Busseola fusca and Chilo partellus
survival on Bt and stacked-gene maize
varieties

J Rudman
22179305

Dissertation submitted in fulfilment of the requirements for the
degree Magister Scientiae in Environmental Sciences at the
Potchefstroom Campus of the North-West University

Supervisor: Prof J van den Berg
Co-supervisor: Dr A Erasmus
Assistant Supervisor: Prof MJ du Plessis

May 2016

®

NORTH-WEST UNIVERSITY
l U YUNIBESITI YA BOKONE-BOPHIRIMA

NOORDWES-UNIVERSITEIT

It all starts here ™



ACKNOWLEDGEMENTS

I would like to thank the Lord for granting me the opportunity and capability to proceed
successfully in this study. Without His grace, mercy and protection it wouldn’t have been

possible.

My thanks and sincere gratitude to my supervisors and mentors Prof Johnnie van den Berg
and Dr Annemie Erasmus for the continuous support, patience, motivation, insightful
comments and advice during my master’s study. Your guidance throughout the time of my
research, writing of this thesis together with your knowledge is greatly valued. Sincere thanks

to Dr Rialet Pieters for the help and guidance.

This work formed part of the Environmental Biosafety Cooperation Project between South
Africa and Norway, coordinated by the South African National Biodiversity Institute. Financial

support was provided by Gen@k-Centre of Biosafety, Norway, Norad.

There are several other people without whom this thesis would not be possible. | would like to
thank Hendrik van Leeuwen, Jaco Erasmus, Lizann Malan, Mabel Du Toit, Elrine Strydom and
Reynardt Erasmus who have spent hours in the lab and late nights in the field. Your precious
help and support contributed towards the successful completion of this work.

I would like to extend my hearty thanks to my parents, sister, brother, Alan Wright and Hendrik
van Leeuwen for their moral support, infinite patience and encouragement throughout the

research and writing this thesis. | am deeply indebted to my beloved family.



ABSTRACT

Genetically modified Bt maize expressing Cry proteins are used to control lepidopteran pests
of maize. Damage caused by these stemborer species Busseola fusca (Lepidoptera:
Noctuidae) and Chilo partellus (Lepidoptera: Crambidae) may result in economically important
yield losses. Effective control of insect pests on maize is therefore of utmost importance.
However, B. fusca has been reported to be resistant to Bt maize in South Africa. The main
reason for resistance evolution was thought to be poor compliance to the high dose/refuge
strategy requirements, but later studies showed that other factors could also have played a
role. Therefore the possible effect of stacking of insecticidal (Bt) and glyphosate resistance
(GR) traits as well as application of glyphosate to plants of stacked events (Bt/GR) on the
efficacy of Bt needed to be investigated. The aim of the study was to determine if the
combination of Bt and GR traits as well as the application of glyphosate have an effect on the
efficacy of Bt maize against stem borers and whether the Bt expression levels in plants may
be effected when stacked with the GR trait or if glyphosate is applied. The survival and larval
development of two stem borer species were evaluated on single gene (Bt and GR) and
stacked gene (Bt/GR) maize cultivars. Laboratory bioassays were conducted over three
consecutive seasons and in greenhouse trials (2014/15). These six treatments were: 1) non-
Bt control, 2) Bt-maize, 3) GR maize, 4)Bt/GR stacked maize, 5) GR maize sprayed with
glyphosate and 6) Bt/GR stacked maize sprayed with glyphosate. All Bt gene varieties
expressing the same Bt gene (MONB810) were used. Plants were inoculated either with B.
fusca or C. partellus in a greenhouse trial whereas plant tissue was used in the laboratory
trials. Although not significantly different, larval survival recorded from plant tissue of the GR
treatment and GR maize onto which glyphosate was applied tended to be the highest in six
out of the seven trials for B. fusca and five out of seven for C. partellus. Results indicated that
the GR trait together with the application of glyphosate does not have an adverse effect on
larval development, and that it may have a positive effect on larval survival and growth. Larval
development as the only effect indicators of stacked traits and glyphosate application on Bt
expression levels cannot be used solely to make a final conclusion. Results from ELISA’s that
were conducted using leaf tissue of plants of all treatments showed large variation in the Bt
expression levels in these plants. Indications were however that glyphosate application or the
presence of the GR trait in a stacked event with Bt trait, did not affect Cry protein expression

in plants.
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Chapter 1 - Introduction and literature review

1.1 What is genetically modified (GM) crops?

Crops were originally genetically modified to produce insecticidal Cry proteins, which are also
produced by the soil bacterium, Bacillus thuringiensis (Bt). GM crops are also modified to
tolerate application of the broad spectrum herbicide, glyphosate, without damaging the crop.
Genetic modification of crops enables farmers to minimise the reliance on a diversity of
herbicides and also to simplify pest management (Tabashnik, 2010). Genetic modification of
crops provides farmers with increased productivity at farm level despite the fact that farmers
need to pay more for seed. This improvement results from a combination of cost reduction,
time saving and improved pest management benefits which also limit the adverse
environmental and health impacts associated with application of pesticides (Dent, 2000;
Gouse, 2005; Duke and Powles, 2009; Brookes et al., 2010).

