Chapter 16
A Review of the Food Safety of Bt Crops

Bruce G. Hammond and Michael S. Koch

Abstract There is a 50-year history of safe use and consumption of agricultural
food crops sprayed with commercial Bt (Bacillus thuringiensis) microbial pesti-
cides and a 14 year history of safe consumption of food and feed derived from Bt
crops. This review summarizes the published literature addressing the safety of Cry
insect control proteins found in both Bt microbial pesticides and those introduced
into Bt agricultural crops. A discussion on the species-specific mode of action of
Cry proteins to control target insect pests is presented. This information provides
the scientific basis for the absence of toxicity of Cry proteins towards non-target
organisms that has been confirmed in numerous mammalian toxicology studies. A
human dietary exposure assessment for Cry proteins has also been provided which
includes information that food processing of Bt crops such as maize leads to loss
of functionally active Cry proteins in processed food products. Lastly the food and
feed safety benefits of Bt crops are briefly summarized including lower insecticide
use and reduction in fumonisin mycotoxin contamination of grain.

Keywords Food safety - Cry proteins - Toxicity - Bt crops - Consumption of Cry
proteins

16.1 Background

Bt is a common Gram positive, spore-forming aerobic bacterium that is found in
a variety of environmental sources such as soil, water, plant surfaces, grain dust,
dead insects etc. (Federici and Siegel 2008). As part of its normal life cycle, the
bacteria produce one or more insecticidal proteins in parasporal bodies when nutri-
ents become insufficient to support bacterial growth. Bt microorganisms have been
used for many years as a tool to control larval insect pests that feed on agricultural
crops. They are also widely used in certified organic agricultural food production
in the United States, Europe, and other countries. When the Bt microbial formula-
tions are applied to the leaves of agricultural crops, the vegetative cells, spores,
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and insecticidal proteins in the formulation are consumed by the larval insect. The
insecticidal proteins exist as protoxins and are converted to active insect toxins
by proteases in the alkaline environment of the lepidopteran insect gastrointestinal
tract. The activated toxins bind to specific receptors on the membranes of target
insect mid-gastrointestinal tract epithelial cells and form pores in the membranes al-
lowing water and electrolytes from the gastrointestinal tract juices to enter the cell.
The epithelial cells swell and lyse, leading to electrolyte imbalance in the insect
hemolymph causing paralysis so that the insect stops eating and dies. The Bt spores
can also germinate and colonize the insect body, allowing the bacteria to reproduce
(WHO/IPCS 1999; Betz et al. 2000; OECD 2007; Federici and Siegel 2008).

Bt insecticidal crystal proteins, Cry (for crystal) and Cyt (for cytolytic) proteins,
as well as VIPs (vegetative insecticidal proteins produced during the vegetative
phase) are the major insecticidal proteins. There can be considerable variations in
the amino acid content and structure of each of these proteins as they exist in dif-
ferent strains of Bt.

As discussed previously, Bt Cry proteins are one of the insecticidal components
in Bt microbial commercial products widely used as biological insecticides for
over 50 years. Bt was first discovered in Japan in 1901 and later rediscovered in
Germany (Sanchis 2010). Field trials were subsequently carried out in Europe and
the United States with Bf microbes to investigate their insecticidal properties; the
first commercial Bt microbial formulation was launched in France in 1938 (Sanchis
2010). Bt microbial pesticides are highly regarded as environmentally-friendly due
to their species-specificity (controlling only target insect pest species) and their lack
of environmental persistence (WHO/IPCS 1999; Betz et al. 2000; OECD 2007,
Federici and Siegel 2008). China has been probably the biggest user of Bf microbial
pesticides where, over the last few decades, tens of thousands of tons of various B¢
microbial formulations have been topically applied on agricultural food crops (rice,
vegetables, maize), in forests and to potable water to control mosquitoes and other
larval insects that are vectors of human disease (WHO/ICPS 1999; Ziwen 2010).
According to recent data, there were at least 180 registered B¢ microbial products
in the United States (EPA 1998) and over 120 microbial products in the European
Union. There are reported to be approximately 276 Bt microbials registered in Chi-
na (Huang et al. 2007). Bt microbial pesticides were first registered in the US in
1961 (Betz et al. 2000).

The efficacy of Bf microbials applied to the surface of leaves is limited by the
fact that the formulation can be washed off by rain and the Cry proteins are inacti-
vated by sunlight within a few days of application (Federici and Siegel 2008). With
the development of biotechnology, it has been possible to introduce the genes cod-
ing for Cry proteins into plants so that Cry proteins are expressed in the plant and
are produced throughout the growing season to provide protection against insect
pests. At present, most commercial Bt crops are based on Cry proteins, although
VIPs are now being introduced into agricultural crops (EPA 2004). To date, Cyt
proteins have not been introduced into commercial Bf crops.
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16.2 Regulatory Guidance for the Safety Assessment
of Cry Proteins

According to guidance from the US Environmental Protection Agency (Men-
delsohn et al. 2003), the European Food Safety Agency (2011), and Codex (2009),
the food safety assessment of any insecticidal protein introduced into food/feed
crops through genetic engineering should include:

1. information on the biochemical characterization of the introduced protein includ-
ing the amino acid sequence, molecular weight, post-translation modifications
(if any), and a description of the function.

