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The anticipated world population growth emphasizes a need to produce more food on less land. Cutting-edge
technologies, including genetic engineering, can help to develop improved crop varieties and protect natural
resources. In spite of the potential for genetically-modiﬁed (GM) crops to make crop production more eﬃcient,
they remain a polarizing issue due to safety concerns. This paper provides an overview of the risk assessment
process. The safety of Bacillus thuringiensis (Bt) proteins is used as an example for how risk assessment is applied
to GM crops. Risks associated with GM crops have proven to be low to non-existent. Developing countries would
beneﬁt from GM technologies as one tool to improve crop yields and reduce production challenges.

1. Introduction
The ﬁrst commercialized GM crops were planted in 1996 in the
United States, with a total area of 1.7 million hectares (ISAAA, 2017).
Since then, there has been a steady increase in the use of GM crops for
22 straight years. By the end of 2017, that number had increased to
about 190 million hectares globally, with developing countries growing
53% of the GM crop hectares (ISAAA, 2017). With the rate of adoption
and increase in amount of land area dedicated to growing GM crops, it
has been claimed that this technology has been the fastest adopted
agricultural technique in modern history (Khush, 2012). Such rapid
adoption is driven by substantial incentive for farmers to implement the
GM technology into their farming practices (Brookes and Barfoot, 2017;
Smyth, 2017). Even with substantial deployment of the technology,
concerns exist about potential hazards and disadvantages associated
with long-term use of GM crops. In addition, there is fear that consumers in developed countries may boycott produce imported from
countries that have adopted GM crops (Paarlberg, 2002). The fear of
GM crops has led to substantial opposition from non-governmental
organizations and politically-motivated groups, who have the ability to
inﬂuence policies around the establishment of biosafety frameworks in
developing countries (Paarlberg, 2010; Smyth, 2017).
In several developed nations of the European Union and Japan, GM
crops face strong opposition (Smyth, 2017). In Africa, heated debates
continue regarding whether GM crops will help alleviate food insecurity, or whether adoption of this technology could result in

⁎

negative impacts (Falck-Zepeda et al., 2013). Consequently, African
policymakers are hesitant to move forward with establishing biosafety
laws and commercializing GM crops, largely due to risk perceptions and
fears spread by anti-biotech lobbying groups (Paarlberg, 2010).
The objective of this paper is to review the scientiﬁc approach of
risk assessment for GM crops, using a few concrete risks of Bt maize
(Zea mays. L) as illustrative examples. Beyond risk analysis, the paper
also reviews some potential beneﬁts of Bt crops, emphasizing examples
that may help improve food security in areas where this is a challenge.
The information might reassure policy makers, farmers, and consumers
of the thorough and methodical approach applied in risk assessment for
GM technology so they can make informed decisions about use of GM
traits in agriculture. The intention of this paper is not to duplicate the
risk assessment process of GM crops, which has already been conducted
by experts (Romeis et al., 2008; Wolt et al., 2003, 2010). Instead, the
focus is to demonstrate how risk assessment of GM technology is done
with scientiﬁc rigor as in other disciplines, such as engineering and
medicine, by using Bt maize as an example.
2. Application of genetic engineering to protect crops from insect
pests
In the decades of use, GM technology has been broadly applied to
diﬀerent crops with varying degrees of success. One of the more successful and widely used applications of GM technology is the integration of genes from the soil bacterium, Bacillus thuringiensis (Bt), for
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a tool by a variety of technical ﬁelds, including the area of crop genetic
engineering (Betz et al., 2000; Romeis et al., 2008; USEPA, 2001). Risk
assessment as an iterative process includes the following steps: hazard
identiﬁcation, dose-response assessment, exposure characterization,
and risk conclusion (Fig. 2).
In engineering, risk assessment can be applied to various structures,
including building foundations, pipelines, dams and levees (Stewart
et al., 2001). Proper identiﬁcation of risk prevents overspending of ﬁnancial and labor resources on improvements or upgrades of structures
(Imhof, 2004). Furthermore, risk assessment is recognized as a critical
tool in engineering due to the unique nature of most buildings or
structures, as compared to other ﬁelds where creation of a product is
based on extensive product testing and feedback (Imhof, 2004). The
results of a risk assessment are often a driver for decisions on design,
materials, and maintenance schedules. For example, the maintenance of
bridges is one area that is subjected to risk assessment studies (Imhof,
2004; Stewart et al., 2001). Potential causes of bridge failure can include natural hazards (weather conditions); design errors; overloading;
impact of ships, trains, or vehicles; human workmanship error; vandalism; deterioration; or other unknown phenomena (Imhof, 2004).
Since all existing bridges are subject to a risk of collapse due to the
variety of natural and human-induced stressors, regular risk assessments can help to minimize failure events (Imhof, 2004).
In the medical ﬁeld, risk assessment is used to help quantify the risk
of adverse health reaction or disease from a number of factors ranging
from human behavior, medical or pharmaceutical treatments, or environmental exposure (National Research Council, 2003). In many
cases, the outcome of the risk assessment process from the medical
standpoint is the likelihood of disease to occur as a result of a speciﬁc
hazard.
In one example, risk assessment has analyzed the impact of exposure to radon, a known carcinogen and signiﬁcant health hazard