Through planting genetically modified (GM) Bt crops, farmers move towards advanced levels
of integrated pest management (IPM), thereby limiting negative effects on the environment
and non-target species (Cerdeira and Duke, 2006; Brookes and Barfoot, 2008). Prior to the
introduction of GM crops farmers largely depended on cultural control and conventional

chemical control methods in order to control major pests (Hyde et al., 2000).

Currently both maize and cotton have either stand-alone or a combination of glyphosate
resistant (GR) or insect resistant traits in a single cultivar (Duke and Powles, 2009). In existing
literature, such combinations are referred to “stacked” or “pyramided” traits or events
(Taverniers et al., 2008). Stacking of multiple traits provides farmers the benefit of multiple

pest and weed control practices all at once (Dill et al., 2008).

The four major GM crops planted worldwide is soybean, cotton, maize and canola which was
planted on a total area of 368 million hectares, of which 49% was genetically modified. The
adoption of GM crops has increased since 1996 from 1.7 million hectares to over 181 million
hectares in 2014 (Fig. 1.1). Currently, South Africa is ranked ninth out of 27 countries, based
on surface area planted to GM crops, reaching 2.7 million hectares in 2014 (James, 2014).
GM crops with stacked traits were planted on 43.7 million hectares in 20 countries in 2012
whereas in 2013, 47 million hectares of stacked gene crop varieties were planted. Stacked
traits occupied 28% of the 181 million hectares of biotech crops planted in 2014, which shows

a steady and growing trend expect to continue in the future (James, 2014).
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Figure 1.1 The total area of GM maize planted globally since 1996 (James, 2014).

1.2 Glyphosate resistant crops
1.2.1 The use of glyphosate resistant (GR) crops globally and in South Africa

Weeds affect crop yields when competing for water, sunlight, space and nutrients. The critical
period for weed control in crops is crucial in order to protect the crop yield. This critical period
of weed control depends on several factors such as the weed species present, weed densities,
the specific crop, weed emergence in relation to crop emergence, environmental conditions

and production practices used (Hall et al., 1992).

Weeds have traditionally been a significant problem in soybean, canola and maize production
systems. Farmers successfully controlled weeds in the past based on repeated applications
of broad-spectrum herbicide mixtures. Glyphosate resistant crops have changed weed

management practices over the past few decades (Foresman and Glasgow, 2008).

1.2.2 What is Glyphosate?

Glyphosate is the active ingredient in the commonly used herbicide Roundup®. Glyphosate is
a foliar-applied, broad spectrum systemic herbicide used to control annual, perennial and
biennial herbaceous grass, sedge and broadleaf weeds in cropping systems and is labelled

that it can control over 300 weed species (Green and Owen, 2011; Kannan & Chinnagouder,
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2013). This is a popular non-selective herbicide that is translocated to both above- and below-
ground meristems of plants (Duke, 2005; Funke et al., 2006). It is a post-emergence herbicide,
as it has no residual activity in the soil. Before GR crops were commercialized, glyphosate
was generally used in non-crop situations (Duke et al., 2003b). Since GR crops were

developed farmers started to apply glyphosate in a whole new way (Shah et al., 1990).

Currently, GR maize provides farmers with an effective, economical, safe and easier weed
control strategy which delivers a “higher yield” to farmers (Brookes et al., 2010). Glyphosate
resistant crops also require less tillage in cropping systems and it does not restrict crop rotation
programs (Foresman and Glasgow 2008; Gustafson, 2008).

The adoption of GR crops contributes to the practice of conservation agriculture (CA).
However, resistance development is a threat when glyphosate alone is applied over wide
areas on highly viable and prolific weeds (Duke and Powles, 2009; Green and Owen, 2011).
The continuous development of GR weeds also holds a threat to the sustainable use of
glyphosate (Heap, 2010). Furthermore, the presence of GR weeds increases the cost of weed
management and thereby reduces the benefits that glyphosate-based weed management

systems deliver (Green and Owen, 2011).

