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Stacked GM crops expressing up to six Cry toxins from Bacillus thuringiensis (Bt) are

today replacing the formerly grown single-transgene GM crop varieties. Stacking of

multiple Cry toxins not only increase the environmental load of toxins but also raise the

question on how possible interactions of the toxins can be assessed for risk assessment,

which is mandatory for GM crops. However, no operational guidelines for a testing

strategy or testing procedures exist. From the developers point of view, little data testing

for combinatorial effects of Cry toxins is necessary as the range of possibly affected

organisms focuses on pest species and no evidence is claimed to exist pointing to

combinatorial effects on non-target organisms. We have examined this rationale critically

using information reported in the scientific literature. To do so, we address the hypothesis

of narrow specificity of Cry toxins subdivided into three underlying different conceptual

conditions (i) “efficacy” in target pests as indicator for “narrow specificity,” (ii) lack of

reported adverse effects of Cry toxins on non-target organisms, and (iii) proposed modes

of action of Cry toxins (or the lack thereof) as mechanisms underlying the reported

activity/efficacy/specificity of Cry toxins. Complementary to this information, we evaluate

reports about outcomes of combinatorial effect testing of Cry toxins in the scientific

literature and relate those findings to the practice of environmental risk assessment of

Bt-crops in general and of stacked Bt-events in particular.

Keywords: Bt toxins, non-target organisms, target organisms, synergistic effects, mode of action, adverse effects

BACKGROUND

Today, many crop plants have been genetically modified (GM) to contain transgenic DNA
sequences from the bacterium Bacillus thuringiensis (Bt) coding for the expression of so-
called Cry toxins from 3 to 4 different classes (Cry1, Cry2, Cry3, and to a very limited
extent Cry9 class) (Schnepf et al., 1998; Sanchis, 2011; Sansinenea, 2012; van Frankenhuyzen,
2013). These microbial toxins engineered into GM crops plants aim to control certain
target pest species which differ depending on the regions where the crops are grown. In
Bt plants, the Cry toxins are present persistently and usually in all plants parts from
germination to harvest of the crops. Specifically, it is through genetic engineering that also
the pollen of GM plants can express these bacterial toxins. Bt-toxins in pollen are not
degraded by UV light and remain bioactive when, for example, deposited on host plants

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org/Environmental_Science/editorialboard
http://www.frontiersin.org/Environmental_Science/editorialboard
http://www.frontiersin.org/Environmental_Science/editorialboard
http://www.frontiersin.org/Environmental_Science/editorialboard
http://dx.doi.org/10.3389/fenvs.2015.00071
http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2015.00071&domain=pdf&date_stamp=2015-11-09
http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:angelika.hilbeck@env.ethz.ch
http://dx.doi.org/10.3389/fenvs.2015.00071
http://journal.frontiersin.org/article/10.3389/fenvs.2015.00071/abstract
http://loop.frontiersin.org/people/267701/overview
http://loop.frontiersin.org/people/267865/overview


Hilbeck and Otto Specificity and combinatorial effects of Cry toxins

(Ohlfrest et al., 2002). Toxic pollen is rare in nature as, typically,
there is little selective advantage for such a trait to evolve.

When used as sprayable, externally applied B. thuringiensis
based insecticides, the risk for non-target organisms to ingest
the Cry toxins is low due to the limited persistence of these
sprays in space and time as the Bt toxin is quickly degraded by
UV light and removed from plants by rain (Behle et al., 1997).
Risks to non-target insects are further reduced because sprayable
B. thuringiensis products usually consist of Cry toxins in their
inactive crystalline form (hence their abbreviation “Cry”) that
need to undergo a complex activation process before becoming
active (see below for details). With the introduction of Cry toxin
producing GM crop plants into industrial agricultural systems,
a whole new dimension of spatio-temporal exposure to Cry
toxins opened up involving a far broader range of non-target
organisms below- and above ground (Hilbeck, 2001, 2002). Thus,
the potential for chronic longterm effects became more likely to
occur than with short-lived, inactive sprayable B. thuringiensis
insecticides. Consequently, it was with the introduction of Cry
toxin producing GM crops that the likelihood of potential
adverse effects (i.e., risks) on non-target organisms, in particular
beneficial insects like natural enemies of pests, pollinators, and
species of conservation concern, came on the research agenda
(Hilbeck, 2001, 2002).

Since about one decade, there is a marked increase in
the commercial approval and adoption of GM plants carrying
multiple transgenes coding for the simultaneous expression
of several insecticidal Cry toxins (and also transgenes for
herbicide resistance), so called “pyramided” or “stacked” events
(Fernandez-Cornejo et al., 2014; United States Department of
Agriculture and Economic Research Service (ERS), 2014). In
2014, stacked GM cotton reached almost 80% of cotton plantings
up from around 25% 10 years earlier. Stacked GM maize made
up 76% of the planted maize area in 2014 up from less than
10% a decade ago (Fernandez-Cornejo et al., 2014; United
States Department of Agriculture and Economic Research Service
(ERS), 2014). Stacking Bt transgenes was triggered by spreading

TABLE 1 | Maximum Cry toxin concentrations [µg/g] measured in field-grown SmartStax, several US locations in 2006*; FW, fresh weight; DW, dry weight.

Bt toxin Leaves Roots Whole plant Pollen Kernels

DW FW DW FW DW FW DW FW DW FW

Cry1A.105 210 34 100 12 86 10 21 16 4.9 4.3

Cry2Ab2 350 60 120 18 80 19 2.3 1.8 7.5 6.7

Cry1F 31 4.7 15 2.0 16 1.9 32 25 7.4 6.7

Total Lepidopteran-active Cry 591 99 235 32 182 31 55 43 20 18

Cry3Bb1 490 92 260 31 220 26 24 19 26 23

Cry34Ab1 279 42 150 19 196 23 117 90 94 85

Cry35Ab1 158 24 71 9.0 82 9.6 0.5 0.4 2.3 2.0

Total Coleopteran-active Cry 927 158 481 59 498 59 142 109 122 110

TOTAL 1518 257 716 91 680 90 197 152 142 138

*Source: compilation based on Phillips (2008) and Stillwell and Silvanovich (2007).

resistance among target pest populations against GM crops
expressing only single Cry toxins (Tabashnik et al., 2013). The
underlying assumption is that pest species are less likely to
develop resistance simultaneously against multiple Cry toxins
because of their somewhat different modes of action. Whether
or not this assumption will hold true for the currently employed
Cry toxins that still share significant similarities in their modes
of action (Hernández-Rodríguez et al., 2013) is not subject of our
evaluation in this paper but deserves a separate analysis.

In this review, we are concerned with the drastically increased
Cry toxin load in stacked or pyramided Bt crop varieties resulting
in persistent exposure of a wide range of non-target organisms
in terrestrial and aquatic ecosystems. In SmartStax R© maize,
for example, combining six Cry toxins, maximum amounts
of >250µg/g fresh weight in leaves, > 90µg/g fresh weight
in roots, and > 150µg/g fresh weight in pollen was reported
(Table 1; Stillwell and Silvanovich, 2007; Phillips, 2008). Potential
combinatorial effects of these multiple Cry toxins have been
recognized by the European regulatory authorities only few years
ago (EFSA, 2010a), and are still intensely discussed by regulators
and in the scientific community alike (de Schrijver et al., 2014).
Yet, most regulators, including EFSA, still operate under the
current controversial paradigm that limits the environmental risk
assessment to focusing on the added novel substance only which
is tested as single purified protein, produced by microbes, in
isolation of the GM plants, following testing schemes developed
for the regulatory approval of synthetic insecticides (for more
details see Hilbeck et al., 2011). The results of these tests are then
used in all risk assessments for Bt crops that express these Cry
toxins but irrespective of the GM event (e.g., Garcia-Alonso et al.,
2006; Romeis et al., 2008; Dolezel et al., 2011; Hilbeck et al., 2011).
Consequently, for stacked GM crop plants combining multiple
Cry toxins, developers of GM plants are arguing for minimal
regulatory oversight of stacked events, if any at all, on the basis
that “previously approved GM events that have been combined by
conventional plant breeding and contain GM traits that are not
likely to interact in a manner affecting safety should be considered
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to be as safe as their conventional counterparts” [Pilacinski et al.,
2011, similar arguments by Raybould et al. (2012) and CropLife
International (2015)]. EFSA (2010b) largely follows this view and
has approved stacked events based on the above arguments—
exemplary statements from an opinion for approval of a stacked
event expressing three Cry toxins are as follows:

“The safety of Cry1A.105 and Cry2Ab2 proteins expressed in
maize MON 89034, the Cry1F and PAT proteins expressed in
maize 1507, and the CP4 EPSPS and CP4 EPSPS L214P proteins
expressed in maize NK603 have been assessed for their safety
previously and no safety concerns were identified for humans
and animals.... the EFSA GMO Panel considers it unlikely that
interactions between the single maize events will occur that may
impact on the food and feed safety and nutritional pro perties.”
[excerpts from EFSA (2010b)—similar justifications and wording
has been used in other approvals of stacked events].

