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Crop Diversity Delays Evolution of Insect Resistance
to Bt Cotton in China

Bruce E. Tabashnik and Yidong Wu
Background

To protect crops from insect pests, scientists have genetically engineered cotton, corn and
soybean to produce insecticidal proteins from the common bacterium Bacillus thuringiensis
(Bt)'2. These environmentally friendly Bt toxins kill some of the world’s most damaging crop
pests such as Helicoverpa armigera (cotton bollworm), but are harmless to most other species
including humans'?. Organic growers and others have used Bt toxins in sprays for more than
50 years and mainstream farmers have planted transgenic Bt crops since 1996.

During 2013, farmers worldwide grew 190 million acres of Bt cotton, Bt corn, and Bt
soybean?. In the United States, Bt corn accounted for 80% of all corn and Bt cotton accounted
for 84% of all cotton planted in 2014 (ref. 4). In China, the world’s leading cotton producer, Bt
cotton is the only Bt crop grown widely. In northern China, where most of the nation’s cotton
is grown, Bt cotton has accounted for 98% of cotton planted since 2010 (ref. 5).

Although Bt crops have helped to suppress pests, decrease insecticide sprays, and promote
biological control by natural enemies®”, rapid evolution of resistance to Bt toxins by pests can
diminish or even eliminate these benefits!®. The primary strategy for delaying pest resistance to
Bt crops aims to increase the survival of toxin-susceptible insects with ‘refuges’ of plants that
do not produce Bt toxins and can serve as hosts for the pests'’. In the United States, Australia,
and most other countries, farmers were required to plant refuges of non-Bt cotton near the
first type of Bt cotton that was commercialized, which produces one Bt toxin named CrylAc.
In the United States and Australia, farmers have switched to Bt cotton that produces two
different toxins!®.

In China, however, farmers still plant Bt cotton producing only Cry1Ac and refuges of non-
Bt cotton have not been required. The approach adopted in China is based on the hypothesis
that abundant non-Bt host plants other than cotton (such as non-Bt corn, soybean, peanut, and
other crops) provide sufficient ‘natural refuges’ to delay the evolution of resistance in the H.
armigera''. Factors thought to favor success of the natural refuge strategy for H. armigera in
northern China include the high proportion of non-Bt host plants, the close proximity of small
plantings of cotton and non-cotton host plants, and this pest’s high mobility and extensive
gene flow. Understanding the effects of the natural refuge strategy on H. armigera has broad
implications because this species is one of the most important and widespread pests targeted
by Bt crops worldwide.

Initial work on the natural refuge strategy for Bt crops included indirect investigation of
its potential to delay resistance'' and qualitative comparisons of its effects on field-evolved
resistance between populations of Helicoverpa zea and among species including H. armigera'?.
Nonetheless, despite implementation of this strategy for delaying resistance to one-toxin Bt
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cotton in China since 1997 and for two-toxin Bt cotton in the United States since 2007
(ref. 13), no rigorous large-scale tests of this strategy had been reported previously.

Two conditions in northern China during 2010 to 2013 provided an exceptional
opportunity for testing the natural refuge strategy. First, in each of the six provinces
studied during this period, Bt cotton accounted for >94% to 100% of all cotton, which
limited the contribution of non-Bt cotton to any observed delays in resistance. Second,
almost 1% of H. armigera individuals were resistant to CrylAc in northern China in
2010 (ref. 14), so without effective refuges, a large increase in resistance would be
expected by 2013. We tested the natural refuge strategy with a synergistic analysis
combining computer simulation modeling with field monitoring data for H. armigera
based on multi-generational evaluation of resistance to CrylAc in 46 sets of insects
collected during 2010 to 2013 from six provinces in northern China (n = 70,916 larvae
tested from all sources)’.

Predicted Outcomes from Simulations

We conducted simulations of a population genetic model to project the consequences of
different hypotheses about the effects of natural refuges on the evolution of resistance
to CrylAc by H. armigera in northern China from 2010 to 2013 (ref. 5). We based key
parameters in the model on empirical data for H. armigera in northern China, using
previously published data and obtaining new data as needed. We set the percentage
of resistant individuals in 2010 at 0.93%, which is the mean percentage of resistant
individuals observed in northern China in 2010 (ref. 14). We varied assumptions about
dominance in sensitivity analyses, using either a standard one-locus model with
three levels of dominance, or a more realistic approach incorporating alleles at
three independent loci that conferred recessive, dominant or additive inheritance
of resistance.

To evaluate the hypothesis that natural refuges (non-Bt host plants other than
cotton) do not contribute to delaying resistance, we simulated a 2% refuge because
non-Bt cotton accounted for 2% of all cotton planted in northern China during 2010 to
2012 (ref. 5). The simulation results show that without natural refuges, the projected
percentage of resistant individuals increased to >50% by 2011 and >98% by 2013
regardless of dominance (Fig. 1).