2. Assessment of amino acid sequence similarity between the protein and any
known protein mammalian toxins using bioinformatics tools to search curated
data bases of amino acid sequences of proteins (eg. NCBI Entrez Protein, PIR,
UniProt-Swiss-Prot etc.).

. Assessment of stability of the protein to heat or food processing conditions.

4. Assessment of potential degradation in appropriate and validated in vitro gastric

and intestinal model systems.

5. High dose acute toxicology testing to confirm the absence of toxicity to mam-
mals (EPA requirement only). The US EPA requires high dose acute toxicology
testing in rodents with either B microbial pesticides or Cry proteins that end up
in food and feed crops (McClintock et al. 1995; Betz et al. 2000). The rationale
for requiring high dose acute testing is that Cry proteins act through an acute
mode of action to kill insect pests.

w

EFSA (2011) considers that acute toxicology testing provides little value, but may
require a repeat dose 28 day toxicology study where there is considered to be insuf-
ficient safety information on the introduced protein.

16.3 The Species-specific Acute Mode of Action
of Cry Proteins

The general mode of action of Cry proteins has been studied extensively and re-
viewed in a number of publications (WHO/IPCS 1999; Betz et al. 2000; Siegel
2001; OECD 2007; Bravo et al. 2007; Federici and Siegel 2008; Soberon et al.
2010). Cry proteins are not contact insecticides like chemical pesticides, but must
be ingested and activated by proteases in the gastrointestinal tract of target insect
pests. The activated Cry toxins bind to specific receptors on mid-gastrointestinal
tract epithelial cells of target larval insects and this, results in oligomerization of the
Cry toxin monomers. The toxin complex translocates into the cellular membrane of
the gastrointestinal tract epithelial cells and forms pores that cause osmotic shock
and cell lysis leading to death of the insect (Federici and Siegel 2008; Soberdn et al.
2010). Some Cry protein binding receptors have been identified such as cadherin-
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like glycoproteins, and glycosylphosphatidyl-inositol (GPI) membrane anchored
receptors such as aminopeptidase N or alkaline phosphatase (Soberdn et al. 2010).
Binding of Cry proteins to the aforementioned receptors is not sufficient of itself to
cause toxicity to the insect as oligomerization must also occur to form the pores in
the membrane. This may explain the observation that some Cry proteins can bind
to insect mid-gastrointestinal tract epithelial cells, but since oligomerization does
not follow, no toxicity to the insect occurs (Federici and Siegel 2008; Soberdn et al.
2010).

Non-target organisms such as humans, rhesus monkeys, cattle, mice, rats, rab-
bits, other non-target insects etc., lack high affinity Cry protein binding-receptors
(Sacchi et al. 1986; Hofmann et al. 1988a, b; Wolfersberger et al. 1986; Van Rie
et al. 1989, 1990; Lambert et al. 1996; Mendelsohn et al. 2003; Griffiths et al.
2005; Shimada et al. 2006; OECD 2007). In contrast to these studies in mammals
demonstrating an absence of specific high affinity receptors to bind Cry proteins,
one study reported binding of CrylAc protein to the mouse jejunum (Vazquez-
Padron et al. 2000). However, this binding appeared to be non-specific because ex-
tremely high (non-physiological) concentrations of CrylAc protein were incubated
in vitro with mouse intestinal brush border membrane vesicles (BBMV) at 1 pug
Cry protein/1 pg BBMV. In target insects, Cry proteins bind avidly to receptors
on insect BBMV at much lower concentrations (0.00001-0.001 pg Cry protein/
pg BBMV) and surface plasmon resonance experiments indicate that binding to
the cadherin receptor occurs at nM concentrations (Hofmann et al. 1988a; Sac-
chi et al. 1986; Soberdn et al. 2010). This is supported by the observation that the
LD50 dose of Cry proteins is in the low ng/larval insect range (Federici and Siegel
2008). Low affinity binding of Cry proteins to rat BBMV has been reported but
was considered to be non-specific as it was not displaceable by non-iodinated Cry
protein, whereas Cry protein binding to target insect BBMV was readily displaced
(Hofmann et al. 1988b). In bovine epithelial cells (Shimada et al. 2006), low level
binding of Cryl Ab protein to the cytoskeletal protein actin was detected. However,
no binding to extracellular proteins such as aminopeptidase N, cadherins and al-
kaline phosphatase was detected on bovine epithelial cells; these aforementioned
proteins have been identified as receptors for Cry protein binding on target insect
mid-gastrointestinal tract epithelia. The absence of high affinity binding of Cry pro-
teins on mammalian gastrointestinal tract epithelial cells may be due in part to the
absence of a glycosylating enzyme, BL2, in mammalian gastrointestinal tract cells.
This enzyme, which is present in target insect gastrointestinal tract cells, produces
the specific sugar residues that facilitates recognition and binding by Cry proteins
to the aforementioned aminopeptidase N and alkaline phosphatase receptors (Fed-
erici and Siegel 2008; Soberon et al. 2010). The absence of specific Cry binding
receptors on the mammalian gastrointestinal tract epithelial cells can explain, in
part, the absence of cellular toxicity when high, non-physiological concentrations
of CrylAb protein were incubated with sheep rumen epithelial cells, whereas in-
cubation with a positive control toxin, valinomycin, caused apoptosis and reduced
cell viability (Bondzio et al. 2008).
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Furthermore, the in vitro concentration of Cry protein used by Vazquez-Padron
(2000) was many orders of magnitude higher than the potential dietary exposures
the mammalian digestive tract might encounter from consumption of food derived
from Bt maize (Hammond and Cockburn 2008). As will be discussed later in section
16.6, processing (e.g. cooking, etc.) of Bf maize into human food has been reported
to denature and inactivate Cry proteins further reducing residual functionally active
Cry protein residues in food (Hammond and Jez 2011). Any residual (~ppb) levels
of functionally active Cry protein that survived food processing would also be ex-
pected to be digested in the gastrointestinal tract (see Sect. 16.4).