In this paper, we examine the two claims that serve as
justification to minizime or omit the testing of combinatorial
effects of multiple Cry toxins expressed in stacked GM Bt crop
plants: (1) Due to narrow specificity of Cry toxins, no species
outside of the primary class of target pest organisms are affected
and (2) as long as single Cry toxins do not elicit adverse effects,
they will not do so in combination with other Cry toxins or other
naturally occurring compounds.

Lastly, we will reflect on the regulatory practice of risk
assessment of stacked Bt-crops in the EU and will provide
recommendations for improvements of the current testing
practice.

DEFINITIONS AND DATA USED IN THIS
REVIEW

We carried out a data base search of the Web of Science for peer
reviewed international publications in English language for the
following key word categories: Category I: “Bacillus thuringiensis”
or “Bt” or “toxin” or “protein” combined with Category
II: “synergistic” or “interaction” or “combined/combinatorial”
“effects.” We then selected those studies that reported about
in vivo tests only, e.g., bioassays with target and non-target
organisms. On occasion, these reports contained also data on
in-vitro tests with cell lines that we disregarded for comparability
reasons. We restricted our evaluation to studies that reported on
combinatorial effects between Cry proteins and some naturally
occuring plant-, bacteria-, or insect-compounds as they can be
encountered by non-target organisms feeding on stacked GM Bt
plants in their natural environment. Studies on combinatorial or
complementary effects with herbicides and other pesticides, such
as neonicotinoid residues (Douglas and Tooker, 2015), have been
omitted and left for future evaluations. In Table 2, we compiled
the selected key reports to allow for a quick overview of the
involved compounds, test organisms, and proposed mechanisms.

We report our findings according to the claims outlined above.
The definitions for various types of combinatorial effects followed
those by Tabashnik (1992):

Synergistic effects in the context of this paper entails effects—
e.g., mortality rates—of combined toxins exceeding those

found for the individual toxin with the highest activity. If
synergistic effects occur, this means that the toxicity of a
mixture cannot be predicted from the individual ingredients.
Antagonistic effects in the context of this paper are effects
contrasting synergistic effects: when a mixture of toxins leads
to less toxicity than found for individual toxins with the lowest
activity. If potency is less than expected.
Additive effects in the context of this paper entail effects—
e.g., mortality rates—of combined toxins not exceeding those
found for the individual toxin with the highest activity. If
additive effects occur, this means that the toxicity of a mixture
could be predicted from the individual ingredients.

RESULTS

The first claim of narrow specificity rests on two premises: (i)
“efficacy” determined in economically important target pests is
a reliable indicator for “narrow specificity” of Cry toxins, and (ii)
the mode of action of Cry toxins supports the claim of narrow
specificity. In the following, we will evaluate the data base for
these two premises.

Furthermore, we will summarize the scientific literature
documenting effects of single and multiple combined Cry
toxins and their postulated mechanisms to examine whether
the reported data and methodologies confirm the conclusion of
predictability (likelihood) of combinatorial effects.

NARROW SPECIFICITY OF Bt PROTEINS

Since the claimed narrow specificity of Bt toxins serves as the first
line of justification to forego the testing of non-target organisms,
the premises this claim rests upon should be well-supported
with scientific evidence. Below, we, firstly, scrutinize the current
definition of specificity and its application within risk assessment
of Bt-crops and non-target organisms. Secondly, we summarize
the current state of knowledge regarding the proposed mode of
action of Cry toxins.

Assumptions vs. Evidence
B. thuringiensis bacteria express and deposit a multitude of
proteineous, insecticidal toxins in various crystalline forms in the
bacterial mother cell (called Cry proteins). When the insecticidal
properties of these deposited Cry proteins were discovered a
century ago, very quickly their potential utility for pest control
was recognized and research and development of B. thuringiensis
based sprayable insecticides began. Today, several commercial B.
thuringiensis based insecticide formulations are broadly available
commercially and used in organic crop production as one
of the few permitted sprayable insecticides. Hence, ever since
their discovery, research and development efforts have focused
almost exclusively on studying their efficacy on economically
important, herbivorous pest species (e.g., Hoefte and Whiteley,
1989; Schnepf et al., 1998; Sanchis, 2011; van Frankenhuyzen,
2013). Naturally, for practical pest control purposes, the most
efficacious B. thuringiensis-produced Cry proteins are considered
to be those that induce maximum—if possible 100%—mortality
in a given target pest population with the least amount of toxin
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TABLE 2 | Some key publications highlighting different types of combinatorial effects on insects reported in the scientific literature.

Cry × Cry LE Cry × (insect- or plant-) proteins LE Cry × cytolytic (Cyt) Bt proteins LE

LEPIDOPTERA—Bt TOXINS FROM var. kurstaki (Btk)

Species:

Helicoverpa armigera

Toxin types:

Cry1Ac, Cry1Ab, Cry2Aa, Cry1F—trypsin

activated toxins

Findings:

Single toxins: Cry1Ac, Cry1Ab, Cry2Aa

Cry1F

Cry1Ac × Cry1Ab

Cry1Ac × Cry2Aa

Cry1Ac × Cry1F

Charkrabarti et al., 1998

+

0

+

+

++

Species:

Manduca sexta (M.s.)

Heliothis virescens (H.v.)

Helicoverpa zea (H.z.)

Toxin and protein types:

Cry1Ab, Cry1Ac, Cry toxin-binding cadherin

Bt-R1 peptide called CR12-MPED extracted

from M.s. expressed in E. coli

Findings:

CR12-MPED synergizes low Cry1Ab toxin

doses providing enhanced insecticidal activity

in H.v. and H.z.

Chen et al., 2007

++

Species:

Trichoplusia ni cell lines, Trichoplusia ni

Toxin and protein types:

Cry1Ac toxin (from B.t.kurstaki), Cyt1A1 (from

B.t.israelensis) engineered into bacteria (not

stated which species)

Findings:

Cry1Ac

Cyt1A1

Cry1Ac × Cyt1A1

Antagonistic effects between the two in-vitro

and in-vivo

Rincon-Castro et al., 1999

+

+

–

Species:

Earias vitella

Toxin types:

Cry1Ac, Cry2Aa—trypsin activated toxins

Findings:

Single toxins: Cry1Ac, Cry2Aa

Cry1Ac × Cry2Aa—1:1, 1:2, 2:1—all

Yunus et al., 2011

+,–

++

Species:

Helicoverpa zea

Heliothis virescens

Spodoptera frugiperda

Diatraea grandiosella

Toxin and protein types:

Crystal protein: Cry2A—toxin (sublethal

concentrations)

Other protein: Plant cysteine protease Mir1- CP

(a plant defensive compound accumulating at

wound site after plant injury)

Findings:

Mir1-CP inhibits larval growth by attacking and

permeabilizing insects peritrophic matrix (PM)

Low doses of Mir1-CP synergized sublethal

doses of Cry2A in all four species

Mohan et al., 2008

++

Species:

Bombyx mori (B.m.)

Lymantria dispar (L.d.)

Toxin types:

Cry1Aa, Cry1Ab, Cry1Ac—toxin

Findings:

Single toxin: Cry1Aa>Cry1Ab>Cry1Ac

L.d.: 1Aa × 1Ac

L.d.: 1Aa × 1Ab

L.d.: 1Ab × 1Ac

B.m.: all

Lee et al., 1996

++

–

0

0

Species:

Spodoptera exigua

Toxin and protein types:

Bt strains (70) not specified

Other protein: Chitinases

Findings:

Chitinases produced by bacteria B.t. increased

activity of Cry toxins more than two-fold

Liu et al., 2002

++

Species:

Chilo partellus

Toxin types:

Cry1Aa, Cry1Ab, Cry1Ac—toxin

Species:

Spodoptera littoralis (relatively insensitive to

Cry1 toxins)

Toxin and protein types:

Cry1C, endochitinase ChiAII

(Continued)
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TABLE 2 | Continued

Cry × Cry LE Cry × (insect- or plant-) proteins LE Cry × cytolytic (Cyt) Bt proteins LE

Findings:

Single toxin: Cry1Ab>Cry1Ac>Cry1Aa

L.d.: 1Ab × 1Ac

L.d.: 1Ab × 1Aa

L.d.: 1Aa × 1Ac

Sharma et al., 2010

++

+

+

Findings:

ChiAII

Cry1C (low, sublethal concentration)

Cry1C × ChiAII

Regev et al., 1996

+

+

++

Species:

Choristoneura fumiferana, Ch. occidentalis, Ch.

pinus, Lymantria dispar, Malacosoma disstria,

Orygia leucostigma (O.l.)