protection against damaging insect pests (Roh et al., 2007). Plants that
are genetically-modiﬁed to express Bt crystalline (Cry) protein are resistant to insect infestation, and actively control pest populations due to
their toxicity to certain insects (Roh et al., 2007). In total, over 70
primary subgroups of Cry proteins have been identiﬁed (Adang et al.,
2014). However, only a small subset of the Cry proteins has been engineered into Bt crops. By 2017, it was estimated that over 100 million
hectares of crops contained Bt genes (ISAAA, 2017).
The major classes of Cry proteins aﬀect diﬀerent insects which damage crops worldwide (Adang et al., 2014). Insects in the orders Lepidoptera, Diptera and Coleoptera are susceptible to Cry proteins.
Susceptible insects with potential to cause signiﬁcant crop loss include
the fall armyworm (Spodoptera frugiperda), European corn borer (Ostrinia nubilalis), corn earworm (Helicoverpa zea), cotton bollworm (Helicoverpa armigera), tobacco budworm (Heliothis virescens), pink bollworm (Pectinophora gossypiella), western corn rootworm (Diabrotica
virgifera virgifera), and Colorado potato beetle (Leptinotarsa decemlineata) (Roh et al., 2007). Other insect pests, which are also susceptible
to Cry proteins, include stem borer species Busseola fusca, Chilo partellus, and Sesamia calamistis, have been known to cause an average
yield loss of 13.5% (De Groote, 2002). Fall armyworm (FAW) is contributing to signiﬁcant crop loss in Africa where conventional breeding
of tolerant crop varieties and integrated pest management approaches
have proven too slow to halt the spread of the emerging threat (Fig. 1).
3. Risk assessment: A valuable tool across many disciplines
Evaluation of the potential hazards and disadvantages of any new
technology is an important part of the approval process. Hazards can be
weighed by determining risk, which is a product of the probability of
and the consequences of a hazard. This concept broadly applies to almost any discipline, and as a result, risk assessment has been utilized as

Fig. 1. Distribution of fall armyworm across the continent of Africa (Adapted from FAO, 2018).
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necessary action
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above which the
risk becomes a
threat

Fig. 2. An overview of risk assessment steps and the actions provided by each step.

recognized by many international agencies (USEPA, 2003). Radon, a
clear and odorless gas, is naturally present in homes as a result of
radioactive decay of uranium found in soil (National Research Council,
1999; USEPA, 2003). Risk assessment studies have used a combination
of lung cancer incidence statistics and radon exposure measurements to
create realistic estimates of the likelihood of lung cancer due to radon
(Lubin and Boice, 1997; National Research Council, 1999). Eliminating
exposure to radon is not feasible, however risk assessment studies have
determined an action level of 4 picocuries per liter (pCi/L) of radon
inside homes, above which radon mitigation eﬀorts are recommended
(National Research Council, 1999). Chronic exposure above this
threshold could result in a signiﬁcant risk of lung cancer (National
Research Council, 1999).