1.2.3 Commercialization of Glyphosate resistant crops

Glyphosate-resistant soybean and canola was commercialized during 1996, 22 years after the
development of glyphosate (Monsanto, 2005; Owen and Zelaya, 2005). Since then the pattern
of glyphosate use has changed dramatically. Herbicide resistance became a reality where the

selection of herbicides is most persistent (Duke and Powles, 2009).

The adoption rate of genetically modified (GM) crops has shown a gradual increase worldwide
over the past few years since its first release (James, 2013a; 2013b). A total area of 2.9 million
hectares of GM crops was planted in South Africa in 2013. A total of 2.36 million hectares of
genetically modified maize plantings was reached in 2013, of which 18.2% contained the GR
gene. Of the total soybean plantings, 478 000 hectares (92%) were GR. Cotton production
decreased over the past few years to 8 000 hectares planted in 2013. All of the total cotton
production was genetically modified, with only 5% of these serving as the refuge and therefore
having only the GR trait (Fig. 1.3) (James, 2013a; 2013b).



1.2.4 The use of glyphosate in general

The usage of glyphosate have increased with the development of GR crops and led to the
misuse of glyphosate since then. The reasons for this can ascribed to farmers who now only
rely on glyphosate, whereas in the past, farmers used different herbicides with different modes
of action (James, 2013a). Shortly after the introduction of GR crops, stacked events also
became a reality. Stacked event crops now occupy 27% out of the 175 million hectares of GM
crops that were planted during 2013 (James, 2013a). This resulted in an increase in the usage
of glyphosate over the years since then. The reason for this could be due to the fact that
glyphosate is a broad spectrum herbicide, it is cheap, easy and safe to use and, most
importantly, glyphosate is easily accessible.

When glyphosate is applied to plants, it is absorbed through the leaves and translocated to
the growing points of shoots and roots of plants. The shikimate pathway, enzyme 5-
enolpyruvylshikimate 3-phosphate synthase (EPSPS), is important for the survival of plants.
Glyphosate inhibits the enzyme EPSPS which is critical in the shikimate acid pathway
responsible for biosynthesis of aromatic amino acids in plants. Crops that are genetically
modified to withstand glyphosate application, carries a glyphosate-insensitive form of the gene
coding of this enzyme, derived from the Agrobacterium sp. strain CP4. Structural similarities
to phosphoenol pyruvate enable glyphosate to bind to the substrate binding site of the EPSPS.
Glyphosate then inhibits/interfere with the enzyme production of certain amino acids that are
essential for plant growth, and blocks the import thereof into the chloroplast. As a result, the
growth and the development of the plant are stunted, and it dies off. Herbicide tolerant maize
produces an enzyme that have the same functions as EPSPS synthase, but it is not inhibited
by glyphosate (Yamada et al., 2009; Zobiole et al., 2010a).

1.2.5 Effects of Glyphosate

Farmers have reported that some GR soybean varieties show injury such as “yellow flashing”
or yellowing of the upper leaves after glyphosate application (Zablotowicz and Reddy, 2007).
These symptoms also affect the nutritional status of the crop (Zobiole et al., 2010a). Other
studies showed that the application of glyphosate affects some photosynthetic parameters of
soybean. These parameters that can be affected may include net photosynthesis,
transpiration rate and stomatal conductance of GR in different maturity group cultivars (Zobiole
et al., 2010b). Traces of glyphosate can be found in plants from the time of application up to

physiological maturity of maize (Arregui et al., 2003; Duke et al., 2003a).



Reports also indicate that GR soybeans are sensitive to water stress after glyphosate
application (Zablotowicz and Reddy, 2007) and it was reported that soybean plants at a
younger stage (V4 growth stage) are more sensitive to glyphosate effects than older plants
(V7 growth stage) (Zobiole et al., 2010c). Studies done by Zobiole et al. (2010c) revealed that
decreases in the photosynthetic rates are directly linked to the effect of glyphosate on
chlorophyll content in the plant, which may relate to chlorosis symptoms observed in GR
soybean plants after glyphosate application.

Glyphosate application may have the following effects on GR soybeans:

e Glyphosate reduces the availability of nutrients to the plant (Zobiole et al., 2010b).

e Direct damage to chlorophyll which may in turn result in lower chlorophyll content
(Reddy et al., 2000).

¢ Immobilization of the nutrients which is compulsory for chlorophyll production and
function (Mg and Mn) (Taiz and Zeiger, 1998).

¢ AMPA, which is the main metabolite of glyphosate, may also contribute to chlorosis
(Reddy et al., 2000; Duke et al., 2003b).