Toxin types:

CryIA crystal protoxins from cloned and native

microbial strains

Findings:

All except O.l.: CryIA × CryIA

O.l.: CryIA × CryIA

Tabashnik, 1992

0

–

Species:

Helicoverpa armigera, Earias insulana

Toxin types:

Cry1Ac, Cry2Ab, Cry1Fa—trypsin-activated

toxins

Findings:

Cry1Ac—H.a., E.i.

Cry2Ab—H.a., E.i.

Cry1Fa—H.a., E.i.

Cry1Ac × Cry2Ab—H.a., E.i.

Cry1Ac × Cry1Fa—H.a., E.i.

Ibargutxi et al., 2008

+,+

+,+

0,+

++,+

+,+

MOSQUITOS—BT TOXINS FROM var. israelensis (Bti)

Species:

Anopheles stephensi (A.s.); Aedes aegypti

(A.a.), Culex pipiens (C.p.)

Toxin types: Bti

Crystal protein: CryIVA and CryIVB crystal

protoxins

Findings:

CryIVA all species,

CryIVB only to A.a. and A.s.

CryIVA × CryIVB all species

Delécluse et al., 1993

+++

++,0

+++

Species:

Anopheles albimanus

Toxin and protein types: Bti

Crystal protein: Cry4Ba, Cry11Aa

Cytolytic protein: Cyt1Aa

All protoxins—spore × crystal combinations

Findings:

Cyt1Aa nontoxic

Cry4Ba toxic at 43–360 ng

Cry11Aa toxic at 90–360 ng

Cry3Ba × Cyt1Aa

Cry11Aa × Cyt1Aa*

Cry4Ba × Cry11Aa × Cyt1Aa

*remarkable because both were non-toxic

when administered individually at that

concentration—in combination they yield clear

toxicity

Fernández-Luna et al., 2010

0

+

+

++

+

++

Species:

Aedes aegypti, Anopheles stephensi, Culex

pipens

Species:

Culex quinquefasciatus, Aedes aegypti

(Continued)
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TABLE 2 | Continued

Cry × Cry LE Cry × (insect- or plant-) proteins LE Cry × cytolytic (Cyt) Bt proteins LE

Toxin types:

CryIVA, CryIVB, CryIVD crystal protoxins

Findings:

CryIVA × CryIVB × CryIVD

CryIVB × CryIVD

Poncet et al., 1995

++

+

Toxin and protein types:

Bti and Bacillus sphaericus (wild-type)

producing Cry11a, Cry4A, Cry4B, and Cyt1Aa

Findings:

When Cry toxins from Bti were combined

with B. sphaericus, in presence or absence

of Cyt1Aa, synergistic increased toxicity and

expanded host range were observed

Wirth et al., 2004

++

Species:

Culex quinquefasciatus

Toxin and protein types:

CryIVD crystal protoxins

CytA toxin

Both co-transformed into B. thuringiensis

bacteria

Findings:

CryIVD

CytA

CryIVD × CytA (co-expressed in Bt)

Chang et al., 1993

+

+

++

Species:

Culex quinquefasciatus (C.q), Aedes aegypti

(A.a.)

Toxin and protein types:

Bti and Bacillus darmstadtiensis (wild-type)

expressed in E. coli; Cry4Ba and Cyt2Aa2

Findings:

Cry4Ba (C.q., A.a.)

Cyt2Aa2 (C.q., A.a.)

Cry4Ba × Cyt2Aa2 (C.q., A.a.)

Cry4Ba toxins were inactive as single toxin

to C. quinquefasciatus but in combination with

Cyt2Aa2 had strong effect

Promdonkoy et al., 2005

+,0

+,+

++,++

COLEOPTERA—Bt TOXINS FROM var. tenebrionis (Btt)

Species:

Diabrotica undecimpunctata howardi (D.u.h.),

Diabrotica virgifera virgifera (D.v.v.),

Leptinotarsa decemlineata (L.d.)

Toxin and protein types:

Cry3Aa, Cry3Bb toxins

toxin-binding fragment of cadherin receptor

(CR 8 and 10) expressed in E. coli

Findings:

CR8 and 10 isolated from D.v.v. and expressed

in E. coli binds activated Cry3Aa and Cry3Bb

toxins and enhances toxicity of both toxins in

L.d., D.u.h., and D.v.v. from 3- to 13-fold

(synergistically). Indivdually, they did not elicit

an effect and Cry3 toxins efficacy was lower

and differed when administered alone

Park et al., 2009

++

LE, Level of effect; “–”, antagonistic; “0”, neutral; “+”, additive (definitions see text).
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ingested in the shortest period of time. We refer to this as the
concept of “quick kill.” Based on this economically motivated
concept of “efficacy,” most Cry toxins affect most efficaciously
only a relatively narrow range of so called “target” pest
species. However, this pest control-focused concept underlies the
generalization of narrow specificity of all Cry toxins applied to
all non-target species and the assumption that Cry toxins are
unlikely to affect other species outside of their range of primary
(target) organisms (e.g., Soberón et al., 2009; Sanchis, 2011;
Pardo-López et al., 2013).

It was with the introduction of GM crops expressing activated
Cry toxins constitutively, meaning in all tissues of the GM plants
throughout their entire lifespan, that ecologists urged to revisit
the validity of the economic definition of “specificity,” or “quick
kill,” and began testing various Cry toxins on non-pest non-
target organisms (Hilbeck, 2001, 2002). Today, with the vastly
expanded spatio-temporal exposure of Cry toxins from GM crop
plants, easily also reaching beyond the crop field (Hofmann
et al., 2014), the need arose to investigate ecologically relevant
adverse effects beyond the narrow scope of a small group of
economically relevant herbivores considered pests in crop fields
and also beyond the single economic parameter of “quick kill.”
Ecological parameters including cumulative lethal effects, i.e.,
“slow kill,” and sublethal impacts (e.g., developmental time,
weight gain, behavioral changes) have now gained importance.
Such effects could cause as severe or even more severe ecological
consequences for a terrestrial or aquatic ecosystem as a “quick
kill” could.

The most comprehensive data source concerning the
specificity of Bt proteins is the Bt Toxin Specificity Database
(http://www.glfc.cfs.nrcan.gc.ca/bacillus/; van Frankenhuyzen
and Nystrom, 2002). Analyses from this database have been
published by van Frankenhuyzen in 2009 and 2013 with a
recent update in de Schrijver et al. in 2014. While, originally,
Cry toxin activity was assumed to be restricted to the insect
order of Lepidoptera, this has successively been expanded to
include today up to six arthropod orders for which so-called
cross-active Bt toxins have been reported (van Frankenhuyzen,
2013). Notably, today, the most widely employed and studied
Cry toxins, such as Cry1Ab or Cry1Ac, have been reported to
affect species from different insect orders or even phyla (Cry1Ab:
Coleoptera, Lepidoptera, Diptera, Hemiptera; Neuroptera,
Trichoptera and Nematoda; Cry1Ac: Lepidoptera, Diptera,
Hemiptera). But van Frankenhuyzen (2013) found that only
a small fraction (17%) of Cry toxins have ever been tested
with species from more than 1 or 2 insect orders. Despite this
restriction to certain tested pest species, approximately 40%
of all Bt toxins tested across two or more orders did show
cross-activity (de Schrijver et al., 2014). Yet, even for the most
tested lepidopteran-active Cry1 toxins, only a little more than
one third has ever been experimentally tested outside of that
order. In total, van Frankenhuyzen (2013) compiled evidence
for cross-activity of 27 Bt toxins and 69 insect taxa. We expect
that the number of reported cross-activities will likely rise as
more experiments with non-target organisms emerge and the old
definition of order-specifity of Bt-toxins (van Frankenhuyzen,
2013; de Schrijver et al., 2014) may no longer be regarded as a

functional concept—cross-activity may actually become rather
a common phenomenon than an execption, certainly under an
ecological definition of “efficacy” or “specificity.” Apart from
few exceptions, the majority of available data from the van
Frankenhuyzen-database rely on mortality as the measured
endpoint. However, sub-lethal effects such as growth inhibition,
changes in developmental time or other parameters which may
affect fitness can be expected to occur at far lower effect-doses
than those inducing a “quick kill.”