Exposuredose (ED) = Σ (Residueconcentration × Foodconsumption)
/ Bodyweight

(1)

To maintain conservative risk estimates, results from toxicological
animal studies incorporate three, 10-fold multipliers into their NOAEL
values to reﬂect the uncertainty of potential diﬀerences between and
within species, and for sensitive members of a subpopulation (Wolt,
1999). Based on the NOAEL value obtained through toxicological
evaluation of animal models, potential risk can be calculated in human
populations consuming products containing the Bt Cry proteins
(Delaney, 2007).
4.1.3. Exposure characterization
Based on studies conducted in multiple animal models, no sign of
toxicity was observed from any class of Cry proteins, even at the
maximum dose in acute oral feeding studies (Betz et al., 2000). The US
Environmental Protection Agency recognizes oral toxicity animal studies that included treatment with values greater than 5000 mg of Cry
protein/kg body weight (USEPA, 2001). Using 5000 mg of Cry protein/
kg body weight as a hypothetical NOAEL, and applying the 1000-fold
uncertainty factor to account for variation between and within species
and sensitive subpopulations, would result in the human reference dose
being 5 mg of Cry protein/kg body weight. Assuming the concentration
of Cry protein in maize grain to be one part per million (Betz et al.,
2000), and an average human body weight of 70 kg, it would require
consumption of 350 kg of maize per day to attain the dosage of 5 mg of
Cry protein /kg body weight. As the consumption of 350 kg of Bt maize/
day is unlikely, the results of hazard identiﬁcation studies suggest that
exposure to Cry proteins from consumption of Bt maize by human or
animal poses no risk (Betz et al., 2000; USEPA, 2001). Moreover, research on other known toxic proteins suggests that proteins are usually
toxic at low doses. Therefore, further increasing the amount of potential
Cry protein consumed is not likely to result in an adverse eﬀect that was
not previously observed in the described studies (Sjoblad et al., 1992).

4. Risk assessment of Bt maize
As with any new technology, consideration of potential harm is a
critical step before large scale deployment (National Research Council,
1983). Evaluation of GM crops is no diﬀerent. Genetically modiﬁed Bt
crops have been a subject of signiﬁcant scientiﬁc evaluation using risk
assessment principles (Betz et al., 2000; Romeis et al., 2008; USEPA,
2001). Thus, the following discussion will focus on risk assessment of
two of the top concerns regarding Bt maize, (a) dietary exposure to Cry
proteins in humans and animals and (b) environmental impact of Cry
proteins on non-target organisms. While this list does not reﬂect the full
scope of potential risks, it will provide examples that demonstrate the
process of risk assessment (Fig. 2) as applied to GM crop technologies
(Table 1).

4.1. Dietary risk assessment: Cry protein example in Bt maize
4.1.1. Hazard identiﬁcation
Hazard identiﬁcation in dietary risk assessments begins with ﬁnding
evidence of toxicity resulting from consumption. Typically, animal
models are used to inform human health risks for a potential toxin.
While the target pests are exposed to the toxins primarily through leaf
and stalk material, Cry proteins are also expressed in other parts of the
plant, including trace amounts in maize kernels which are ultimately
consumed by both humans and animals (Koch et al., 2015).

4.1.4. Risk conclusion
Acute studies involving Cry protein consumption showed no adverse
eﬀects, therefore chronic studies were not considered necessary as the
proteins were shown to be digested in the stomach, making acute exposure the main concern (USEPA, 2001). In addition, since Bt has been
used as a foliar insecticide for several decades with no adverse eﬀects to
humans, the weight of evidence suggests that there is no adverse risk in
human or animal consumption of Cry proteins from Bt crops (Betz et al.,
2000; USEPA, 2001).