In striking contrast, under the hypothesis that natural refuges delay resistance,
resistance evolved much slower (Fig. 1). In the most optimistic scenario, we modeled
a 90% refuge because H. armigera host plants other than Bt cotton (non-Bt cotton,
corn, peanut, and others) accounted for 90% of the total area of H. armigera host plants
in northern China during 2010 to 2012. Thus, the 90% refuge reflects the assumption
that each hectare of a non-Bt host plant was equivalent to a hectare of non-Bt cotton
in terms of the contribution as a refuge. In this scenario, with alleles at three loci
conferring resistance, the percentage of resistant individuals increased from the initial
value of 0.93% in 2010 to only 1.1% in 2013.

In a more realistic scenario, we simulated a 56% ‘effective refuge’ based on the
estimated contribution of susceptible H. armigera moths from non-Bt cotton and other
non-Bt host plants. We estimated a 56% effective refuge by adjusting the area planted
to non-Bt cotton and three other major types of non-Bt host plants (corn, peanut, and
legumes other than peanut) in northern China for the observed number of H. armigera
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Figure 1. Observed versus predicted evolution of resistance to Bt cotton
by H. armigera in northern China (adapted from ref. 5). The black circles
show the observed mean percentage of resistant individuals based on
survival in diagnostic concentration bioassays of F, progeny of field-
collected insects (mean n = 11,178 larvae tested for each circle); bars
show 95% confidence intervals. The solid black line from linear regression
of the log-transformed observed means indicates a significant increase in
resistance over time (slope = 0.26, r? = 0.99, df = 2, P = 0.005). Predicted
outcomes are based on simulations of a population genetic model under
three different assumptions about natural refuges: no natural refuge

(red, 2% refuge of non-Bt cotton), contribution of susceptible moths per
hectare is the same for natural refuges and non-Bt cotton (green, 90%
refuge including all non-Bt host plants), and effective refuge percentage
based on adjusting the contribution of susceptible moths for each hectare
of non-Bt host plant relative to a hectare of non-Bt cotton (open squares
connected by dashed black line, 56% effective refuge).
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Figure 2. Survival at a diagnostic concentration of Cry1Ac for F, progeny of H. armigera from 17 sites in six provinces of northern
China®. The percentage of resistant individuals increased from 0.93% in 2010 to 5.5% in 2013. Anhui province: Anging (Aq). Hebei
province: Anci (Ac), Cangxian (Cg), Gaoyang (Gy), Nanpi (Np), Qiuxian (Qx), and Quzhou (Qz). Henan province: Anyang (Ay),
Kaifeng (Kf), and Nanyang (Ny). Hubei province: Jingzhou (Jz) and Qianjiang (Qj). Jiangsu province: Yancheng (Yc). Shandong
province: Caoxian (Co), Huimin (Hm), Juye (Jy), and Xiajin (X]). Each circle represents results from testing a mean of 972 larvae.

moths emerging per hectare from each of these non-Bt
plants relative to non-Bt cotton in field experiments®. With
a 56% refuge and alleles at three loci conferring resistance,
the percentage of resistant individuals increased from
0.93% in 2010 to 4.9% in 2013 (Fig. 1).

Observed vs Predicted Evolution of Resistance

Results from monitoring resistance to CrylAc in 17 field
populations of H. armigera from 2010 to 2013 support
the hypothesis that natural refuges delayed resistance. For
all populations monitored in northern China, the mean
percentage of resistant individuals (based on survival at a
diagnostic concentration of 1 microgram of Cry1Ac per cm?
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diet) rose six-fold in three years: from 0.93% in 2010 to
5.5% in 2013 (Figs. 1 & 2). This observed increase in
resistance corresponds closely with the increase predicted
assuming a 56% effective refuge (4.9% resistant individuals
in 2013, Fig. 1). The observed data do not fit well with the
predictions assuming either no natural refuge (2% non-Bt
cotton refuge only, > 98% resistant individuals predicted in
2013) or that each hectare of natural refuge is equivalent
to a hectare of non-Bt cotton (90% refuge of non-Bt host
plants, 1.1% resistant individuals predicted in 2013) (Fig.
1).

In contrast with the significant increases in resistance
seen in northern China, survival at the diagnostic
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concentration was 0% in all four years in two field
populations from areas in northwestern China where Bt
cotton was not grown extensively (n = 5345) and in a
susceptible lab strain (n = 2232).

Conclusions

The results imply that the natural refuge consisting of
non-Bt host plants other than cotton delayed resistance
of H. armigera to Bt cotton in northern China. However,
the monitoring data do show a six-fold increase in
the percentage of resistant individuals in three years,
from 0.93% in 2010 to 5.5% in 2013. If this trajectory
continues, based on extrapolation of the linear regression
of the observed data in Fig. 1, the percentage of resistant
individuals will exceed 50% by 2017. The results from
northern China also reinforce concerns about rapid
evolution of H. armigera resistance to Bt crops in Brazil,
where natural refuges are limited because farmers plant
Bt corn and Bt soybean as well as Bt cotton'®. Relative to

northern China, where plantings of cotton and non-cotton
host plants are small and close to each other, the success
of natural strategy could be reduced in the United States
and other places where cotton plantings are larger and
farther from non-cotton host plants.

