.Y., Falus, A., Brusic, V., 2006. ALLERDB database and
integrated bioinformatic tools for assessment of allergenicity and allergic cross-
reactivity. Cell. Immunol. 244, 90-96.

Zhang, N., Cheng, M., Ma, J., Li, S., Xu, C., 2000. Study on mutagenicity of cotton seed
powder and cotton seed oil of transgenic Cry1Ac cotton. J. Agric. Biotechnol. 8,
217-221.



	Safety assessment of Cry1C protein from genetically modified rice according to the national standards of PR China for a new food resource
	Introduction
	Materials and methods
	Protein production and characterization
	Amino acid sequence homology search
	Heat stability study
	In vitro digestion of Cry1C protein
	Acute toxicity experiment of Cry1C protein in ICR mice
	Husbandry and dosing
	Blood biochemistry and hematology assay
	Organ weights, gross necropsy and histopathology

	Micronucleus test
	Sperm shape abnormality test
	Ames test
	Statistical analysis

	Results
	Structural and functional equivalence of Cry1C protein derived from bacteria and rice
	No homology with known toxins or allergens
	Heat stability
	Rapid degradation in digestive fluids
	Acute toxicity experiment of Cry1C protein in ICR mice
	Clinical observations and body weight
	Blood biochemistry and hematology
	Organ weights, gross necropsy and histopathology

	Micronucleus test
	Sperm shape abnormality test
	Ames test

	Discussion
	Conclusion
	Acknowledgments
	References