4.1.2. Dose-response assessment
Repeated dose-response studies are conducted to generate a conservative value at which no adverse reactions are likely to occur
(Delaney, 2007). This value is known as the “no observed adverse eﬀect
level” (NOAEL), which is expressed as milligrams of the compound per
kilograms of body weight per day (mg/kg/day) and becomes the regulatory endpoint of concern to which exposure doses are compared
(Delaney, 2007). Many dietary risk assessments use the following
mathematical model for exposure to a given compound when determining the NOAEL (Betz et al., 2000):

4.2. Ecological risk assessment: Impact of Bt maize on non-target species
4.2.1. Hazard identiﬁcation
The monarch butterﬂy (Danaus plexippus) is a common insect in
North America. Monarch adults feed on nectar from many forb species,
but their caterpillars feed exclusively on non-crop milkweed species
(Asclepias spp.), especially common milkweed (Asclepias syriaca),
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Cry proteins are present in maize grain.

Consumption of Cry protein above a
conservative value can cause toxicity.
Humans consume low levels of Cry
protein relative to their body weight.

It is safe for humans to consume grain
produced from Bt maize plants.

Pollen from Bt plants contains Cry protein.

Threshold concentration of pollen consumption
was found above which toxicity occurs.
Pollen does not travel far enough or reach
signiﬁcant numbers of larvae to cause damage.

Monarch butterﬂy populations are not likely to
suﬀer from the use of Bt maize.

Radon, a known carcinogen, is present in the environment
and can reach high concentrations when contained in
homes.
Increasing exposure to radon increases risk of lung cancer.

making them no threat to crop yields (Sears et al., 2001). As a member
of the order Lepidoptera, it is conceivable that monarchs consuming Bt
maize pollen might be sensitive to Cry proteins and this has been the
focus of ecological risk assessment of Bt crops (Hellmich et al., 2001;
Oberhauser et al., 2001; Pleasants et al., 2001; Sears et al., 2001). While
monarchs are unlikely to emerge as larvae on Bt crop plants, the potential for pollen to disperse and land on milkweed has become a
concern as a possible unintended negative ecological impact of Bt maize
(Losey et al., 1999).

4.2.2. Dose-response assessment
In insect feeding studies using multiple classes of Cry proteins,
Hellmich and coworkers reported no toxic eﬀects due to larval consumption of Cry9C or Cry1F, but did observe sensitivity to Cry1Ac and
Cry1Ab (Hellmich et al., 2001). Furthermore, dose-response testing was
conducted to demonstrate toxic eﬀects from diﬀerent amounts of toxin
consumed and at diﬀerent larval life stages (called instars). First instars
were more susceptible and displayed weight loss or death from consuming puriﬁed Cry protein compared to later stages, where second to
third instars showed 12- to 23-fold greater tolerance throughout the
feeding studies (Hellmich et al., 2001). Additionally, pollen consumption studies indicate that larval feeding on leaves dusted with pollen
from Bt maize does not result in weight loss or death (Hellmich et al.,
2001). Similar pollen feeding studies using maize hybrids containing
transgenic events Bt11 and Mon810 showed that pollen concentrations
of greater than 1000 pollen grains/cm2 are needed to observe toxic
eﬀects on ﬁrst instars (Hellmich et al., 2001). However, maize hybrids
containing event 176, which produces signiﬁcantly higher levels of Cry
protein in the pollen than other hybrids tested, showed toxic eﬀects at
much lower exposure concentrations of 7–30 pollen grains/cm2
(Hellmich et al., 2001). It should be noted the reported highly toxic
event 176 did not contribute to more than 2% of the total area cultivated with maize and has since been phased out of production
(Hellmich et al., 2001; Sears et al., 2001).