16.4 Potential Digestibility of Cry Proteins

The normal fate of most ingested dietary proteins is hydrolytic digestion and/or
degradation to either individual amino acids or small peptides that are subsequently
absorbed to provide amino acids for protein synthesis in the body (Delaney et al.
2008). A validated assay to assess the potential digestibility of proteins has been
developed in vitro using a fixed ratio of pepsin to protein and at pH 1.2 and 2.0 that
is designed to simulate conditions in the stomach (Thomas et al. 2004). A similar
in vitro test to simulate intestinal digestion using pancreatin has also been devel-
oped. Cry proteins are readily degraded by pepsin when tested in vitro using the
aforementioned pepsin assay (Okunuki et al. 2001; Herman et al. 2003; EPA 2001;
Thomas et al. 2004; Cao et al. 2010; Guimaraes, et al. 2010). An alternative in vitro
digestive model has been recently proposed using higher pH and a lower pepsin/
Cry protein ratio where Cry1Ab protein is more slowly degraded (Guimaraes et al.
2010). Others have suggested that differences in pH and pepsin concentration us-
ing in vitro digestibility assays had only small effects on digestion of proteins of
intermediate stability to pepsin and no effects on proteins that were either stable or
resistant to pepsin digestion (Ofori-Anti et al. 2008)

In pigs and calves, Cry protein fragments were observed in the GI tract, but none
were detected in the liver, spleen and lymph nodes (Chowdhury et al. 2003a, b)
indicating they were too large to be systemically absorbed intact from the gastroin-
testinal tract. Farm animals are generally fed much higher levels of maize in the diet
than humans, and the maize is generally not processed resulting in higher dietary
exposure to Cry proteins. Human dietary exposure, in contrast, would be much
lower due to the lower consumption of maize and the fact that human food derived
from maize is processed. Maize is subjected to a variety of processing conditions
such as cooking that denatures Cry proteins causing them to lose insecticidal activ-
ity (Sect. 16.6). Denaturation also makes proteins more susceptible to degradation
by proteases (Herman et al. 2006) including Cry1Ab protein (Okunuki et al. 2001)
so that potential dietary exposure to functionally active Cry proteins in food derived
from maize is very low.
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16.5 Toxicology Testing of Cry Proteins

Genes coding for Cry proteins that were similar to those derived from Bt microor-
ganisms have been introduced into a variety of different agricultural crops. These
Cry proteins are expressed at low (ppm) levels in plants since those levels are suffi-
cient to control targeted insect pests (Hammond and Cockburn 2008). As described
earlier, only Cry and VIP proteins are currently used in registered Bt crops, making
the insecticidal complexity of the crop much simpler than that of the components
in Bt microbial pesticide formulations. As a group, the Cry protein family contains
considerable diversity, enabling Bt strains to kill different kinds of larval insect
pests. The currently commercialized Bt crops used for food and feed are mainly Bt
maize and cotton. Cry proteins produced by Bt plants registered in the US and other
countries include CrylAb, CrylAc, CrylF, Cry1A.105, CrylAc, Cry2Ab2, Cry3Bb
and Cry34Abl, and Cry35Abl. VIP proteins have also been registered in the US for
use in agricultural crops (EPA 2004). New Bt soybean varieties (US) that have the
crylAc gene and Bt rice varieties (China) with the crylC gene are currently going
through regulatory review. The food safety of introduced CrylAc and Cryl1C pro-
teins has already been demonstrated (Betz et al. 2000; Cao et al. 2010).

16.5.1 Acute Toxicity Testing

As shown in Table 16.1, mice are not adversely affected even when fed acute, high
dosages of Cry proteins that are thousands to millions of times higher than doses
acutely toxic to target insect pests (Hammond and Cockburn 2008). The mouse is
a relevant model for such testing because it is known to be susceptible to the toxic-
ity of known mammalian protein toxins (Delaney et al. 2008). In such testing the
CrylAb protein was administered to mice at a dose level of 4000 mg/kg/day and
produced no adverse effects. An adult human would have to consume approximate-
ly 900,000 kg of uncooked B¢ maize grain in 1 day to attain a similar acute dose of
CrylAb protein administered to mice (Hammond and Cockburn 2008).