Proposed Mode(s) of Action (Mechanism)
Much of the claimed specificity of Bt-toxins rests on what is
known about the mode of action of Cry toxins from research
with this narrow set of herbivorous target pest insects and from
studying predominantly one Cry toxin class only, Cry 1. By
comparison, modes of action of Cry 3 and Cry 2 toxins have
received far less attention (Schnepf et al., 1998; Whalon and
Wingerd, 2003; Vachon et al., 2012). Some authors think that
specificity rests equally on the solubilization-activation process
as on the receptor-binding and pore-formation process (Smouse
and Nishiura, 1997), while others postulate specificity to rest
mainly on (affinity to) specific receptors (Schnepf et al., 1998).
Today, quite a controversy exists over the mode of action of
Cry toxins which is owed to the fact that there is less scientific
certainty about it today than there was when cry transgenes from
B. thuringiensis were first engineered into GM plants roughly
30 years ago. Until about a decade ago, the predominant and
most agreed model for the mode of action of Cry proteins
(the “classical model”) as produced by B. thuringiensis went as
follows: ingested, inactive crystalline (Cry) proteins must be
solubilized in an insect gut environment with a high pH (>10).
The solubilization of crystalline proteins yields a still inactive so-
called full-length protoxin (ca. 130 kDa Cry1 class and ca 73 kDa
Cry3 class) that requires further biochemical cleavage to produce
a small toxic fragment. This toxic fragment (ca. 65 kDa Cry1
class and 55 kDa Cry3 class) then must bind to certain receptors
located in the midgut ephithelium and, thereby, induce pore
formation (also called ion channel forming) and lysis of the gut
resulting in septicemia subsequently killing the insect (Schnepf
et al., 1998; Whalon and Wingerd, 2003; Vachon et al., 2012).
Different sized fragments of the same Cry class have been shown
to exhibit different activities in different ranges of affected insects
(Haider and Ellar, 1987). A whole range of membrane binding
proteins have been suggested as receptors, including numerous
cadherins, aminopeptidases, and alkaline phosphatases as well as
glycolipids (Pigott and Ellar, 2007; Sanchis, 2011; Vachon et al.,
2012).

Today, additional models for Cry toxin mode of action
have been suggested with supporting new data. In a recent
review, Vachon et al. (2012) describe and critique three
models: the “classical” model, the “sequential binding” model,
and the “signaling pathway” model. The first two models
have in common that the mode of action of activated Cry
toxins hinges on the binding of activated (i.e., cleaved) toxic
fragments of the original Cry protein to receptors in the
midgut epithelium in insect larvae. The sequential binding
model proposes a more complex sequence of events with

Frontiers in Environmental Science | www.frontiersin.org 7 November 2015 | Volume 3 | Article 71

http://www.glfc.cfs.nrcan.gc.ca/bacillus/
http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Hilbeck and Otto Specificity and combinatorial effects of Cry toxins

more binding steps involving more receptors and the removal
of an alpha helix from the Cry toxin leading to a required
oligomerization step of the Cry toxins before inserting into
the gut membrane and inducing pore formation in the gut of
the insect (Soberon et al., 2012). Consequently, in addition to
the cadherin receptors of the “classical” model, which are now
called to be “primary” receptors, so called “secondary” receptors,
GPI (glycosylphosphatidyl-inositol)-anchored receptors, are
suggested to have a significant role in pore formation (Soberón
et al., 2009; Soberon et al., 2012; Pardo-López et al., 2013). While
in the classical model it was believed that monomeric Cry1 toxins
can bind to cadherin receptors and induce pore formation, in the
sequential model it is proposed that cadherin-bound monomeric
Cry1 toxins cause conformational changes favoring proteolytic
cleavage that allows the rest of the toxin to oligomerize (Jiménez-
Juárez et al., 2007; Soberon et al., 2012; Vachon et al., 2012). The
Cry1 toxin oligomers subsequently bind to the GPI-anchored
receptors and only then pore formation is induced. Mechanisms
of resistance in target pests were found to be often associated
with mutations affecting the binding to these cadherin receptors.
Hence, a proposed solution to overcome such cadherin-based
resistance was “the rational design of improved toxins” (Sóberon
et al., 2007, 2009). This led to the development of modified Cry1
toxins, so called CryMod toxins, lacking an alpha-helix that
circumvented the cadherin-binding step by oligomerizing simply
in the presence of trypsin and, subsequently, continue to induce
pore formation requiring only binding to “secondary” receptors
(Sóberon et al., 2007). Vachon et al. (2012) challenge the validity
of this model and also Pigott and Ellar (2007) pointed out that
“other explanations of the data are possible.” The credibility of
the sequential binding model was further eroded because of
later, admitted manipulations of images of the gels, including
the removal of stains from the blot and shifting positions of the
bands of the blot (e.g., Jimenez-Juarez et al., 2013), which were
offered as evidence for the sequential binding model in a total of
11 publications. We conclude that the sequential binding model
is, therefore, in need of independent validation and experimental
reconciliation with the critique by Vachon et al. (2012) and
Pigott and Ellar (2007).

Yet another model has been suggested by Zhang et al. (2005,
2006a) that differs from the two above in that pore formation
is not an essential feature anymore in the cause of death
of the insect. Instead the signal transduction model proposes
that binding of Cry toxin monomers to cadherin activates an
intracellular cell death mechanism (Smouse and Nishiura, 1997;
Zhang et al., 2005, 2006a). This model also has been questioned
by Vachon et al. (2012) and also by Soberón et al. (2009) who
developed the competing “sequential binding model.” In contrast,
Jurat-Fuentes et al. (Jurat-Fuentes and Adang, 2006), suggested a
combination of the Zhang et al. (2005, 2006a) and the “sequential
binding” model to be at work, and Kumar and Kumari (2015)
consider both modes of action to act in a complementary fashion.
Most authors, however, seem to agree that much still needs to
be learned about the modes of action of Cry proteins. Pigott and
Ellar (2007) expect that “as more toxin receptors are discovered
and as our understanding of toxin-receptor interactions increases,
it will be interesting to see the extent to which Cry toxins utilize a
common mode of action.”

Further complexity has been added to the presented new
proposals of modes of action of Cry toxins by research suggesting
that Cry toxins require the interaction with gut microbes in order
to exert their lethal effects in target pest organisms (Broderick
et al., 2006, 2009). When highly susceptible lepidopteran larvae
were fed with antibiotics prior to being offered Cry toxin-spiked
diet, the Cry toxins lost entirely their activity and no adverse
effects on survival could be observed. The hypothesis proposed
is that the Cry toxin induced pore formation of the midgut of
susceptible larvae allows pathogenic gut bacteria to enter the
hemocoel, allowing the bacteria to multiply and kill the host
larvae via septicemia. Without the presence of such bacteria Cry
toxins alone do not kill the larva (Broderick et al., 2006, 2009).
When Enterococcus faecalis bacteria were added again to the diet,
susceptibility to the Cry toxins was restored and high mortality
observed. Hence, E. faecalis, which is a commensal bacteria
in an intact gut, can become a pathogen when invading the
hemocoel. A process the authors referred to as the “commensal-
to-pathogen” switch (Mason et al., 2011). Similarly, Jung and
Kim (2006) reported that while B. thuringiensis subsp. aizawai
(Bta) did efficiently kill third instar Spodoptera exigua larvae,
it did not cause high mortality of fifth instar larvae. But when
adding nematodes to Bt fed fifth instar larvae, it resulted in
significant synergistic effects. They also suggested that this was
due to Bta damaging at least somewhat the midgut cells of
the fifth instars allowing the nematodes to enter the hemocoel.
While the controversy remains regarding whether or not midgut
microbiota (bacteria or nematodes) is essential for Cry toxins
to kill susceptible insect larvae (Johnston and Crickmore, 2009;
Raymond et al., 2009), it does highlight that the modes of action
of Cry toxins are far from conclusive to date (Graf, 2011), and that
co-factors which naturally occur in the environment impact the
efficacy and specificity of Cry toxins which may help explaining
some of the effects of Cry toxins on non-target organismes
reported in the literature.

SIGNIFICANT EFFECTS OF SINGLE CRY
TOXINS ON NON-TARGET ORGANISMS

Interestingly, there are indeed many documented cases of cross-
order activities of Cry toxins on non-target organisms including
reports about a range of lethal and non-lethal developmental
(e.g., Lövei and Arpaia, 2005; Hilbeck and Schmidt, 2006;
Marvier et al., 2007; Lövei et al., 2009; van Frankenhuyzen,
2009, 2013) or behavioral effects (e.g., Meier and Hilbeck,
2001; Zemkova Rovenska et al., 2005) challenging the narrow
specificity narrative of Cry toxins, in particular when expressed
as activated Cry toxins in the GM plants (Table 2). These
reports include significant adverse effects of Cry toxins on non-
target coccinellid species,Harmonia axyridis andHenosepilachna
vigintioctomaculata (Stephens et al., 2012; Song et al., 2012)
with research groups reporting significant cross-order effects
of lepidopteran active Cry1 proteins on coleopteran coccinellid
predators both when administered directly (Dhillon and Sharma,
2009; Schmidt et al., 2009; Hilbeck et al., 2012a) and via
unaffected and affected prey (Zhang et al., 2006a,b,c; Table 2).
In some cases reports of adverse effects even on non-arthropod
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species have been published.When studying Cry toxins expressed
in GM maize material with the snail species Cantareus aspersus,
the researchers found 25% lower growth rate than in the control
treatment (Kramarz et al., 2009). Just recently Shu et al. (2015)
reported about significant effects of Cry1Ab from Mon810
maize on compost worm Eisenia fetida. Furthermore, several
researchers reported about adverse effects of Cry toxins fromGM
host plant material on several aquatic organisms. In laboratory
feeding trials, Rosi-Marshall et al. (2007) and Chambers et al.
(2010) showed that consumption of single Cry toxin maize plant
material reduced growth and increased mortality of the non-
target stream insects Lepidostoma liba and Helicopsyche borealis,
respectively. Also Bøhn et al. (2008; Bøhn et al., 2010) reported
that mortality was higher, a lower proportion of females reached
sexual maturation, and the overall egg production was lower
in Daphnia magna that were fed Cry1Ab toxin producing GM
maize compared to D. magna fed control maize. The authors
argued specifically that the combination of reduced fitness with
earlier onset of reproduction of D. magna fed Cry toxin maize
indicated a direct toxic effect. Other aquatic taxa for which
negative effects on single species have been observed include
crane flies (Isopods; 19% growth reduction; Jensen et al., 2010),
Chironomids (Prihoda and Coats, 2008), and even crayfish (Linn
and Moore, 2014).