4.2.3. Exposure characterization
The exposure of monarch larvae to the Cry protein in pollen is dependent on a number of factors. Monarch larvae must be present during
pollen shed, the pollen must travel to the host milkweed plants at high
enough concentrations, and a large enough percentage of the monarch
population must be feeding within range of Bt maize ﬁelds (Hellmich
et al., 2001; Oberhauser et al., 2001; Pleasants et al., 2001; Sears et al.,
2001).
Oberhauser and colleagues screened multiple sites throughout
North America to measure monarch larvae density and pollen shed in
surrounding maize ﬁelds (Oberhauser et al., 2001). Findings indicate
that a signiﬁcant overlap exists between the timing of larval emergence
and pollen shedding, averaging between 15% and 40% of the time,
depending on the location (Oberhauser et al., 2001). These data indicate that exposure of monarch larvae to Bt pollen in their feeding
environments is possible.
Further characterization of exposure is still needed to determine the
amount of pollen present on each milkweed leaf. Studies evaluating the
pollen concentrations on milkweed plants in and near maize ﬁelds
determined that amount of pollen present depends on proximity to
maize ﬁelds, amount of rain falling during pollen shedding, and the
progression of pollen release (Pleasants et al., 2001). The results indicate that 99% of leaf samples tested showed pollen counts with fewer
than 900 grains/cm2, a value below the observed toxicity level of 1000
grains/cm2 described previously (Hellmich et al., 2001; Pleasants et al.,
2001). Additionally, pollen counts dropped signiﬁcantly on milkweed
plants at distances of 4–5 m from the edge of maize ﬁelds, where 99.6%
of samples recorded pollen counts less than 100 grains/cm2 (Pleasants
et al., 2001).

Risk conclusion

Natural and human-made stressors are known to
cause deterioration over time.
The bridge has 300,000 vehicles pass /year and is
exposed to climate changes seen in the Midwestern
US.
Bridge is safe and not likely to have a hazardous
impact in the next 5 years.
Dose-response assessment

Exposure characterization

Improperly maintained bridges can be hazardous to
humans.
Hazard identiﬁcation

Radon cannot permeate skin but can pass through lung
membranes. Radon concentration in homes can be
measured.
Household exposure below 4 pCi/L does not result in
signiﬁcant health risks.

Agriculture: GM Cry proteins in human
and animal diets
Ecology: GM Cry proteins in non-target species,
e.g., Monarch butterﬂy
Medicine: Cancer risk
Engineering: Bridge maintenance
Steps

Table 1
Comparison of four steps of risk assessment as applied to diﬀerent disciplines.

A.K. Carzoli et al.
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for farmers with limited control options against this pest (Paini et al.,
2016). Due to the documented ability of FAW to rapidly evolve resistance to certain Cry proteins (Box 1), it will be imperative that insect
resistance management strategies are used simultaneously with Bt
maize.

4.2.4. Risk conclusion
When a cross-comparison of the results of hazard identiﬁcation,
dose-response studies, and exposure characterization is done, the
overall risk posed to the monarch population appears negligible (Sears
et al., 2001; Wolt et al., 2003). Importantly, the toxic conditions created
in laboratory studies do not accurately reﬂect what is found in the typical monarch breeding environment. The small likelihood of toxic
conditions manifesting in any given area suggests that the impact on the
total population of the species is negligible (Hellmich et al., 2001).
Furthermore, additional exposure-limiting considerations were not
discussed here; including overall percentage of maize ﬁelds that do not
contain Bt traits and total amount of milkweed plants that are not located in agricultural areas. This further lowers the monarch population's exposure to Cry proteins, decreasing the potential for risk (Sears
et al., 2001; Wolt et al., 2003).
Assessment of the impact of Bt crops on non-target Lepidopterans
such as the monarch butterﬂy is just one example of an ecological risk
assessment. However, it does illustrate the importance of following the
iterative process of risk assessment to be able to make informed decisions regarding safety (Fig. 2). Many other examples of ecological risk
assessment of Bt crops have been successfully conducted by following a
similar framework, including those with focus on concerns such as
impact on aquatic organisms (Wolt and Peterson, 2010) and impact on
other non-target species (Shu et al., 2018).