¢ Glyphosate or its metabolites may have long-term physiological impacts on soybean
plants (Zobiole et al., 2010b).

1.3 Introduction to Bt maize
1.3.1 Background information on Bt insecticides and Bt maize

Bt maize is genetically engineered to produce an insecticidal protein (Cry1Ab) that is derived
from the entomopathogenic bacterium, Bacillus thuringiensis (Bt). The Bt gene encodes for
endotoxins selectively lethal to economically important stem borer species, Busseola fusca
(Fuller) (Lepidoptera: Noctuidae), Chilo partellus (Swinhoe) (Lepidoptera: Crambidae) (Van
Rensburg, 1999; Gray, 2010) and Sesamia calamistis (Hampson) (Lepidoptera: Noctuidae)
(Van Wyk et al., 2009). These Cry proteins are introduced into several commercially grown
crops, including maize, to protect it against pests such as the African stem borer, B. fusca. Bt
Cry proteins cause perforations in the mid-gut of target insects, through which infections are

caused, resulting in larval death (Gray, 2010).

Although first-generation Bt crops produced only a single Bt toxin, some second-generation
Bt crops produce two distinct Bt toxins that are active against the same pest (Tabashnik et al.,
2009).



Busseola fusca and C. partellus are two of the most important insect pests of maize and grain
sorghum in South Africa and provides one of the most important insecticide markets
considering all field crops in the country. These species may occur in single or mixed
populations (Van den Berg et al., 1991) in the same crop. The maize stem borer causes an
average annual yield loss of 10 % in commercial farming systems which can contribute to an
annual yield loss of R 2.6 billion if the 13 million tonnes of 2014 is taken into account (James,
2014). Yield losses due to stem borers are common and the level of loss depends on the agro-
ecological zone, pest population density and crop age at infestation stage. Control measures
are costly and epidemics pose a constant threat to food security (Kfir et al., 2002).

Insecticide applications can be used to control these pests, but it is crucial for the application
to be timed correctly in order for it to be effective. A problem with chemical control arises when
older larvae enter stalks where they are difficult to reach with contact insecticides (Slabbert
and Van den Berg, 2009).

Bt maize served to alleviate problems regarding insecticide applications to a large extent.
However, during the 2004/05 season Bt hybrids were severely damaged in some irrigation as
well as dry land areas in South Africa. Shortly thereafter the first field resistance was reported
in 2006 (Van Rensburg, 2007; Kruger et al., 2009).

Successful deployment of Bt technology has led to reduction in insecticide application and an
effective control practice for stem borers (Hellmich and Hellmich, 2012). Bt maize is currently

planted on more than 80% of the maize production area of South Africa (James, 2013b).

In 1996, Bt maize containing the Cryl transgene was introduced in commercial farming in the
USA. Bt maize was initially commercialized to control Ostrinia nubilalis (HUbner) (Lepidoptera:
Crambidae) (Ostilie et al., 1997) and Diatraea grandiosella (Dyer) (Lepidoptera: Crambidae)
in North America (Archer et al., 2001). Subsequently Bt maize was introduced in South Africa,
during 1998 growing season, to control B. fusca and C. partellus (Van Rensburg, 1998).

1.3.2 Advantages of Bt maize

Bt maize provides farmers with various benefits but farmers can only benefit from planting Bt
maize if target pests are present in high infestation levels (Van den Berg et al., 2013). Bt maize
provides farmers with reduced input costs, season-long protection irrespective of weather
conditions, effective control of stem borers which may be difficult to reach with insecticide

sprays (Kruger et al., 2009).



1.3.3 The development of resistance against Bt maize

Before the commercialization of Bt crops, there has been concerns with regard to the
development of resistance to the insecticidal protein (Gould, 1998; Tabashnik et al., 2003;
Zhao et al., 2003). Although measures have been set in place to counter and delay resistance
development, Van Rensburg (2007) reported that B. fusca has attained some levels of
resistance to Bt maize in South Africa. Resistance can be seen as a development of a strain
of the pest capable of surviving a dose lethal to a majority of individuals in a normal population
(Van den Berg et al., 2013). Resistance can also be defined as reduced susceptibility of a
population to a toxin caused by field exposure (Tabashnik, 1994). Resistant populations of B.
fusca are now widespread within the maize production region based on surveys and studies
done by Kruger et al. (2012). Van den Berg et al. (2013) indicated that there are no
management strategies in place to limit the spread and further development of resistant
populations. During 2011, another Bt event, MON89034, was commercially released in South
Africa, to control MON810-resistant larvae of B. fusca. The MONB810 Bt event expresses one
Cry protein (CrylAb), while MON89034 expresses two different Cry proteins (Cry1A.105 and
Cry2Ab). Up until now, event MON89034 controls B. fusca effectively (Van den Berg et al.,
2013). Bacillus thuringiensis was used as an insecticidal spray without substantial resistance

developing in field populations until 1994 (Tabashnik, 1994).