The reported diversity of lethal and sublethal, chronic effects
may sum up and lead to shifts in species composition at
the community level. For example, Campos and Hernandez
(2015) reported significant differences in dung beetle species
composition—an important functional group—possibly leading
to impaired ecosystems services such as feces removal, seed
dispersal, edaphic aeration, and incorporation of organic matter.
For aquatic habitats, Axelsson et al. (2011) reported that the
composition of aquatic insect communities colonizing the litter
from Cry3Aa expressing GM trees was significantly affected in
unanticipated ways. Similarly, Rosi-Marshall et al. (2007) raised
concerns that effects of Bt pollen and debris may negatively
affect caddisflies and the food-web. Although this seems not to
be the case for highly degraded industrial agricultural habitats
(Chambers et al., 2010), the risk could not be clarified for more
natural terrestrial and aquatic habitats which play an important
role in ecosystem functioning.

In light of the above reports, it is clear that the claim of no
reported adverse effects of single Cry toxins on cross-order non-
target organisms is not supported by the scientific evidence in
the scientific literature. In fact, there is an increasing body of
evidence suggesting significant effects of Cry toxins far beyond
the originally postulated primary taxa of herbivorous target pest
organism are possible.

COMBINATORIAL EFFECTS OF CRY
PROTEINS

Combinatorial (including synergistic) effects of Bt toxins were
reported already decades ago (e.g., Wu et al., 1985). Best known
are the synergistic effects of spores of B. thuringiensis subsp.
kurstaki to increase toxicity of Cry toxins in susceptible and

resistant larvae of the diamondblack moth, Plutella xylostella
(Dubois and Dean, 1995; Tang et al., 1996; Liu et al., 1998).
Cry toxins combined with spores “can be toxic even though the
toxins and spores have little or no independent toxicity” (Liu
et al., 1998). Tang et al. (1996) observed synergistic effects among
spores and the three Cry toxins Cry1Aa, Cry1Ab, and Cry1Ac.
They also reported about synergistic effects between spores and
Cry1C toxins on P. xylostella but, interestingly, not between
spores and Cry2A toxin. However, since spores play no role
in stacked or pyramided Bt crops—although they may still be
around naturally—combinatorial effects of Cry toxins with other
compounds encountered in nature are at the center of this review.
These include combinatorial effects with (a) other Cry toxins, (b)
bacteria-derived compounds, (c) plant-derived compounds and
(d) insect-derived compounds. In the following, we address the
reported effects (phenomena) and the suggestedmodes of actions
(mechanisms) separately. In Table 2, we compiled the data from
some widely cited key reports to allow for a quick overview
of reported combinatorial effects, the involved compounds, test
organisms, and proposed mechanisms.

Combinatorial Effects
Combinatorial Effects of Different Cry Toxins
Of the eight studies listed in Table 2 that tested various Cry toxin
combinations, seven reported significant combinatorial effects
involving lepidopteran and dipteran species. Lee et al. (1996)
reported a synergistic effect for a combination of Cry1Aa with
Cry1Ac but an antagonistic effect for Cry1Aa and Cry1Ab and no
combinatorial effect for Cry1Ab and Cry1Ac in Lymantria dispar.
Interestingly, when keeping Cry1Aa stable (at 1) but increasing
Cry1Ac two-fold (1:2), susceptibility increased from 49.9 to 34.9
ng ID (growth inhibition dose). But when increasing Cry1Ac
more (1:4, 1:6 up to 1:12), susceptibility dropped substantially.
Yet, none of these combinatorial effects was observed in Bombyx
mori, the other test organism (Lee et al., 1996). More recently,
Sharma et al. (2010) reported synergistic effects of various Cry1A
toxins in Chilo partellus larvae. Poncet et al. (1995) found
synergistic and additive effects of combined Cry toxins in three
differentmosquito species. Both Ibargutxi et al. (2008) and Yunus
et al. (2011) reported synergistic effects of Cry1Ac and Cry2A
toxins on Earias insulana, the spotted bollworm. In contrast, in
two studies involving Helicoverpa armigera larvae and testing a
similar combination of Cry1Ac and Cry1F, Ibargutxi et al. (2008)
found no synergistic interaction while Charkrabarti et al. (1998)
did (Table 2).

Combinatorial Effects of Cry Toxins with

Bacteria-derived Compounds [Cytolytic (Cyt) Toxins]
Rincon-Castro et al. (1999) tested Cry1Ac toxins and Cyt1A1
toxins from engineered bacteria on Trichoplusia ni cell lines
and larvae and found antagonistic effects. In contrast, Cyt1A
proteins were found to synergize toxicity of Cry4A and Cry4B
toxins, Cry10Aa and Cry11Aa in mosquito larvae (Chang et al.,
1993; Wu et al., 1994; Wirth et al., 2004; Fernández-Luna
et al., 2010). In fact, Wirth et al. (2004) reported that when
Cry toxins from Bti were combined with B. sphaericus, in
the presence or absence of Cyt1Aa, synergistically increased
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toxicity and an expanded host range were observed. Also
Promdonkoy et al. (2005) reported that Cry4Ba toxins were toxic
to A. aegypti larvae but virtually inactive to C. quinquefasciatus
larvae. Cyt2Aa2 exhibited moderate activity against A. aegypti
and C. quinquefasciatus larvae. But the combination of both
toxins dramatically increased toxicity to both A. aegypti and
C. quinquefasciatus larvae. Chitinases produced by bacterial B.
thuringiensis increased activity of the produced Cry toxins more
than two-fold in Spodoptera exigua larvae (Liu et al., 2002,
Table 2). Chitinases are widely produced in many bacterial B.
thuringiensis strains and in some cases enhanced the toxicity of
the produced Cry toxins (Ramírez-Suero et al., 2011; Hu et al.,
2013). It was proposed that they could be used to enhance efficacy
of Bt toxins for pest control (Liu et al., 2002).

Combinatorial Effects of Cry Toxins with

Insect-derived Compounds
Chen et al. (2007) reported that a peptide fragment of a
toxin-binding cadherin isolated from Manduca sexta guts and
expressed in E. coli synergistically enhanced toxicity of Cry1
toxins in other lepidoptera species (Table 2; Chen et al., 2007).
Similarly, a fragment of a cadherin from A. gambiae was found
to enhance the toxicity of Cry4Ba mosquitocidal toxins. For
both types of co-factors, effects of individual proteins were often
lower and non-lethal while in combination observed effects were
stronger and lethal.

Combinatorial Effects of Cry Toxins with

Plant-derived Compounds
Mohan et al. (2008) report synergistic effects of Cry2A toxin with
plant defense compounds like Mir1-cysteine protease (Table 2)
in maize varieties from Antiqua (Carribean). The combinatorial
effects observed were lethal and, as in the example above, much
stronger than the sub-lethal effects caused by Mir-CP alone.
They were discovered in exotic maize varieties from Antiqua
(Carribean) and bred conventionally into local varieties. Also
here, effects of individual proteins were at best sublethal but when
administered in combination effects were more dramatic and
lethal (Table 2).

Proposed Mechanisms for Combinatorial
Effects
Below, we summarize the diversity of possible mechanisms
proposed for the various observed combinatorial effects as
this information will contribute to understanding whether
combinatorial effects can be predicted.

Combinatorial Effects of Different Cry Toxins
Three different hypotheses are proposed. One hypothesis
suggests that individual pores are formed by each Cry1A toxin
individually and may act cooperatively, together inducing higher
toxicity. A second theory proposes the formation of additional
hetero-oligomers which may have better insertion ability than
a homo-oligomer complex (Charkrabarti et al., 1998). A third
theory suggests that the toxin mix might enhance toxicity
by preventing non-productive binding (Schnepf et al., 1998).
However, all of these hypotheses presume that all toxin molecules

interact similarly with the BBMVs following more or less the
“classical model.” Sharma et al. (2010) found that all three
Cry toxin combinations showed increase in binding and direct
positive correlation between increased binding and mortality.
Many reports involve a great deal of speculation.