An immediate switch to two-toxin cotton producing
CrylAcand Cry2Ab could be useful for slowing evolution
of H. armigera resistance to Bt cotton in northern China
because cross-resistance between these two toxins is
limited. Because cross-resistance of H. armigera does not
occur between Vip3A and either CrylAc or Cry2Abl6,
Bt cotton producing these three toxins could be especially
effective for suppressing resistance. This type of three-
toxin Bt cotton may be available by 2016 (ref. 16). In
addition to increasing the number and diversity of toxins
in transgenic cotton, integration of Bt cotton with other
tactics such as sterile releases or biological control could
delay the evolution of resistance and provide a more
sustainable pest management system®’.
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Brachypodium distachyon Provides Insights into Plant Trade-offs
Between Growth and Stress Tolerance

Antoine Peraldi, Rachel Goddard and Paul Nicholson

Current situation, needs and challenges for the
future of cereal crop production

Cereals provide the vast majority of the food supply for
humans and animals worldwide. The projected needs
of an ever growing world population are threatened by
several factors that negatively impact crop yield and
quality. Diseases caused by viruses, bacteria, fungi,
and oomycetes or damage caused by insect herbivores
are commonly referred to as biotic stresses. Adverse
environmental conditions such as droughts, flooding, and
temperature extremes, as well as pollution of soils by
toxic chemicals or excess salts are referred to as abiotic
stresses. The development of crop varieties with improved
tolerance to both biotic and abiotic stresses is critical to
meet the challenges that lay ahead.

Phytohormones regulate plant response to
stresses

Plant hormones (phytohormones) are small signaling
molecules that play a central role in orchestrating the
complex regulatory mechanisms involved in plant
development and in mounting appropriate responses to
biotic and abiotic stresses. Salicylic acid (SA), jasmonic
acid (JA), and ethylene (ET) are hormones that have
essential roles in plant immunity. SA-dependent defense
mechanisms are mainly effective against biotrophic
pathogens such as mildews and rusts. These pathogens
feed from living host cells, making it essential that they
maintain viability of the host. SA-mediated defense
responses include the hypersensitive response (HR) that
leads to death of the infected host cell and subsequent
starvation or poisoning of the pathogen. The JA/ET
mediated defenses are mainly induced against feeding
insects and necrotrophic pathogens that kill host cells and
feed on dead host tissues.

The SA and JA/ET signaling pathways generally
function antagonistically, with activation of one leading
to suppression of the other. Much of this antagonism is
mediated by the regulatory protein NPR1. NPR1 binds
directly to SA and is required for SA defense responses
and suppression of JA response mechanisms. Mutants in
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NPR1 exhibit a reduction in SA mediated responses and
an enhancement of JA-dependent defenses. The hormone
ET has been shown to have a modulatory effect on both
pathways, meaning that NPR1 is not essential for crosstalk
between SA and JA'.

This dichotomous understanding of the regulation
of plant immunity has become increasingly challenged,
and a far more complex situation has emerged in which
extensive interconnection with other hormonal signals
fine-tunes the outcome of plant-pathogen interactions.
Other phytohormones such as auxins, cytokinins (CKs),
and absiscic acid (ABA) also regulate a myriad of plant
physiological mechanisms and stress-related responses,
including abiotic stresses. Although gibberellic acid
(GA) and brassinosteroids (BRs) are growth-promoting
hormones involved in a plethora of biological processes
vital for the development and reproduction of plants,
recent research has revealed that they play important roles
in regulating a trade-off between growth and immunity.

GA regulates trade-offs between growth and
stress tolerance

Growth is restrained by a family of proteins named
DELLAs for the conserved amino-acid motif near their
N-terminus. Accumulation of GA leads to degradation of
the DELLA proteins in the so-called ‘relief of restraint’
model. Mutation of DELLA proteins leading to greater
stabilization results in attenuated GA sensitivity, reduced
growth, and shorter plant stature, even under optimal
growth conditions. Introduction of reduced height (RA?)
alleles in wheat, which encode stabilized forms of
DELLA proteins, played a critical role in increasing crop
yield during the so-called “Green Revolution,” as higher
nitrogen inputs could be applied without plants growing
too tall and falling over (lodging). Wheat and barley lines
possessing stabilized DELLA proteins are hyposensitive
to the GA signal. These lines show enhanced resistance
towards necrotrophic pathogens but an increased
susceptibility to biotrophic pathogens®. These findings
demonstrate that GA signaling has a pleiotropic effect on
plant growth and disease resistance.