5.2. Reduced fungal infection and mycotoxin
An additional beneﬁt of Bt crops is reduced fungal infection.
Damage caused by organisms feeding on plants, such as maize borers,
promotes growth of mycotoxin-producing fungi in damaged plants
(Betz et al., 2000). Two of the most signiﬁcant sources of hazardous
fungal mycotoxins are fumonisin-producing Fusarium verticilloides and
F. proliferatum and aﬂatoxin-producing Aspergillus ﬂavus and A. parasiticus (Bakan et al., 2002; Barrett, 2005). Chronic aﬂatoxin exposure
has been linked to development of liver cancer, and acute exposure to
high doses, while rare, can result in fatal liver damage (Barrett, 2005).
Aﬂatoxin contamination can be problematic in certain parts of Africa,
as illustrated by the 2004 outbreak in Kenya where contaminated maize
caused 317 cases of acute aﬂatoxin-related illness, including 125 deaths
(Barrett, 2005; Lewis et al., 2005). In addition, fumonisins have been
associated with increased rates of esophageal and liver cancer (Braun
and Wink, 2018). The use of Bt traits to control pests that contribute to
the spread of fungal pathogens has been shown to reduce levels of
mycotoxins from both aﬂatoxins and fumonisins in multiple studies,
both in controlled environments and in ﬁeld trials (Bakan et al., 2002;
Hammond et al., 2004; Munkvold et al., 1999). While Bt varieties of
maize will not completely eliminate mycotoxins and fumonisins, it is an
eﬀective way to reduce their impact, especially in developing countries
(Randall, 2016).

5. Potential opportunities resulting from adoption of Bt crops
After nearly two decades of commercialization, GM crop use is
continuing to rise globally (ISAAA, 2017). The upward trend suggests
that adopting one or more GM traits confers tangible beneﬁt to the
farmers to overcome higher seed cost (Carpenter, 2010). Numerous
studies have reported the results of converting to GM crop varieties
regarding yields, costs, and labor (Brookes and Barfoot, 2017; Smyth,
2017). Speciﬁcally, plant-incorporated protection using Cry protein
genes has been proven to be eﬀective at controlling damaging pest
populations, including many of those that threaten crops of economic
importance in developing countries such as maize and cotton (Mugo,
2011). However, adoption of GM crops would be delayed in countries
that do not have biosafety frameworks to enable commercialization of
GM crops to address eﬀects of climate change and population pressures
(FAO, 2015).

5.3. Increase in yield and decrease in agricultural inputs
Bt crops impact yield by decreasing the amount of produce lost due
to infestation, making gains from adoption of the technology variable,
and dependent upon pest pressure for a given season (Betz et al., 2000;
Gómez-Barbero et al., 2008). During early stages of adoption in the
United States, Bt maize resulted in an increase in yield between 0.27
and 0.75 t per hectare over comparable non-transgenic lines in
1998–1999 (Gianessi and Carpenter, 1999). In addition, multi-state
trials in the United States revealed that Bt maize is more eﬀective in
controlling H. zea than non-Bt maize sprayed with insecticides (Shelton
et al., 2013). An analysis on the global economic impact of GM technology from 1996 to 2015 showed a beneﬁt of $167.8 billion to farm
income, with 49% and 51% of farmers in developed and developing
countries, respectively, sharing these economic beneﬁts. These beneﬁts
are gained from about 72% in yield and production gains and 28% from
cost savings (Brookes and Barfoot, 2017). Cumulatively, the increased
yields and decreased costs of pesticides result in proﬁts that exceed the
increased seed cost (Betz et al., 2000; Klumper and Qaim, 2014). In a
comprehensive literature-based analysis of the adoption of GM crops
relative to their traditionally-bred counterparts, Klümper and Qaim
observed an average decrease of 37% in pesticide use and a 39% reduction in pesticide costs for farmers (Klumper and Qaim, 2014). Similarly, Betz and coworkers reported comparable reductions across
multiple regions, including the United States, Australia, and China (Betz
et al., 2000).