Combinatorial Effects of Cry Toxins with Cytolytic

(Cyt) Toxins
As possible mechanism of the observed antagonistic effect
between a Cry1 toxin and the cytolitic Cyt1A1, the forming of
a complex blocking one or more binding sites or the competition
for space instead of receptors was offered as explanation.
However, none of this has been confirmed yet. For the observed
synergistic effects between Cry11Aa and Cyt toxin, Pérez et al.
(2005) suggest that the Cyt1Aa toxin acts as receptor for
Cry11Aa. Wirth et al. (2004) propose an interplay between
different affinities of the varying toxins for receptor binding sites
as mechanism—either masking or enhancing toxicity through
competition, blocking or preferential binding dynamics working
in conjunction.

Combinatorial Effects of Cry Toxins with

Insect-derived Compounds
For combinatorial effects with insect-derived compounds like
various cadherin fragments or chitinolytic proteases different
mechanisms have been suggested supported by data to some
degree. Some researchers suggested that the presence of cadherin
binding sites, i.e., fragments of cadherin receptors isolated
from different target pest organisms allowed for increased
oligomerization of activated, monomeric Cry toxins which in
turn increased the ability of a Cry toxin-CR complex to insert into
the midgut membrane and induce pore formation (Chen et al.,
2007; Park et al., 2009). Chitinolytic proteases are known to affect
the peritrophic matrix (PM) and, thus, like cysteine proteases,
allow greater access for Cry toxins to epithelial cells where pore
formation takes place. The PM is an extracellular matrix of
chitin, glycoproteins and proteoglycans that lines and protects
the midgut epithelium from damage and assists in nutrient
uptake. Through greater (affinity) or faster access, their efficacy
is likely enhanced and toxicity increased, meaning a smaller dose
of Cry toxins can induce the formation of more pores quickly.

Combinatorial Effects of Cry Toxins with

Plant-derived Compounds
For combinatorial effects with plant-derived compounds like
the Mir-cysteine proteases (Mir-CP), it was suggested that they
increase the permeability of the PM which in turn facilitates the
movement of Cry toxins through the PM to allow greater access
to epithelial cells where pore formation takes place.

DISCUSSION

The objective of this review was to evaluate the scientific basis of
the claims serving as the rationale for minimizing or omitting the
testing of combinatorial effects of multiple Cry toxins expressed
in stacked GM crop plants. To do so we compiled and evaluated
published experimental evidence.
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Narrow Specificity Narrative Depends on
Definition of Efficacy and Reference
Systems
In our analysis, we observed that the prevailing narrative
of specificity is based on a narrow economically motivated
definition of efficacy. This definition of efficacy relies on the
“quick kill” from experiments carried out with a narrow spectrum
of focal—because economically important—pest species. In the
context of ecological risk assessment, such a narrow definition
is insufficient and non-precautionary. When extending the
definition of efficacy beyond a “quick kill,” thus, including
ecologically relevant endpoints like sublethal effects that include
developmental time and growth, or cumulative lethal effects
over the entire juvenile life stage (“slow kill”) or reproductive
effects, we see little evidence to support the assumption of narrow
specificity.

However, a current report commissioned by COGEM
(de Schrijver et al., 2014) and van Frankenhuyzen (2013)
use mortality under the “quick kill” definition as the sole
meaningful indicator for specificity. From an ecotoxicological
and agronomic pest control perspective, this may suffice in
particular when the focus lays on short-lived B. thuringiensis
based pesticides. However, it does not suffice from an ecological,
longterm perspective resulting from year round large-scale
industrial cultivation of Bt crops including soybeans, maize,
and cotton. The latter produce and release Bt toxins at an
unprecedented spatio-temporal magnitude in agroecosystems.
We argue that this can and probably has already lead to
shifts in community structures and alterations in ecosystem
services that may become particularly noticable outside of highly
disturbed industrial agricultural areas (Axelsson et al., 2011;
Campos and Hernandez, 2015). Agroecosystems in industrial
agricultural areas are highly degraded and subject to multiple,
persistent anthropogenic stressors, like chemical fertilizer, and
massive pesticide inputs (Benbrook, 2012; Douglas and Tooker,
2015). Thus, all invertebrate communities in such industrial
agroecosystems—terrestrial and aquatic—are the survivors of
these degraded conditions, and, therefore, the impact of a single
stressor, such as Bt toxins, may not be readily discernable
(Chambers et al., 2010).Massive areal applications of pesticides in
addition to the ubiquitous routine treatment of seeds of industrial
commodity crops with persistent neonicotinoids will likely mask
any additional effect of the bacterial Cry toxins (Douglas and
Tooker, 2015). But with Cry toxin coding transgenes and GM
plants moving beyond the arable field and entering also aquatic
ecosystems, longterm ecosystem services, and conservation
issues should receive special attention.

Increasing Uncertainty on Modes of
(Inter-)action of Cry Toxins
Over the past decade, substantially differing modes of action
have been proposed, which all are contested to some degree.
The classical model of mode of action has largely been studied
with crystalline B. thuringiensis produced proteins which require
a complex solubilization and activation process. These steps
of activating the crystalline B. thuringiensis proteins have been

shortcut in GM plants most of which express the already
activated Cry toxins. Much of the complex proposed modes
of action that determine their “specificity” has been eliminated
in GM plants. Neither particular pH conditions nor cleavage
enzymes are required for their activation. Hence, with Cry
toxin producing GM plants, specificity would be determinded
exclusively by receptor binding and pore formation. However,
with the signaling pathway model, pore formation may be
obsolete and most of the proposed receptors are not necessarily
restricted to target organisms or target taxa (e.g., Watanabe et al.,
1995; Luan and Xu, 2007; Hulpiau and van Roy, 2009) as are
trypsin and other suggested enzymes necessary for Cry toxin
activation. Because research has focused on herbivorous target
pest species, hardly any knowledge about the presence or absence
of midgut receptors required for Cry toxin activation in insects
outside of the studied range of herbivorous pests exists.

Furthermore, most of the research into the modes of action
of the past decade was driven by exploring the mechanism
underlying the spreading resistance in some target pests in
order to find ways to overcome resistance (e.g., Soberon et al.,
2012; Storer et al., 2012). Consequently, an even more narrow
subset of target pests namely those that have evolved resistance
was studied. Notably, none of the newly discovered modes of
action were discussed or investigated in the context of non-target
organisms. Except for two studies (Rodrigo-Simón et al., 2006;
Song et al., 2012), no efforts have been spent on understanding
the mechanisms behind the reported adverse effects on non-
target organisms despite the ensuing scientific dispute (Waltz,
2009a,b; Hilbeck et al., 2012b). In these disputes, the specifitiy of
Bt-toxins are stressed in a paramount way. However, the narrow
specificity narrative must be re-defined asmore andmore data on
the cross-order acticivity are available (van Frankenhuyzen, 2009,
2013).

No Lack of Reported Cross-order Effects
of Single Cry Toxins
From our analyses, we conclude that the claim of no reports
of adverse effects of Cry toxins—directly or indirectly—on non-
target organisms is invalid. In the scientific literature both can
be found, reports from experimental studies that do find adverse
effects of Cry toxins and those that do not and the outcome is very
sensitive to the appliedmethodology including exposure schemes
and measured endpoints and the author’s interpretation of the
data. As the range of organisms and the endpoints tested have
been expanding, scientists began to find adverse effects of Cry
toxins administered directly as microbially- or plant-produced
compounds or indirectly via prey on a far broader range of
organisms than previously assumed (van Frankenhuyzen, 2009,
2013; de Schrijver et al., 2014).

Because regulatory standards for GMO-testing are lacking—
not only in the EU—the scientific interpretation of effect studies
are subject of intense debate in the science and regulatory
community. Studies pointing at potential negative effects are
met by heavy criticism from developers and proponents of
GM products (e.g., Waltz, 2009a,b). Dissenting interpretations
and extrapolations are typically based on different conceptual
approaches to (narrow vs. broad) risk assessment (e.g.,
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Andow et al., 2006; Hilbeck et al., 2011, 2012b; Wickson et al.,
2013 vs. Romeis et al., 2006) or are primarily concerned with, and
triggered by, the policy responses the reported adverse effects on
non-target organisms invoked (e.g., Ricroch et al., 2010; Kuntz
et al., 2013; Romeis et al., 2013) rather than driven by scientific
curiosity.