As mentioned above, JA/ET signaling is involved
in mediating resistance against necrotrophic pathogens.
Recent provide insight the potential
mechanisms that link DELLAS to JA signaling and suggest
a function for pathway control and signal integration®.
DELLA proteins interact with JA ZIM-domain (JAZ)
proteins, which are negative regulators of JA-responsive
genes involved in disease resistance. In the absence of
stressful conditions, GA is produced by the plant and
DELLA proteins are degraded, therefore allowing the
plant to grow. Under stressful conditions, in the absence
of GA, DELLA proteins accumulate and compete with the
JA transcription factor MYC2 for binding to JAZ proteins.
This frees MYC2 to activate JA-responsive genes leading
to enhanced resistance to necrotrophic pathogens.

It is assumed that due to the antagonistic nature of
the JA-SA pathway the increase in JA signaling leads
to suppressed SA-mediated responses and increased
susceptibility to biotrophic pathogens. This hypothesis
provides a molecular basis for trade-offs between resistance
to pathogens of differing life-style. Exposure to abiotic
stresses, such as high salinity and low temperature, leads
to an accumulation of DELLA proteins and a reduction
in growth. DELLA proteins have a role in promoting cell
survival by reducing the accumulation of reactive oxygen
species (ROS) that accumulate as a result of such stresses.
Increased DELLA activity and stability leads to increased
ROS scavenging through the activity of NADPH oxidases*
which, in turn, results in greater survival. The reduction in
ROS induced cell death due to DELLA accumulation may
also contribute to an increased resistance to necrotrophic
pathogens. This evidence suggests that GA signaling plays
a role in coordinating multiple pathways and fits into the
emerging view that plant hormones regulate a trade-off
between growth and defense mechanisms.

studies nto

Emerging role for BR in the regulation of trade-
offs between growth and stress tolerance

It has become clear that BR also has a role in modulating
plant defense responses. A number of recent studies provide
evidence that BR signal induction inhibits basal plant
immunity activated by pathogen-associated molecular
pattern (PAMP) recognition. It has been shown that
PAMP-triggered immunity (PTI) in Arabidopsis thaliana is
antagonized by activation of the BR signal. Overexpression
of BR signaling components in Arabidopsis results in
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enhanced susceptibility to both bacterial and oomycete
pathogens®. The brassinosteroid receptor (BRI1) shares
a co-receptor (BAKI1) with several PAMP receptors,
suggesting that competition for BAK1 may be responsible
for the observed antagonism. This, however, does not seem
to be the case, and the cause of the antagonism appears
to lay with BZR1, the key transcription factor regulating
BR-responsive genes. BZR1 promotes the expression of a
number of WRKY transcription factors that act as negative
regulators of ROS production associated with the onset of
PTP.

BR signalling also interacts with other hormonal
signalling pathways leading to impacts on disease
resistance. The affect of these interactions on resistance
appear to vary with host and pathogen species; however, the
general principles have not become clear. In some instances
BR appears to act synergistically with SA-mediated
resistance while in others the interaction is antagonistic’.
BR-mediated signalling, similar to that for GA, appears to
function in both plant development and disease resistance
through a complex integration with other phytohormone
signaling pathways. Further investigation into the effects
of BR on disease resistance is needed, however, to better
understand its role in plant defense and implications for
crop improvement.

Exploiting the Brachypodium distachyon
pathosystem for model-to-crop translation

Most research into plant hormone signaling has been
undertaken using genetic plant organisms.
Arabidopsis is a popular model organism due to its short
generation time, sequenced genome (first published
in 2000), and variety of genetic resources available.
Arabidopsis belongs to the Magnoliopsida dicotyledonous
class of plants, whilst economically important cereal crops
such as wheat (7riticum aestivum) and maize (Zea mays)
belong to the Liliopsida class and are monocotyledonous.
Differences are known to exist between these classes
of plants in terms of phytohormonal regulation, which
hinders the transfer of knowledge from this model to cereal
crops and suggests that a model more closely related to
cereals would be a valuable tool for studies on the role
of phytohormones in disease resistance. Rice (Oryzae
sativa) has been proposed as a monocotyledonous model
for cereals such as barley (Hordeum vulgare), wheat, and
maize. However recent studies suggest that the role of

model

www.isb.vt.edu

7




8

PLANT RESEARCH

GA signalling in disease resistance against pathogens of
differing trophic styles may not be the same in rice as in
the temperate cereals wheat and barley??. This suggests
that it may still be difficult to apply results determined
from studies in rice to cereal crops, and that investigation
of the potential of other model organisms for this purpose
is warranted.