Numerous reviews summarizing results of animal toxicology studies with Bt
microbial pesticides and individual Cry proteins and the long history of safe use
of Bt microbial products and Bt crops support the safety of Cry proteins (Fisher
and Rosner 1959; Siegel and Shadduck 1989; McClintock et al. 1995; WHO/ICPS
1999; Betz et al. 2000; Siegel 2001; OECD 2007; Federici and Siegel 2008). In
contrast to certain chemical insecticides, no significant human illnesses have been
attributed to the use of Bt microbial pesticides in agriculture (WHO/ICPS 1999;
Federici and Siegel 2008). This correlates well with the results in human safety test-
ing conducted on volunteers in the early days of safety assessment of Bt microbials.
These individuals were fed 10'° Bt spores for 5 days or inhaled 10° Bt spores with
no reported adverse effects (Siegel and Shadduck 1989).
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Tab!e 1.6'1 Acutg toxicity Cry protein NOAEL (mg/kg) Reference

;trtctl:lslsm mice with Cry CrylAb 4000 Betz et al. (2000)
CrylAb/CrylAc 5000 Xuetal. (2010)

fusion protein

CrylA.105 2072 EPA (2008a)
Cry 1Ac 4200 Betz et al. (2000)
CrylC 5000 Cao et al. (2010)
Cry2Aa 4011 Betz et al. (2000)
Cry2Ab 1450 Betz et al. (2000)
Cry2Ab2 2198 EPA (2008b)
Cry3A 5220 Betz et al. (2000)
Cry3Bb 3780 Betz et al. (2000)
CrylF 576 EPA (2001)
Cry34Abl 2700 Juberg et al. (2009)
Cry35Abl 1850 Juberg et al. (2009)
VIP3A 3675 EPA (2004)

16.5.2 Allergenicity and Immunogenicity Assessment

According to the aforementioned Codex guidelines (2009), the assessment of po-
tential allergenicity of introduced proteins is carried out by comparing the biochem-
ical characteristics of the introduced protein to characteristics of known allergens.
A protein is not likely to be allergenic if: (1) the protein is from a non-allergenic
source; (2) the protein represents only a very small portion of the total plant protein;
(3) the protein does not share structural similarities to known allergens based on
amino acid sequence homology comparisons to known allergens using bioinformat-
ics search tools, and (4) the protein has the potential to be digested as confirmed
when incubated in vitro with simulated digestion fluids. All Cry proteins expressed
in Bt crops have been assessed for potential allergenicity according to the recom-
mendations of the aforementioned Codex guidelines. Those that are used in com-
mercial Bt crops do not fit the profile of known protein allergens, ie. they are digest-
ed in simulated gastric fluid, are generally present at low (ppm) levels in grain and
much lower levels in food, and are not structurally related to known allergens based
on bioinformatics searches. Following commercial production and use of thousands
of tons of Bt microbial formulations over the last few decades, there is no evidence
of allergic reactions in workers who manufacture or apply B¢ microbials to agricul-
tural crops and forests (Siegel 2001; Federici and Siegel 2008). Similarly, for the
millions of tons of B¢ crops produced since the 1990s, there have been no reports of
allergenic reactions in those that handle or consume the grain/seed. There has been
a report of immunologic responses in workers who apply B¢ microbial formulations
to agricultural crops, but this reaction is classically observed when humans are ex-
posed to “foreign” or non-human proteins. However, the immunologic responses
were attributed to other bacterial proteins present in the B¢ microbial formulation,
and not the Cry proteins (Siegel 2001; Federici and Siegel 2008).
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CrylAc protein that is present in Bt microbial formulations has been shown to
be immunogenic in mice following intraperitoneal (IP), intragastric (IG), intrana-
sal (IN) or intra-rectal (IR) administration (Moreno-Fierros et al. 2000; Vazquez-
Padron et al. 2000). Systemic and mucosal immune responses with production of
specific IgG, [gM and IgA antibodies were reported. In a separate study, administra-
tion of GM rice containing Cryl Ab protein (88% amino acid sequence homology to
CrylAc protein), or spiked with Cryl Ab protein, was also reported to have induced
an immune response in rats (Kroghsbo et al. 2008). Another study reported that
feeding mice either 1 month or 18 months of age with MONS810 maize resulted in
some alterations in the intestinal and peripheral immune cell populations (Finamore
et al. 2008).