5.1. Plant protection against insect pests
Bt maize varieties provide protection against Lepidopteran and
Coleopteran insect pests (Mugo et al., 2011; Siebert et al., 2012), including FAW (Box 1). This is important for regions such as Africa
(Fig. 1) where locally adapted maize varieties lack resistance to the
FAW and where Bt maize is only commercially available in South Africa
(Prasanna et al., 2018; Box 1). As previously stated, death of targeted
insect pests is not only highly eﬀective, but also rapid, resulting in little
to no observable damage to Bt maize plants. Additionally, due to the
speciﬁcity of the mode of action of Cry proteins, beneﬁcial non-target
arthropods are preserved and can aid in control of other crop pests,
such as aphids (Betz et al., 2000).
While the use of Bt maize will provide additional pest management
options for farmers, there is a need for education on the development of
insect resistance to Bt maize. Development of insect resistance to Bt
maize is a reality if measures are not taken to fully implement insect
resistance management strategies (Box 1). Using insect resistance
management methods, such as planting a non-Bt maize refuge, will
promote longevity of the Bt maize technology. In locations where FAW
resistance to Cry proteins has already developed, insecticides are being
used in combination with Bt maize to assist with the control (Burtet
et al., 2017). In places where GM crops have not been widely used,
however, the eﬀectiveness of Bt maize against FAW can be important

5.4. Opportunities for developing countries
Bt crops have the potential to add to the income of smallholder farm
households, thus reducing poverty and improving food security in the
small farm sector. The most pronounced yield and farmer proﬁt gains
would be expected in developing countries over developed countries
(Klumper and Qaim, 2014). In India, use of Bt cotton increased farmers’
proﬁt by 50% and reduced food insecurity by 15–20% (Kathage and
88
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Box 1
Impact of FAW across Africa.
Fall armyworm (FAW) can decimate a maize crop and has now been reported in all Sub-Saharan Africa except for Djibouti, Eritrea and Lesotho
(Fig. 1) (FAO, 2018). Research conducted on the FAW in Brazil has shown the ability of the insect to evolve resistance to Bt in as few as three
years (Fatoretto et al., 2017). FAW resistance can be attributed to many factors including the biology and genetics of FAW, environmental
conditions, crop production management practices and lack of insect resistance management.
Given the current distribution of FAW in Africa and the documented speed of insect resistance evolution in Brazil, what can be done to
reduce the impact of FAW on maize crops in Africa?
Two main strategies could expand management options for farmers in Africa:

• Adoption of GM Bt maize hybrids throughout Sub-Saharan Africa (ISAAA, 2018)
• Education and training on proper insect resistance management following approval of GM maize crops; especially training on proper implementation of refuge (Fatoretto et al., 2017; FAO, 2018).

The reality of a refuge means that FAW will destroy the maize in this portion of the ﬁeld, equaling little or no harvestable yield. Education
and training for farmers will be important especially when it comes to using refuge as part of a long-term insect resistance management plan.
However, implementing and monitoring non-Bt refuges will likely be a challenge in the smallholder farm context as seen in India and China
(Tabashnik et al., 2013). Mixing non-Bt seeds into Bt seed bags (“refuge in a bag”) may be a more suitable option, at least when seeds are
purchased in the formal seed market. Adoption of Bt maize hybrids requires change in policy. Research, data and education are important
components to policy change. Currently, 13 countries in Africa are engaged in research and testing of GM crops (ISAAA, 2017).

to utilize non-GM crop technologies pesticide use may increase to
protect crop losses. However, GM crops cannot necessarily prevent
periodic outbreaks of new pests and diseases, which is therefore a risk
not exclusive to non-GM crop scenarios. Nonetheless, increased use of
pesticides and pest outbreaks will be more concerning as the population
in regions such as Africa increases in the coming decades (UN DESA,
2015), and if pest pressure increases (Fig. 1, Box 1). Since adoption of
Bt crops can reduce the use of pesticides (Qiao et al., 2017), there is a
need to establish proper biosafety frameworks in developing nations
that could beneﬁt from GM crop traits including but not limited to Bt
insect control traits.