Brachypodium distachyon (Bd) isamonocotyledonous
plant that has become increasingly prominent as a model
for studying plant-pathogen interactions for cereal
diseases. The short physical stature, small genome, and
rapid life cycle of Bd make it suitable as a reference
species for plant research. The availability of a full
genome sequence and an increasing number of genetic
and genomic resources add to the attractiveness of Bd
as a model for monocot studies. Most importantly, Bd
has a close phylogenetic relationship with the core of
the Pooideae subfamily, to which all temperate cereals
belong, and also demonstrates a higher gene synteny (the
order in which genes are organized within genomes) with
cereal crops than other proposed monocot plant systems
such as rice. Bd has been shown to serve as a host for an
extensive range of pathogen species including Fusarium
graminearum, Oculimacula species,
collo-cygni® that cause agronomically important diseases
of wheat and barley. Bd has the potential to act as an
ideal model with which to investigate plant-pathogen
interactions of relevance to cereals and to study trade-
offs. Until recently however, although Bd was shown to
act as a host for cereal pathogens, the conservation of
function with respect to disease resistance between Bd
and temperate cereals had not been demonstrated.

and Ramularia

Attenuation of BR signalling impacts disease
resistance in Bd and barley

We recently investigated the conservation of defense
mechanisms between Bd and barley, as a proof-of-
concept to demonstrate the potential to transfer insight
acquired from the model species to cereal crops’. Our
study also aimed to investigate the impact of BR in broad-
range disease resistance against a range of cereal diseases
caused by fungal pathogens infecting various host tissues
and exhibiting different trophic lifestyles (biotrophs,
hemibiotrophs and necrotrophs).

We previously characterized a Bd T-DNA tagged
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line in which expression of the BR receptor (BRI1) was
essentially eliminated. This line exhibits an extremely
dwarf phenotype. The barley ‘uzu’ mutant has a mutation
in the gene encoding its BR receptor (HvBRII1) and
displays a semi-dwarf phenotype. We examined the effect
of mutations in these homologous genes in the two species
on resistance against Fusarium culmorum (Fusarium head
blight, root rot, crown rot diseases), Gaeumannomyces
graminis pv. tritici (take-all), Magnaporthe oryzae (rice
and wheat blast), Ramularia collo-cygni (Ramularia leaf
spot), Blumeria graminis f. sp. hordei (powdery mildew),
Oculimacula yallundae, and O. acuformis (eyespot).
Disease tests revealed that reduced BR perception
enhanced disease resistance against pathogens that exhibit
a necrotrophic lifestyle or hemibiotrophs with a short
asymptomatic phase (known as the “biotrophic” phase of
infection)inbothBdandbarley. Resistanceinducedby BRI 1
mutation was observed against infection with G. graminis
(a true necrotroph), F. culmorum (hemibiotroph), O.
acuformis and O. yallundae (necrotroph and hemibiotroph
respectively), and M. oryzae (hemibiotroph). However, no
impact on disease resistance was observed when plants
were infected with either biotrophic fungi (B. graminis)
or hemibiotrophic (R. collo-cygni) pathogens exhibiting
a prolonged asymptomatic phase. These results indicate
that disruption of BR perception has pleiotropic effects on
disease resistance and suggest that the BR signal functions
antagonistically, with disease resistance effective against
necrotrophic and hemibiotrophic pathogens with a short
biotrophic phase of infection.

These results provide additional evidence that BR
growth-promoting hormone, like GA, influences both plant
growth and disease resistance. Semi-dwarf phenotypes
conveyed by altered BR or GA signaling are favorable in
agriculture, as they prevent lodging under higher nitrogen
application resulting in increased crop yield. Barley and
wheat Rht lines with attenuated GA signaling due to
altered DELLA stability or function display increased
resistance towards necrotrophic pathogens but increased
susceptibility to biotrophic pathogens. This suggests that
the GA pathway conveys a resistance trade-off between
pathogens of differing trophic lifestyles. Contrastingly,
Bd and barley lines with attenuated BR sensitivity exhibit
enhanced resistance to necrotrophic pathogens without
any discernible increase in susceptibility to biotrophs.
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Attenuation of GA signalling also leads to increased
abiotic stress tolerance, in part due to enhanced scavenging
of ROS by NADPH oxidases. In contrast, we observed that
both Bd and barley BR insensitive lines were less tolerant
to cold and drought stress. These and previously reported
observations suggest that attenuation of BR signalling has
the opposite effect to that of attenuated GA signalling on
resistance to abiotic stresses’. The absence of a disease
trade-off in barley lines with altered BR signalling suggests
that further manipulation of the BR pathway or BR-
regulated genes may be useful when attempting to breed
cereal crops with reduced height, without compromising
disease resistance. Ultimately, the central role for BR in
orchestrating the regulation of growth or defense, as well as
modulating the response of plants to resist various types of
stresses, whether biotic or abiotic, creates new perspectives
in biotechnologies and potential applications for plant
breeding. Advances in understanding how the BR and GA
pathways interact to regulate responses to a wide array of
stresses provides exciting prospects for the development
of new crop varieties. Future research should focus on the
specific BR-responsive genes responsible for positive and
negative impacts on stress tolerance mechanisms in order

to develop new cereal varieties containing mutations
having positive impacts on biotic and abiotic stress
tolerance without detrimental trade-off effects.