Different outcomes of experiments determining the sensitivity
of testing organisms have been linked to differences in exposure
length and intensity via the offered diets during the time period
tested. While in many studies reporting significant effects, the
tested non-target organisms were exposed to the test substance
(Cry toxin containing diets or prey) continuously throughout
most or all of their (susceptible) larval stage, this is often not the
case in the studies not finding significant effects. For example,
Hilbeck et al. (1998a,b, 1999, 2012b) Schmidt et al. (2009), Dutton
et al. (2002), Stephens et al. (2012), Zhang et al. (2006a,b), Dhillon
and Sharma (2009) did ensure exposure throughout the (almost)
entire larval stage and, consequently, did observe effects. This was
not the case in studies by Romeis et al. (2004), Rodrigo-Simón
et al. (2006), Porcar et al. (2010), Zhang et al. (2006c,d). In other
cases, exposure was ensured throughout the entire larval stage
but with intermittent phases of recovery by offering optimal, non-
Cry toxin diets (Alvarez-Alfageme et al., 2011) or by offering a
Bt-laced suboptimal food in combination with a non-Bt optimal
food (Zhang et al., 2014). The conclusions of Lövei et al. (2009)
still hold today based on their meta-analysis: “it is clear that
conclusions that Bt... transgene products have “no harm” to natural
enemies are currently overgeneralized and premature.”

Combinatorial Cry Toxin Effects Commonly
Known
Also combinatorial effects of Cry toxins with other proteins or
chemicals are actually widely recognized and reported in the
literature. Combinatorial interactions of Cry toxins with each
other or with other compounds enhancing their toxicity have
been known and discussed in the scientific community since at
least the 1980s (Wu et al., 1985; Schnepf et al., 1998). Already
Schnepf et al. (1998) devoted a separate subchapter of this
standard textbook on Bt toxins to unpredictable combinatorial
interactions, mostly synergistic. They also pointed out the fact
that “little is known about the mechanism of this synergistic
interaction or potentiating effects,” keeping in mind that this
knowledge is restricted to the target pests studied. Again,
combinatorial effects have been recognized and discussed only
under a utilitarian “quick kill” narrative, i.e., in the context
of enhancing the pest control capacity either of GM crop
plants expressing the Cry toxins or of sprayable Cry toxin
formulations. Under this utilitarian narrative, combinatorial
effects are explored also as a means to aid its application in
pest control strategies. For example, Li and Yu (2012) are
heading a section on combinatorial effects in their chapter with
“Utilizing the synergistic effect of helper proteins.” Such “helper
proteins” are in fact nothing else but substances that exert
combinatorial effects with Bt toxins. For example, “chitinases
for enhancing the entomotoxicity of engineered Bt strains” are
receiving considerable attention to develop “new strategies” for
pest control (see Li and Yu, 2012 for references therein). Or

as George and Crickmore (2012) put it “to boost the efficacy
of Bt insecticidal toxins and overcome resistance posed by insect
pests, the use of other proteins like cadherin fragments have been
shown to be a successful strategy” or “also combinations of Cry
toxins have proven to be a very useful strategy employed in
boosting efficacy and hting resistance.” For example, the secondary
compound gossypol derived from the cotton has been applied in
combination with Cry1Ac to boost its efficacy against a resistant
population ofHelicoverpa zea (Anilkumar et al., 2009).Why such
previously unexpected and unpredictable combinatorial effects
with co-factors—whether called “helpers” or otherwise—should
be restricted only to those organisms that humans declare as
target “pests” lacks a scientific hypothesis and certainly critical
rigor (Then, 2010).

No Predictability of Combinatorial Effects
Many of the reported synergistic interactions in target organisms
were entirely unpredictable and occured when their individual
components did not elicit a response at all or only a sublethal
response when tested in isolation. Liu et al. (1998) reported
that spores and crystal toxins can act synergistically when
administered together even if “the toxins and spores have little
or no independent toxicity.” Mohan et al. (2008) observed that
low doses of Mir1-cysteine protease (a plant defense compound)
“synergized sublethal doses of Cry2A” toxin. Similarly, it was
shown that CR12-MPED peptide enhanced insecticidal activity
of low Cry1Ab toxin doses (Table 2; Chen et al., 2007). Low
(sublethal) doses of Mir1-CP synergized greatly sublethal doses
of Cry2A. Both compounds hardly affected the lepidopterans
when administered individually. Similarly for mosquito larvae,
Promdonkoy et al. (2005) reported virtually no observable effect
of a Cry4B toxin that in presence of a Cyt protein became deadly
toxic to the larvae.

In some cases, cadherin receptor fragments increased toxicity
of some Cry toxins but not of others (Lee et al., 1996). Masking
effects by differential affinities to binding sites depending on
kinetics of hetero-oligomer complex to receptors with higher or
lower binding affinity or straightforward competing effects for
binding sites were offered as explanation (Lee et al., 1996).

Chen et al. (2007) were surprised to find an enhancement
of Cry1Ab toxicity. Because Cr12MPED peptide contains the
critical Cry1Ab binding region, it was expected that Cry1Ab
toxicity would be reduced in the presence of CR12 MPED
peptides as they would bind the Cry toxin prior to their binding
to the receptors in the midgut epithelium. Thus, the CR MPED
bound Cry toxin would not be able anymore to induce pore
formation. However, the opposite was true, also for Cry1Ac. In
spectroscopy examinations, the authors found that CR12 MPED
was present in an unfolded state which exposed more amino acid
residues to the surrounding environment. It was speculated that
this could modify interactions with Cry 1A toxins in the insect
midgut and enhance toxicity. Also Park et al. (2009) suggested a
similar mechanism as Chen et al. (2007) where Cry3 toxins are
activated to a 55 kDa toxic fragment. This activated Cry3 toxic
fragment binds to brush border membrane vesicles (BBMV) and
recognizes a 144 kDa binding region in the BBMV. However,
Cry3 toxins differ in capacity to oligomerize, solve and bind.
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The suggested mechanism is presumed to be like CR12 MPED
for lepidoptera. CR12 fragements induce the formation of a
pre-pore Cry1Ab oligomer, a critical step in the intoxication
of lepidopteran larvae, leading to an enhancement of Cry1Ab
toxicity. A similar mechanism is expected also for Cry3 and
CR8-10 fragments.

Additionally, adverse effects can arise from combining various
biotic stressors. When studying the singular effect of microbially
produced, activated Cry toxin Cry1Ab or via Cry1Ab producing
GM maize in snails (Helix aspera), Kramarz et al. (2007a) found
no negative effect on H. aspersa during the observed life stages.
However, when snails were infected with nematodes, the growth
of the snails was significantly slower than when fed control maize
(Kramarz et al., 2007b). The authors concluded that “long-term
exposure is needed to reveal an effect of Bt maize.”

None of the observed combinatorial effects could have
been predicted from the effects induced by their individual
compounds. In a number of studies, researchers found that the
synergistic lethal effects could be triggered in the absence of any
effect when the toxins were administered individually or when
administered at non-toxic doses or at low doses eliciting only
sublethal effects (Table 2).

CONCLUSIONS FOR REGULATIONS AND
ENVIRONMENTAL RISK ASSESSMENT

The regulatory requirements for the risk assessment of Bt-crops
in the EU include testing combinatorial effects of different novel
proteins such as Bt toxins expressed in the GMO. In practice,
however, tests for combinatorial effects are carried out without
plant material and with minimal effort. The rationale behind
the test regime relies on the narrative of a narrow specificity of
Bt toxins, which, from the developers perspective, backs their
argument that relevant interactions between different Cry toxins
should not be expected if the organisms are not known to be
affected by single microbial Cry toxins. As a result, information
on combinatorial effects is at best based on one laboratory
study with a target pest species using a minimal combination of
microbial Cry toxins.

Need to Re-define the Specificity of Bt
Toxins for the Risk Assessment of GMO
We have argued here that the “narrow specificity” narrative
of Cry toxins is based on an agro-economical perspective of
specificity. However, in an environmental regulatory context,
ecologically motivated studies (e.g., butterflies: Losey et al., 1999,
lacewings: Hilbeck et al., 1998a, ladybird-beetles: Schmidt et al.,
2009, daphnia: Bøhn et al., 2008, 2010; caddisflies Rosi-Marshall
et al., 2007) are quite relevant as these must address protection
goals and end-points that are different from and transcend those
relevant from a narrow economically motivated pest-control
perspective. Because of their relevance for environmental
risk assessments in the European regulatory context, studies
showing negative effects on groups of organisms which were
not supposed to be sensitive to the Bt toxins in question and
often occur outside of the agricultural field, were met with

fierce criticism from circles favoring a narrow apporach to
environmental risk assessment because they were pointing to
existing uncertainties in these risk assessments and were not in
line with the assumption of narrow specificity of Bt proteins.
However, as these studies did deal with relevant questions for
environmental risk assessments with a broader perspective,
they were included in the evidence basis for policy decisions
under the precautionary principle (e.g., German suspension
for the cultivation of MON810, 2009; http://www.bvl.bund.de/
SharedDocs/Downloads/08_PresseInfothek/mon_810_bescheid.
pdf?__blob=publicationFile&v=2). As the available data show
and the currently proposed modes of action of Bt-proteins
are seemingly not exhaustive, the present definition of narrow
specificity is of limited and, indeed, declining value for GMO
environmental risk assessment in particular when operating
under the precautionary principle.