The biological relevance of these studies to assessing potential health risks from
human consumption of foods derived from B¢ crops can be questioned on several
fronts. Administration of Cry proteins by IN, IP and IR routes of exposure do not
necessarily predict risks from IG or dietary intake because in some cases, the re-
searchers bypassed the protective barrier of the gastrointestinal tract by injecting
or administering proteins by other routes. When they did employ the IG route in
mice, they gave doses of Cry proteins far in excess of potential human intakes and
included Maalox® to neutralize the pH of the gastrointestinal tract, thereby compro-
mising normal physiological conditions for digestion of CrylAc protein by pepsin.
Mice were often dosed with 100 pg CrylAc protein which exceeds potential human
intake by approximately 5000-fold.! This discrepancy may be greater still, since
maize is normally processed into human foods and not consumed raw. Processing
(e.g., cooking) denatures CrylAb protein (see Sect. 16.6), so the actual dietary in-
takes of intact Cry1Ab protein from consumption of processed foods is anticipated
to be far less. It has been estimated that grain processing could reduce levels of
functionally active protein by approximately two orders of magnitude (Hammond
and Jez 2011). Based on the calculations in footnote 1, this would result in an actual
human intact CrylAb intake of approximately 0.008 pg/kg body weight; a level
500,000-fold lower than the levels used on the study demonstrating immunogenic
effects. In addition to human dietary irrelevance of the doses tested in mice, an
attempt to reproduce this work in mice given CrylAb protein, failed to detect anti-
Cry IgG antibodies at the 100 pg/mouse dose (these authors did not include Maalox
along with the oral dosed Cry1Ab protein) (Adel-Patient et al. 2010). These authors
attributed the discrepancy between their study and earlier studies (Moreno-Fierros
et al. 2000; Vazquez-Padron et al. 2000) to the possible presence of E. coli en-
dotoxin in the CrylAc preparations used on the earlier studies. The previous au-
thors used engineered E. coli to produce CrylAc but did not apparently check the
preparations for endotoxin contamination. Adel-Patient et al. (2010) reported that

1100 pg CrylAc/25 gm mouse ~4000 pg/kg body weight; human intake of Cry1Ab protein from
consumption of MON 810 maize (YIELDGARD Corn Borer®) was estimated to be 0.008 pg/kg
body weight (Hammond and Jez 2011).

® Maalox—registered trademark of Novartis.

® YIELDGARD Corn Borer—registered trademark of Monsanto Technology, LLC.
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IG administration of purified Cry1Ab protein had no impact on immune response in
mice and confirmed the earlier reports of the immunogenicity of CrylAc adminis-
tered by IP injection to mice, without any evidence of allergenicity. The other study
(Finamore et al. 2008) reporting possible alterations of intestinal and peripheral im-
mune cell populations in young and old mice fed large amounts of MON 810 maize
in the diet can be questioned since the alterations were often of small magnitude,
and sometimes in opposite direction when measured at different study intervals. It
is difficult to interpret the biological relevance of the changes that were observed
since no historical information was provided on normal variation of the measured
parameters in control mice. A much bigger question is the relevance of findings in
mice to predicting possible immune effects in humans.

While the mouse model has some similarities to human immunological mecha-
nisms (Adel-Patient et al. 2010), in general, animal models have not been consid-
ered to have been sufficiently validated to be able to accurately predict potential
allergenic or immunologic effects in humans from dietary exposure to proteins
(Goodman et al. 2008; Thomas et al. 2009; Codex 2009). As a practical matter,
there has been widespread dietary exposure to Cry proteins from application of Bt
microbial formulations applied to vegetables and other crops for many decades (see
Sect. 16.7) and there have been no reports that the immune system of humans is at
risk from dietary exposures. Given the comparatively low dietary exposures to Cry
proteins from consumption of foods derived from Bt crops (or for that matter, ap-
plication of Bt microbials to food crops) the potential to induce an immune response
in humans was considered to be unlikely (Guimaraes et al. 2010).

16.6 Assessment of Food Processing on Cry Protein
Biological Activity

The functional activity of proteins including Cry proteins is dependent on their
three-dimensional structure and the combination of various environmental forces
(electrostatic forces, van der Waals interactions, hydrogen bonds, and hydrophobic
interactions) that help to maintain that structure in the cell (Branden and Tooze
1991; Creighton 1993). In general, protein structures are only marginally stable un-
der a limited range of physiological conditions and are easily disrupted by changes
such as increases in temperature, variation of pH, or physical disruption that over-
come the forces keeping them folded properly (Creighton 1993). These changes
typically result in denaturation of proteins which leads to a drastic change in protein
structure. Typically, denaturation does not involve changes in the primary structure
(amino acid sequence) of a protein (i.e., degradation of the polypeptide chain), but
disrupts the secondary, tertiary, and quaternary (if applicable) structure of denatured
proteins. Consequently, there is a complete loss of biological function, as the dena-
tured polypeptide is more like a random coil than a folded protein.

Changes such as increased temperature, altered pH, physical disruption occur
routinely during processing of the seed/grain into human food. For example, during
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the processing of maize and soybeans into food fractions, heating, high pressure
extrusion, mechanical shearing, changes in pH, and the use of reducing agents are
all employed and will unfold a native protein structure and/or alter the primary
structure of a protein by hydrolysis of peptide bonds (Kilara and Sharkasi 1986;
Meade et al. 2005). In typical processing of maize and soybeans into food fractions,
temperatures of 95—-100°C are commonly encountered (Berk 1992; Duensing et al.
2003; Rooney and Serna-Saldivar 2003). These elevated temperatures can lead to
irreversible denaturation and loss of protein function (de Luis et al. 2009; Thomas
et al. 2007), although this does not alter the nutritional value of the denatured pro-
tein as a source of dietary amino acids. Cooking proteins aids their digestion in the
gastrointestinal tract as proteases (e.g., pepsin and trypsin), are able to cleave the
random coil of a denatured protein more quickly and efficiently compared with the
same protein in its native three dimensional conformation (Herman et al. 2006).