In our investigation we explored the use of Bd as
a model for temperate cereals with respect to disease
resistance. We have demonstrated that it is possible to
successfully translate knowledge gained from studies of
disease resistance and plant hormone signaling in the model
species Bd to cereals such as barley. The results of this
proof-of-concept study, coupled with the ease of growth in
the laboratory, diversity of natural accessions, and genetic
resources, illustrate that Bd is a highly attractive model
for investigating resistance mechanisms in economically
important cereal diseases. We have identified variation
in resistance towards a number of fungal pathogens in
natural accessions of Bd (unpublished results). Once
the genes responsible for differences in resistance have
been identified, it may be possible to exploit synteny to
identify potent alleles within cereal species and help
to accelerate the development of new varieties and
increase our understanding of plant resistance to biotic
and abiotic stresses.
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Heterogeneous Consumer Preferences for Nanotechnology and Genetic-
Modification Technology in Food Products

Chengyan Yue, Shuoli Zhao and Jennifer Kuzma

The application of novel technologies to food such as
biotechnology and nanotechnology continues to grow
rapidly. Food with genetically engineered ingredients
currently constitutes a large portion of domestic food
supply in the U.S., including an estimated 70% of
processed foods'. While the use of nanotechnology is
presently limited in the food market, the prospect for its
growth in the food supply and economy is significant.
Numerous companies are pursuing food nanotechnology
applications for release to both domestic and international
consumer markets in the near and long term, with an
estimated rise in total market value to $20 billion in
2015% Given the strong prevalence and interest in
food produced using genetic modification (GM food)
and nanotechnology (nano-food), it is important to
understand consumer perceptions of the benefits and
risks, as well as to understand how product acceptance is
affected by price, labeling, and these risks and benefits.

Public Perceptions of GM Food and Nano-food

Potential benefits and risks of both technologies have
been raised in the academic literature and debated in the
media. For GM food, despite the anticipated benefits such
as pesticide reduction, taste enhancement, and shelf-life
extension’®, the application of GM technology in food has
generated widespread public controversy. Many studies
investigating consumer preference for GM foods indicate
that GM foods are generally not favored by consumers.
Some of the reasons behind this opposition include
people’s previous knowledge of GM technology, risk
perception of and safety concerns about the technology,
distrust in government management of the technology
and media coverage of the potential risks, and cultural
world views*. In contrast, compared to consumers from
developed countries, consumers from less developed
countries tend to have more positive attitudes toward GM
foods, possibly due to perceived benefits to food security
and increased production®. Regardless, across studies
and countries, consumers are generally willing to pay a
premium for foods free of GM ingredients (of about 10%
to 50%) while the magnitude of consumers’ discount for
GM foods depends upon the type of genetic modification,
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the type of food product, and how the genetic modification
alters the final product.

Nanotechnology applications to food products,
though less known by the public, are also expected to
bring a range of benefits, including improved taste, less
fat, enhanced absorption of nutrients, improved food
safety, and traceability®. In past nanotechnology and
public perception research, nano-food products were not
the focal point. However, a few existing studies taken
place in recent years indicated that consumers prefer
natural additives over nanomaterial additives with added
benefits’. Health information about nanotechnology
significantly decreases consumers’ willingness to pay
(WTP) for nano-food, while societal and environmental
information did not have significant impacts®. Also, people
tend to prefer applications of nano-food that fill needs of
nutrition or safety, and they are more comfortable with
nanomaterials in packaging than within the food itself®.

Although GM and nano-foods are notably similar as
applications of novel broad-based technologies to food
in uncertain public knowledge contexts, some notable
differences exist. GM foods involve primarily “genetic”
changes to ingredients whereas nano-food applications
usually apply “chemical” or structural changes. GM
foods are already prevalent on the market, while nano-
foods are just emerging. GM foods have had high profile
media and policy debates (e.g., California’s recent
labeling proposition), whereas nano-foods have not.
Consumers’ conceptualization of nanotechnology in food
may be more nuanced or differently developed than their
conceptualization of GM food. Given such mixture of
similarities, contrasts, and differing market prevalence, we
carried out direct comparison of the two technologies and
of associated benefits, and further explored heterogeneity
in consumer preference to better understand the range of
consumer differences under a reasonable segmentation of
latent groups.

Experimental Design and Process

In this study, choice experiments were conducted to
elicit consumer preference and WTP for the technology
and benefit attributes of rice. Choice experiments are