Mode of Action not Conclusive for the
Assessment of Non-target Effects
While not all non-target organisms will be adversely affected
by Cry toxins, there is presently no way of predicting which
species may or may not be affected based on the current state
of understanding of the proposed modes of action of Cry toxins.
The current knowledge on the modes of action for Bt toxins is
clearly incomplete. All of the discussed requirements for activity
of Cry toxins, suggested receptors or involved enzymes, occur in
many organisms. Hence, more research into relating observed
effects to possible mechanisms in non-target organisms going
beyond the traditional narrow spectrum is urgently needed to
better understand the likelihood and magnitude of non-target
effects.

Sublethal and Chronic Effects Bound to be
Overlooked
From our analyses, we conclude that relying on the narrow
economic “quick kill” definition of efficacy, the risk assessment
is bound to overlook sublethal, chronic, and cumulative adverse
effects. Compared to acute lethal effects such effects are
equally important for ecological functioning as they can trigger
significant adverse effects on ecological processes. Sublethal
effects in form of developmental delays or behavioral changes
in host or prey preferences, for example, can lead to significant
ecological consequences via disruption and altering of existing
predator-prey relationships or synchronies within food webs. In
an agroecosystem, such disruptions or shifts in preferences and
behavior can cause significant shifts in arthropod community
structures possibly favoring non-target pest species and giving
rise to secondary pests (e.g., Lumbierres et al., 2004; Lu et al.,
2010; Qui, 2010; Cantarino et al., 2015). Just recently, Campos
and Hernandez (2015) observed adverse impacts of transgenic
Cry toxin producing GM maize in Brazilian fields on the
functional group dynamics within dung beetle communities.
Furthermore, sublethal effects may substantiate only after several
generations. For this reason, generational tests that provide
the possibility to analyse important life-history parameters may
improve the assessment of long-term effects on ecosystems.
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However, generational tests with GMOs (Bøhn et al., 2010; Shu
et al., 2015) are virtually absent to date.

Improvement of Regulatory Practice
To date, information on non-target effects of GMOs do not
have to comply with a standardized and agreed methodology
in terms of test protocols or test batteries. Likewise, no
standards for the testing of combinatorial effects of Cry toxins
or possible interactions with other bioactive plant compounds
exist (Dolezel et al., 2011). Currently, regulatory dossiers in
the EU include only a minimal data set on combinatorial Cry
toxin effects, justified on the grounds discussed above. However,
the regulatory importance of combinatorial Bt effects has
recently been recognized by the European Food Safety Authority
(EFSA) and national biosafety authorities. For example, The
Netherlands Commission on Genetic Modification (COGEM)
recently commissioned two reports, one on the mode of action
(van der Hoeven, 2014) and the other on the predictability of
combinatorial Bt effects (de Schrijver et al., 2014). The reports
were complemented by a scientific workshop of EFSA and
COGEM in October 2014. While the reports list many of the
key literature of this review, the conclusions of the authors
clearly reflect the utilitarian perspective of pest and resistance
management at the expense of detecting and managing risks
on biodiversity and ecosystem services. While, de Schrijver
et al. (2014) acknowledge certain types of combinatorial effects
(addition, synergism, antagonism) that may exhibit a high level
of species-specificity and cannot be predicted they also argue that
sufficient information is available to conclude that Cry toxins
with different primary order of activity are not likely to interact.

In contrast to this interpretation, we argue that the concept
of primary-order specificity of Cry toxins should be discarded as
more and more evidence is being published that Cry toxins are
cross-order active in quite unexpected ways (van Frankenhuyzen,
2009, 2013). Hence, even on grounds of the assumption that
combinatorial effects can only arise if single toxins elicit effects on
their own in isolation, combinatorial effects in a number of non-
target insects should be expected. Together with the uncertainties
regarding a multitude of possible modes of action of Cry toxins,
the precautionary principle clearly applies. The first rational
measure of precaution would be to require robust experimental
testing of combinatorial effects of all Cry toxins as expressed in
the stacked GM events on a broader taxonomic range of non-
target organisms selected independent of their pest status. Such
experiments require ecologically relevant and agreed protocols
which are indeed available since many years (Birch et al., 2004;
Andow et al., 2008; Hilbeck et al., 2012b).

For both the scientific community and regulators another
political issue urgently needs to be resolved. Any experiments
with GMOs and non-target organisms are in need of GMO
plant material and/or synthetic variants of the Bt toxins. At
present, technology agreements linked with the purchase of seeds
prevent the use of GM seeds in the regulatory pipeline for
biosafety research and, thus, are limiting industry-independent
research on the activity spectrum, the mode of action and
on the combinatorial effects of multiple Bt traits. To resolve
this problem, policy action is required to allow independent

biosafety research not to be restricted to GMOs that are already
commercially available.

Inherent Biases and Gaps of Knowledge
Unaccounted for in Current Regulatory
Risk Assessments of GM Crops
The recent report commissioned by the Netherlands
Commission on Genetic Modification (COGEM; de Schrijver
et al., 2014) did include some—but not all—of the studies
listed in Table 2. Both van Frankenhuyzen (2013) and the
updated version in the COGEM report (de Schrijver et al., 2014)
recognized that the published data depart from the dominant
narrative of narrow specificity and lack of reported effects of
single Cry toxins on non-target beneficial organisms. Yet, in
their interpretation, most studies reporting non-target effects
were dismissed on the following grounds: their evidence was (i)
“not established unequivocally” in comparison to other studies,
(ii) “not confirmed” by “subsequent studies” or (iii) “at odds with
other studies showing no effects” (de Schrijver et al., 2014, p.
36; van Frankenhuyzen, 2013, pp. 80–81). van Frankenhuyzen
(2013, p. 81) stated that since the contradictions in quantitative
data could not be resolved they presented “enough uncertainty
to indicate lack of evidence for unequivocal cross-toxicity” and,
therefore, these cases were excluded in an effort to maintain the
dominant narrative, reducing the number of reported cross-
activities substantially from 27 proteins affecting 69 high ranking
taxa to 19 proteins affecting 45 taxa. We argue that a balanced
evaluation in light of the different narratives explained above,
in particular when working under the precautionary principle,
should include these peer-reviewed, independent reports and
engage in a deeper analysis as to the underlying methodological
commonalities and causes explaining the differences between the
contradicting studies as we have attempted in this review.

Furthermore, another serious gap of knowledge exists
regarding interaction effects with other chemical pollutants in
particular the many chemicals that are integral components
of the industrial agricultural system and of GM crops. The
majority of GM crops are also resistant against herbicides.
These are systemic chemicals that are taken up by plants and
translocated into all tissues including pollen and seeds. This
has lead to a substantial increase in chemical use as well as
residual chemical loads in the harvested products (Aris and
Leblanc, 2011; Benbrook, 2012; Then, 2013). Additionally, maize
seeds, both GM and conventional varieties, are routinely coated
with chemicals such as the neonicotinoid Clothianidin. Because
of seed coating, Chlothianidin has recently been shown to be
present in substantial concentrations (8µg/ml) in guttation
fluid (Reetz et al., 2011) and in maize pollen (Krupke et al.,
2012). Both are preferred sources of food for a wide range of
beneficial insects, honeybees, predators, butterflies, and many
more.

Neonicotinoids are also systemic and therefore result in
similar exposure pathways as herbicidal residues and Cry toxins
in GM crops. Despite the fact that Cry toxins, synthetic
pesticides such as glufosinate, glyphosate, 2,4D, Dicamba, and
neonicotinoids may all be jointly present in GM crops, none
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of the synthetic pesticides have been tested in combination
with single or multiple Cry toxins. For “SmartStax R©,” the
biggest stacked GM crop plant currently commercially produced
combines 6 Cry toxins. From developers data, we calculated the
total Cry toxin values (Stillwell and Silvanovich, 2007; Phillips,
2008; Table 1) and found that the toxin load, depending on
the specific plant tissue, varies from 90 to 250 and from 140
to 1500µg Bt toxin/g fresh and dry weight respectively. The
toxin load from SmartStax introduced into the environment
has been estimated to total 4.2 kg Bt/ha (Benbrook, 2012). With
such unprecedented concentrations of potent bioactive bacterial
toxins, we see a high probability that this increase of active
ingredients will adversely affect the communities of organisms
associated with these agroecosystems, alone and in conjunction

with the likewise significant loads of herbicide and neonicotinoid
residues. While such stacked varieties offer benefits to farmers
for agronomic problems, these benefits may come with serious
health and environmental risks that we find prudent to be
experimentally studied prior to field release andmarket approval.
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