Precipitation is often used to remove proteins from other food fractions like
lipids, as changes in the physical properties of a protein can reduce its solubility
leading to aggregation or precipitation. Multimeric proteins can also dissociate into
monomers resulting in loss of function (Schultz and Liebman 2002; Meade et al.
2005). It may still be possible to detect epitopes on denatured, aggregated or pre-
cipitated proteins using immunologic detection methods. This has been observed
for some introduced proteins but not others (Terry et al. 2002; Grothaus et al. 2006;
Margarit et al. 2006; Thomas et al. 2007; de Luis et al. 2009; Codex 2010). In
general, immunologic methods for detecting introduced proteins is not often done
because of the effects of denaturation of proteins in processed food; immunologic
detection methods are mostly reserved for testing raw agricultural commodities
(Margarit et al. 2006; Bogani et al. 2008; de Luis et al. 2009). Even if you can still
detect proteins through antibody recognition of sequence-specific epitopes, the in-
troduced proteins most likely have lost their functional activity as discussed below.

Cry proteins have been subjected to in vitro heat stability studies to determine if
they maintain their insecticidal activity after cooking. CrylAb, CrylF, Cry34Abl
and Cry35Abl proteins were cooked to temperatures ranging from 60-90°C for
periods ranging from 10-30 min (EFSA 2005a, 2007; de Luis et al. 2009). Bt soy-
bean seeds containing CrylAc protein were also subjected to cooking that approxi-
mated temperatures used during processing of soybeans into meal (EPA 2010). All
Cry proteins lost insecticidal activity after cooking when tested in insect bioassays.
These Cry proteins were subjected to similar cooking conditions used when maize
grain and soybeans are processed into human foods. The impact of food processing
on the functional activity of introduced proteins may be relevant for other processed
crops such as rice that are cooked before consumption. It is likely that there is mini-
mal, if any dietary exposure to functionally active Cry proteins when food products
derived from processed food crops are consumed.

Overall, the impact of harsh processing conditions on protein structure and func-
tion support the EFSA conclusion that risk assessors should consider the impact of
food processing on the levels of the introduced protein, otherwise they may over-
estimate potential dietary exposure “...food products are often processed into in-
gredients and/or incorporated in formulated processed food products, where the
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new protein and/or the novel secondary gene product attrition will occur. This may
result in significant reduction in the theoretical maximum daily intake (TMDI) of
the novel gene product, resulting in over-estimated exposure levels and even larger
margins of safety for man” (EFSA 2008).

16.7 Human Dietary Exposure Assessment for Cry
Proteins in Bt Crops

There is a history of safe consumption of Cry proteins. As mentioned earlier, B¢
microbial pesticides have also been added to drinking water in outdoor storage fa-
cilities in various locations around the world to control insect (mosquito) vectors of
disease (WHO/ICPS 1999). In locations where water has to be stored in containers
for use in drinking Bt microbials have been added to the drinking water to control
mosquito larvae etc (WHO/IPCS 1999; Bravo et al. 2007). Because of their safety
profile and long history of safe use in agriculture, Bf microbials have been exempt-
ed from the requirement of a setting a tolerance in countries which they have been
registered (OECD 2007).

They have also been applied topically to vegetables in organic agriculture to
control insect pests (WHO/IPCS 1999). Residual levels of up to 10* CFUs (colony
forming units, i.e., viable Bt microbes)/gram of plant tissue have been found on
fresh vegetables marketed in Europe following application of commercial Bt mi-
crobial formulations (Frederiksen et al. 2006). In a recent review on the safety of
Bt, it stated: “In many regions of the world where fresh vegetable crops are mar-
keted within a few days of harvest, these have been recently sprayed with Bz. This
is especially true of vegetables grown using organic methods. It is quite common
for vegetables treated with B, such as broccoli, tomatoes, cucumbers, cauliflower
and lettuce to be eaten raw with only minimal washing. In these cases, humans are
directly consuming thousands of Bt spores and insecticidal crystals” (Federici and
Siegel 2008).

A “back-of-the-envelope” estimate of potential human dietary exposure to Cry
proteins from application of commercial Bt microbial pesticide formulations was
undertaken. It was assumed that the B¢ microbial formulation was applied shortly
before harvest and that the broccoli was consumed raw (e.g. salads) and was not
cooked. If the Bt microbial formulation was applied weeks prior to harvest, or the
broccoli was cooked, the potential dietary intake of functionally active Cry proteins
would be much lower. According to WHO/GEMs, the highest acute dietary intake
of broccoli in the countries that responded to the WHO survey was in the United
States. The WHO/GEMs US adult acute dietary intake (97th percentile) of broccoli
is 5.8 gm/kg body weight. In a recent review, it was reported that chronic intake
of broccoli in the US was 8.2 g/capita/day (Latte et al. 2011). For purposes of this
assessment, it was assumed that the broccoli was consumed raw and not cooked
(eg. in salads). The commercial application rate for the B¢ microbial formulation to
control insect pests was based on the label directions from the supplier which could
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range up to 32 oz/acre. The Bt microbial formulation contained ~10% Cry protein
(w/w) and was applied once. For purposes of the exposure calculation, it was as-
sumed that 10% of the applied Bt microbial formulation was deposited on broccoli
heads. Based on these assumptions, the acute adult intake of Cry protein from con-
sumption of uncooked broccoli (heads) was estimated to range between 50—1 pg/kg
body weight for acute and chronic consumption respectively. This estimated expo-
sure is considerably higher than the previous estimate (~0.008 pg/kg body weight)
of dietary intake of functionally active Cry protein from food derived from B¢ maize
(page 9). For other kinds of Bt maize, the levels of Cry proteins in grain were higher
than 0.3 ppm ranging from approximately 15-115 ppm (Hammond and Cockburn
2008). Using the same assumptions (Hammond and Jez 2011), the potential human
dietary intake of functionally active Cry protein for these Bt maize varieties could
range up to approximately 2 ug/kg body weight/day. It seems likely that dietary
exposure to functionally active Cry proteins from application of Bt microbial for-
mulations to vegetables (shortly before harvest) could be similar to or even higher
than dietary exposure from consumption of foods derived from Bt crops.