widely used by researchers to investigate consumer
preferences and WTP for goods. They are based on random
utility theory and Lancaster’s consumer demand theory'?,
implying that consumers derive utility from attributes of a
good rather than from the good itself. Choice experiments
are composed of a combination of attributes, so they allow
researchers to value various attributes simultaneously. We
chose rice for this experiment because it is a product most
people consume in a year, does not generally present food
allergens, is modestly priced, and has been proposed for
nutritional enhancement through genetic engineering (e.g.,
Golden Rice).
During the experiment, participants were presented with
a series of choice scenarios of 320z (21b) bag of long grain
white rice, which consisted of varied combinations of the
product attributes listed in Table 1. To reduce the cognitive
burden on participants in the choice experiment, only two
alternatives were included in each scenario along with an
opt-out option indicating that neither of the two alternatives
is preferred. We also provided general information to
familiarize participants with the two technologies before
they made their choices. Choice experiment data were
collected in August 2013 using an online survey by
QualtricsTM, a professional survey company. A total of
1117 complete online surveys were received, and the socio-
demographic characteristics of our sample are consistent
with the U.S. census (U.S. census, 2010) in terms of age
(age group 15-83), gender, family income, and education.
Latent class model assumes that individuals can be
intrinsically sorted into a number of latent classes, that
each class is characterized by homogenous preferences,
and that the preferences are heterogeneous across classes.
Therefore, it not only allows continuous heterogeneity, but
also well suited for explaining sources of heterogeneity
Based on the coefficients and attribute/price ratios
(WTP values) of technologies and benefits for each latent
class defined, we named the four estimated latent classes
as “Price Oriented/Technology Adopters,” “Technology
Averse,” “Benefit Oriented,” and “Technology Rejecters,”
respectively. Each group’s WTP values for the combinations
the technologies and attributes are reported in Table 2.
Group 1 is the “Price Oriented/Technology Adopters”
group, which accounts for 17.64% of the sample. In this
group, the absolute value of the coefficient for price is the
highest among all parameters, which means participants
in group 1 are the most sensitive to the change in price.
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The Price Oriented/Technology Adopters group discounts
GM slightly more than nanotechnology. Further for this
group, the enhanced nutrition is the most preferred benefit
followed by improved taste and safety. The coefficient
for less harmful impact on environment is not significant.
According to the WTP values, participants in this group
are willing to pay the highest premium for nutrition
enhancement with a premium $0.33/1b for nanotechnology,
and a premium of $0.32/lb for GM. In contrast, this group
is not willing to pay for either of the technologies to reduce
harmful impact on the environment. Since the combined
WTP estimates of group 1 are either slightly positive (but
statistically significant) or statistically insignificant, we also
call this group of participants the “Technology Adopters.”
Group 2, the “Technology Averse” group, consists
of 192 participants (17.2% of the sample). The most
obvious feature for this group is that the coefficients for
nanotechnology and GM are significantly negative, whereas
the coefficients for benefit attributes are comparatively
less positively significant. In this group, participants are
strongly against the use of GM and nanotechnology, and
the negative coefficients for the two technologies dominate
the positive coefficients of the four benefits. Overall,
Technology Averse participants discount the combinations
of GM and benefits more than the combinations of
nanotechnology and benefits. For the GM application in
food products, Technology Averse participants discount
taste improvement the most, followed by less harmful
impact on the environment, nutrition enhancement, and
safety improvement. The same preference ranking applies
to the WTP results for benefits brought by nanotechnology.
Group 3, the “Benefit Oriented” group, is the majority
segment that consists of 40.3% of total participants. This
group is called “Benefit Oriented” as the coefficients of
the benefit attributes are significantly positive and they
dominate the negative coefficients of the technologies.
This indicates that participants in this group do not care
about what technology is adopted during production as
long as certain benefits can be brought by the technology.
Within the four benefits, this group values safety the most,
followed by nutrition enhancement, less harmful impact on
the environment ranks the third, and improved taste is the
least preferred benefit. As a result, all the WTP values for
the combinations of the technologies and the benefits are
significantly positive at 0.001 level. The results indicate
about 40% of participants prefer the use of nanotechnology
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and GM to improve benefits for food products. Using
nanotechnology to improve food safety is preferred the
most ($5.03/1b), and employing GM to improve taste is
preferred the least ($1.93/1b).

Group 4, “Technology Rejecters,” has 278 participants
(24.9 % of the total sample). Based on the estimation
results of the latent class logit model, the coefficients
of nanotechnology and GM strongly dominate the
coefficients of price and benefits. Participants in this
group reject to choose nanotechnology or GM regardless
of the associated benefits and prices whenever there is

a conventional option. Technology Rejecters discount
GM and nanotechnology by $-3.39/lb and $-3.90/lb,
respectively, and the highest price premium they are
willing to pay is $1.10/Ib for improved food safety. All
technology and benefit combinations are significantly
discounted from -$3.53/Ib (GM with less harmful impact
to environment) to -$2.29/lb (nanotechnology with
enhanced food safety).