Qaim, 2012; Qaim and Kouser, 2013). Similar gains from adoption of Bt
traits to control damaging new pests (Fig. 1) would be expected to result in yield protection, increased wages for those working in agriculture and potentially a more stable food supply for the entire region
(Prasanna et al., 2018).
Currently there are only two countries in Africa, South Africa and
Sudan, growing commercialized GM crops. Eleven additional countries
in Sub-Saharan Africa are engaged in GM research trials (ISAAA, 2017).
Given the increasing food demand and the threats of emerging insect
pests to crop production (Fig. 1), there is a need to expedite the approval and commercialization of GM crops, such as Bt maize, to beneﬁt
farmers and consumers (Box 1). There has been signiﬁcant scrutiny of
GM technology with no substantial evidence of risk to humans. Making
GM technology available provides farmers with another option to
protect crops from pests and increase crop yields.

7. Conclusions
The rapidly changing climate and expanding human population are
a threat to global food security. One of the solutions to increasing food
security is to enhance agricultural productivity. This requires cuttingedge technologies, including GM technologies, which can be utilized to
develop stress-tolerant and more nutritious crop varieties, and to protect natural resources and human health. The development of GM crops
has been subjected to careful examination and study. Even with approval of expert scientists and medical personnel, the application of GM
technology has moved forward carefully and conservatively concerning
potential unintended consequences. As a result, various food and health
products that improve quality of life have been created. Speciﬁcally,
agriculture has seen unprecedented gains worldwide from GM technologies concerning insect resistance. While each new GM product is
evaluated on a case-by-case basis, approved commercial products, such
as those containing Bt genes, have been subjected to rigorous scientiﬁc
scrutiny through a risk assessment process that relies upon expertise
from a variety of diﬀerent ﬁelds. Risks associated with GM crops have

6. Challenges and beneﬁts of alternative approaches to GM crops
Continued utilization of traditionally-bred crops is the expected
alternative to the adoption of GM varieties. However, this decision is
not without challenge – speciﬁcally surrounding the Bt insect control
example being discussed (Table 2). Although there are some beneﬁts of
continuing to plant traditionally bred crops, such as lower seed cost or
no export restrictions, the risks outweigh the beneﬁts. In fact, some of
these beneﬁts may become negligible once performance of the non-GM
seeds is considered. For example, reducing seed cost by turning to
traditionally bred crops might result in yield losses due to lack of resistance against insects. Additionally, in the case of traditionally-bred
crops having no export restrictions, the entire harvested lot can be rejected if fungal contamination is detected.
If farmers in developing countries, for example in Africa, continue

Table 2
Comparison of advantages and disadvantages of GM vs. traditionally-bred crops with regards to insect resistance (Betz et al., 2000; Falck-Zepeda et al., 2013).
Beneﬁt
Traditionally-bred varieties

GM varieties

Risk

cost of seed
• Lower
the current biosafety frameworks
• Fit
restriction of export of product
• No
insect protection
• Plant-incorporated
pesticide costs and labor
• Decreased
risk of fungal infection
• Lower
• Increased yields

to yield loss due to lack of eﬀective resistance against insects
• Susceptible
damage results in fungal infection
• Insect
lots risk being rejected due to fungal contamination
• Seed
seed cost
• Increased
established biosafety framework
• Requires
status may limit export opportunities
• GM
• Rejection due to negative public perception
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proven to be low to non-existent. The opportunities for developing
countries, where large proportions of the land area and population are
dedicated to farming, to improve agricultural output by adopting GM
technologies is signiﬁcant. GM traits, including but not limited to plantincorporated Bt protection, should be considered as a tool for improving crop yields, food safety, and income for food-insecure farmers.
However, adoption of GM technologies will not succeed if imposed
on farmers. There must be public discourse regarding the science and
risk procedures guiding development of GM crops. Biosafety regulatory
systems and extension education networks are needed to ensure the
information about risks and beneﬁts of GM technologies is widely
shared. The production of GM crops alone will not solve the challenges
of increasing populations and the changing climate, but when combined with other production practices this technology is an important
tool to help address these global concerns. Risk assessment can prove to
be an important component of the GM technology evaluation process
and a way to communicate to the public any associated hazards or
disadvantages of GM technology.
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