Regulatory agencies have confirmed the history of safe consumption of Cry pro-
tein residues on crops and in drinking water “The use patterns for B. thuringiensis
may result in dietary exposure with possible residues of the bacterial spores on raw
agricultural commodities. However, in the absence of any toxicological concerns,
risk from the consumption of treated commodities is not expected for both the gen-
eral population and infants and children” (EPA 1998) and “Bt has not been reported
to cause adverse effects on human health when present in drinking-water or food”
(WHO/IPCS 1999).

Although Cry proteins have been considered to be safe as mentioned above, even
from organic agricultural use, questions still arise challenging their safety when
incorporated in biotechnology-derived crops. For example, a recent paper gained
attention by reporting the detection of Cry1Ab protein in the serum of non-pregnant
women, pregnant women, and the cord blood of their fetuses at mean levels of
detection of 0.19, 0.13 and 0.04 ng/ml respectively (Aris and Leblanc 2011). The
authors used a commercially available ELISA immunoassay kit which has been
validated for use in detecting Cryl Ab protein in grain/seed samples but not human
serum. Considering the vastly different composition of these matrices, it cannot be
overlooked that the authors did not report that they had validated the assay for use
in human serum. Furthermore, the majority of the serum “detects” in the Aris and
Leblanc paper were at, or below, the limit of detection (LOD) for this commercial
kit for use in grain and seed. This raises serious questions about the accuracy of
their data especially in light of previous reports on the topic including, (1) a com-
mercial immunoassay kit that was not validated to detect Cry1Ab protein in porcine
blood produced invalid results (Chowdhury et al. 2003a), and (2) a validated im-
munoassay to quantify CrylAb protein in plasma (LOD 1 ng/ml) was unable to
detect Cryl Ab protein in any of the plasma samples collected from cows fed MON
810 maize at 70% w/w (dry matter) in the diet for 1 or 2 months (Paul et al. 2008).
The amount of MON 810 (YIELDGARD Corn Borer®) maize consumed by dairy
cows greatly exceeds potential human intake. In consideration of the much lower
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Table 16.2 Examples of subchronic toxicity studies with Bt crops

Bt crop % in diet* References

Bt tomato 10 Noteborn et al. (1995)
Bt/HT® maize (ECB¢/RR¢) 11/33 EFSA (2005a)

Bt/HT maize (CRW¢/RR) 11/33 EFSA (2005b)

Bt/HT maize (ECB/CRW/RR) 11/33 EFSA (2005¢)

Bt maize(ECB/CRW) 11/33 EFSA (2005d)

Bt maize (ECB) 11/33 Hammond et al. (2006a)
Bt maize (CRW) 11/33 Hammond et al. (2006b)
BT maize (ECB) 11/13 MacKenzie et al. (2007)
Bt cotton 10 Dryzga et al. (2007)

Bt rice 60 Schroder et al. (2007)
Bt/HT maize (CRW/Gluff) 35 Malley et al. (2007)
Bt/HT maize (CRW/RR) 11/33 Healy et al. (2008)

Bt maize (CRW) 50/70 He et al. (2008)

Bt/HT maize (ECB/CRW) 34 Appenzeller et al. (2009)

3 percent (w/w) maize, rice or cottonseed meal added to the diet
> HT—herbicide tolerant

¢ ECB—European maize borer

4 RR—Roundup Ready® (tolerant to ROUNDUP herbicide)

¢ CRW—maize rootworm

! Gluf—glufosinate (tolerant to glufosinate herbicide)

® registered trademark of Monsanto Technology, LLC

potential human dietary intake of MON 810 maize compared to farm animals fed
high levels in the diet, and in consideration of the digestibility of CrylAb protein
when exposed to pepsin, the reported levels of intact Cryl Ab detected in human
serum must be questioned.

16.8 Toxicology Feeding Studies in Rodents Fed Bz Crops

In the United States and Canada, there has been no requirement to routinely feed
Bt crops to animals to confirm their safety for human and farm animal consump-
tion. The composition and agronomic performance of Bt crops has been shown
in many field trials to be similar to conventional non-biotech comparators. As a
consequence, following review of submitted dossiers summarizing all relevant data
by registrants, the USFDA and EPA have, to date, not considered additional animal
toxicology studies as necessary to confirm safety. However, 90 day rodent sub-
chronic feeding studies were often required by the EU to confirm the safety of the
first generation of Bf crops that were registered for import or production in Europe.
Some of these studies are shown in Table 16.2.