Characteristics across four latent groups

The mean statistics of socio-demographics and religious

Table 1. Choice Experiment Attribute and the Corresponding Attribute Levels

Attribute

Level

The Production Technology
used to produce the rice

Nanotechnology
Genetic Modification

Conventional

The type of Benefit
that could be attained
by using the given technology

Enhanced nutrition
Improved product taste
Improved food safety of the rice

Less harmful impact on the environment
during production

No additional benefit

Product Price for a 32 0z (2 Ib) bag of long | $3.75
grain white rice $5.00
Table 2. WTP for the Combinations of Technologies and Benefits for the Four Consumer Segments
Group 1: Group 2: Group 3: Group 4:
WTP($/1b) Price Oriented Technology Averse Benefit Oriented Technology Rejecters
(95% CI) Nano- GM Nano- GM Nano- GM Nano- GM
technology technology technology technology
Nutrition 0.33** 0.32"* -0.49* -0.57* 4.22%* 4.10* -2.83" -3.33*
(0.25,0.40) | (0.24,0.39) | (-0.65-0.34) | (-0.73,-0.41) | (2.37,6.08) (2.27,5.94) (-3.59,-2.06) | (-0.17,-2.50)
Safet 0.12** 0.11** -0.31%** -0.38*** 5.03** 4.91% -2.29"** -2.79*
/ (0.04,0.21) | (0.03,0.20) | (-0.46,-0.16) | (-0.53,-0.24) | (2.91,7.15) (2.82,6.99) (-2.93,-1.64) | (-3.54,-2.05)
Environment -2 - -0.60** -0.67* ST 3.03* -3.02*** -3.53*
(-0.77,-0.42) | (-0.85,-0.49) | (1.78,4.52) (1.68,4.38) (-3.82,-2.23) (-442,-2.64)
Taste 0.23** 0.22** -0.70* -0.78* 2,05 1.93** -2.83" -3.34*
(0.17,0.30) | (0.15,0.30) | (-0.88,-0.53) | (-0.96,-0.60) | (1.07,3.03) (0.97,2.89) (-3.57,-2.10) | (-4.14,-2.54)
Notes: a: “-” indicates that the estimated coefficient is not statistically significant, and the WTP value is not calculated. b: a single asterisk (*),
double asterisks (**), and triple asterisks (***) denote significance at the 0.05, 0.01 and 0.001 levels, respectively.
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attitudes differ significantly across groups, and Figure 1
summarizes the major characteristics of the four latent
groups.

“New Technology Rejecters” are the oldest with an
average age of 50, and “Benefit Oriented” consumers
are the youngest with the average age of 45, which is
consistent with the level of conservative tendencies. This
is in line with previous findings that older participants are
more likely to know about and value traditional food"'. The
“Technology Averse” group has the lowest income level
while participants in the other three groups have relatively
similar income levels. Participants in “Benefit Oriented”
and “Technology Averse” groups have relatively lower
education levels while participants in the other two groups
have higher education levels. “New Technology Rejecters”
and “Technology Adverse” groups have significantly more
female members, which suggests that the technologies are
less acceptable to female participants compared to male
participants.

Desire for benefits

Group 3: 40%

Group 2: 19%
Technology Averse

Discount the use of
technology with any
associated benefit
More female

= Less income

Benefit Oriented
(Technology Accepters)
= Support the use of nanotech and
GM to bring benefits
= More Minorities
= Younger, less educated
= Attend more religious services

= Lower education level * More liberal
Technology ( ) Technology
discomfort Group 4: 18% Group 1: 23% comfort
New Technology Price Oriented
Rejecters = Extremely sensitive by the price

Reject all technology
applied products outright
regardless of benefits
Older, More Female
More White

More conservative

change
Generally adopts technology use
with added benefits

= More male

= Attend fewer religious services
v * More conservative

Less desire for benefits

Figure 1. Characteristics of the four consumer segments

In looking at the political views of the consumers, it is
interesting to note the dichotomy between the two meta-
groups identifying as more liberal (Benefits Oriented) and
those as more conservative (the other three groups). Perhaps
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this could be explained by different factions of conservative
people rejecting the technology outright for moral reasons
(consistent with the Rejecters), or alternatively accepting
the technology for economic development and free-market
reasons (consistent with the Price Orientation).

Finally, religious background may not necessarily
affect their choice of food products produced using
certain production technologies, as the two variables of
how religion affects views of science and technology,
and decisions about them were not significant. This is
consistent with a previous finding that religiosity does not
affect people’s attitudes toward nanotechnology'2.

Possible Policy Implication

From a policy perspective, our results suggest that the

majority of U.S. consumers will not reject these technologies

outright, but base their decisions on a complex calculus

of benefits, risks, technological comfort, and safety.

However, we do find a group of people (approximately
25% of the population) who oppose the application
of nanotechnology or GM in the production of rice
regardless of price level and corresponding benefits.
This is consistent with a growing social movement in
the U.S. towards “natural foods.”

Wise policy choices and product development
strategies might allow the New Technology Rejecters
group (Group 4) to make their own decisions by
labeling nano-foods or GM foods, either through
voluntary industry initiatives ormandatory government
initiatives, while making sure that nano-foods and GM
foods provide benefits in safety and nutrition through
industry product developments or government policy
incentives to satisfy the desires of other groups
(Group 3). For the food industry, claims of increasing
food quality and safety through technology should be
verified for increasing acceptance in the majority of
consumers who are somewhat open to technological

advances (Groups 2 and 3), while keeping price reasonable
for those who are eager to adopt technologies (Group
1) and allowing those who reject technology to choose
(Group 4).
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Source: Yue, C., Zhao, S. and Kuzma, J. (2014), Heterogeneous Consumer Preferences for Nanotechnology and Genetic-
modification Technology in Food Products. Journal of Agricultural Economics. doi: 10.1111/1477-9552.12090
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