In 2008, EFSA published a review of its safety assessment of biotech crops over
the last several years, and concluded that, where the safety of the introduced pro-
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tein had been confirmed and no other unintended changes had been detected, the
conduct of animal feeding studies added little to the overall safety assessment. They
concluded that the majority of studies they had reviewed confirmed the food safety
of biotech crops. Ninety-day rat toxicology studies with Bt biotech crops are listed
in Table 16.2. EFSA also acknowledged that some published toxicology studies
reported adverse effects when biotech crops were fed to animals, but EFSA con-
cluded that because of deficiencies in these studies, the results were not interpre-
table (EFSA 2008).

No evidence of any treatment related adverse effects were observed in 90 day
rat toxicology studies carried out with Bt crops whether the crops contained one or
more Cry proteins. The maize grain that was added to rat diets was simply ground
into meal and not further processed.

In a subchronic gastrointestinal impairment model in rats, chemically-induced
gastrointestinal impairment (treated with famotidine to reduce gastric acid secretion
and indomethacin to cause damage to the intestinal epithelium) was induced in rats
fed CrylAb protein in the diet (10 ppm) for 2 weeks (Onose et al. 2008). Controls
were treated in the same manner except they were not fed Cryl Ab protein. It was
expected that Cryl Ab protein would not have been digested due to reduction of
gastric acid production allowing intact Cry1Ab protein to enter systemic circulation
via the intestinal tract damaged by indomethacin pretreatment. As expected, there
was no evidence of meaningful toxicological effects (changes in clinical blood pa-
rameters and histologic appearance of organs) reported in CrylAb dosed animals.

Additionally, there have also been a number of feeding studies in laboratory
and farm animals such as poultry, swine and ruminants fed both either B¢ micro-
bial pesticides and/or Bt crops (Betz et al. 2000; Flachowsky et al. 2005a, b, 2007,
Federici and Siegel 2008; WHO/IPCS 1999; McClintock et al. 1995; OECD 2007,
Siegel 2001; Brake et al. 2003; EFSA 2008; Scheideler et al. 2008; McNaughton
et al. 2007; Taylor et al. 2005, 2007). No evidence of adverse effects were reported
in these studies as the animals responded similarly in growth and feed consumption
to controls fed non-biotech derived crops.

16.9 Food and Feed Safety Benefits of Bf Crops

16.9.1 Reduced Insecticide Application

The adoption of Bt crops in various world areas has contributed to a significant
reduction in chemical insecticide applications. In Burkino Faso in West Africa, the
planting of Bt cotton has enabled farmers to reduce the number of chemical insec-
ticide sprays during a growing season from 6—2 applications (James 2010). India,
which is now the world’s biggest producer of Bt cotton with an estimated 23.2 mil-
lion acres planted in 2010, reported pesticide use has been cut at least in half. In the
most comprehensive survey conducted to date (2002—-2008), Indian farmers report-
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ed Bt cotton use prevented at least 2.4 million cases of pesticide poisoning saving
$ 14 million (US dollar equivalent) in annual health costs (Kouser and Qaim 2011).

16.9.2 Reduced Mycotoxin Contamination of Grain

In addition to protecting crops from insect feeding damage, grain from Bf maize
was found to have lower levels of the mycotoxin fumonisin based on field trials
in various countries (Ostry et al. 2010; Folcher et al. 2010). Various mycotoxin
producing fungi such as fusarium species exist in the environment wherever maize
is grown. They can enter the maize plant through insect damaged tissue allowing
the fungi to enter plant tissue (e.g., stalks, ears), producing fumonisins which are
common mycotoxin contaminants of maize wherever it is grown (Miller 2001).
Since Cry proteins can reduce feeding damage by controlling insect pests, they can
lower the potential for fungal colonization and therefore mycotoxin contamination.
Dietary exposure to fumonisin can cause a variety of adverse health effects in farm
animals and possibly humans (Li et al. 2001; CAST 2003; Wang et al. 2003; Mara-
sas et al. 2004; Wu et al. 2004), and lower levels of contamination associated with
Bt maize should be considered a beneficial aspect of this technology.

16.10 Conclusions

There is a 50-year history of safe use and consumption of foods sprayed with com-
mercial Bt microbial pesticide products and 14 year history of safe consumption
of food and feed derived from Bt crops. Many toxicology studies conducted with
Bt microbial pesticides and Bt crops have confirmed their safety for consumption.
There is a history of safe consumption of Cry proteins from use of B¢ microbial pes-
ticides on vegetable food crops, and dietary exposures may be comparable or higher
than that from consumption of foods derived from Bt crops. In either case, dietary
intake of intact Cry proteins is very low. Use of Bt crops has secondary benefits by
significantly reducing insecticide use, lowering insecticide exposure to applicators
and improving the food security of maize grain by reducing contamination by fu-
monisin mycotoxins.
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