1.3.4 Insect resistance management (IRM)

Evolution of resistance by pests threatens the continued efficacy of GM crops (Tabashnik et
al., 2009). The high-dose/refuge strategy was set in place in order to delay resistance
development in insects. The main aim is to produce a high proportion of susceptible moths
compared to resistant moths (Gould, 1998; Tabashnik, 2010).

This strategy is aimed at killing individuals with incomplete dominant resistance or
heterozygous resistance (Gould, 2000; Bourguet et al., 2005; Tiwari and Young, 2011). This
strategy entails two components: Bt maize that expresses a high dose of the Bt Cry protein
and planting a refuge of non-Bt maize near the Bt maize. The high dose refers to a high dose
of the Cry protein expressed by the plant, lethal to all susceptible and heterozygous individuals
(Gould, 2000; Tabashnik, 2010; Tiwari and Youngman, 2011). The purpose of the high dose
strategy is to Kill all susceptible homozygous individuals, including heterozygous genotypes
that carry one resistant allele (Gould, 1998). If the high dose of Bt toxin does not eradicate all

larvae with one resistant allele, the larvae may survive to adulthood, after which moths d mate



with other resistant moths, and the offspring from these mating’s would be resistant to Bt maize
(Gould, 1998; 2000).

Poor refuge compliance by farmers is one of the major reasons that contributed to the
selection pressure for resistance development to Bt crops (Kruger et al., 2009). If refuge
requirements are not adhered to, the risk of resistance development of target species may be
elevated. Sub-lethal dosage expression levels of the Cry protein in maize plants could also
play a role together with farmers that do not scout and monitor their fields for pests as they
assumed the technology controlled the pests effectively (Kruger et al., 2009). Resistance could
also be a result of continuous exposure of larvae of the second seasonal moth flight to sub-
lethal dosages of the Cry-toxin at late growth stages of maize plants. (Van Rensburg, 2007).

Resistance development could possibly also have resulted from general late planting dates,
following high stem borer infestations and variance in time of planting, thus providing
continuous supply of moths (Kruger et al., 2009). An insect is able to develop resistance based
on ecological, biochemical and genetic principles if the insect population has a high
development rate of the immature stages and a quick succession of generations, while being
exposed to a sub-lethal dose of a toxin. Studies done by Van Rensburg (2007) showed that
moths may give preference to irrigated maize, which could also have contributed to the
development of resistance to the Bt-toxin. Previous studies confirmed that the CrylAb
expression levels in the plants differ between young and older maize plants and environmental

conditions do influence Bt expression levels in transgenic maize (Dutton et al., 2009).

The principle of the refuge strategy is based on the theory of population genetics. The purpose
is to promote random mating, thus providing a source of stem borers, not exposed to Bt maize
or Bt insecticides that could mate with potentially resistant moths emerging from nearby Bt
maize and thereby reducing the number of resistant alleles and prolonging the susceptibility
of the pest population (Gould, 1998; 2000; Tiwari and Youngman, 2010).

There are a few concerns with regard to the high dose refuge strategy that may limit its
success. One factor that may interfere with random mating between susceptible and resistant
populations is asynchrony in moth emergence. It is necessary for the development period of
the resistant and susceptible individuals to overlap, to ensure mating between these different

populations.



1.3.5 Factors that may influence the expression of Cry- toxin (Cry1lAb) in maize

The efficacy of insecticidal proteins in crops may be associated and/or influenced by numerous
factors and environmental conditions. One of the main reasons for the “failure” or reduced
efficacy of Bt cotton against target insect-pests may be ascribed variation in Cry-toxin levels
in the crop (Benedict et al., 1996).

Observations have shown that the Cry-toxin levels in cotton decreased significantly under
extreme temperature (Chen et al., 2005), deficient nitrogen (Coviella et al., 2002) and NaCl
stress (Jiang et al., 2006). All of these issues are associated with the failure of the insect-
resistant efficacy (Zhen et al., 2008; Shen et al., 2010). The efficacy of Bt cotton shows a
discrepancy under environmental stresses with plant structure or age (Dong and Li, 2007).
Studies done by Bruns and Abel (2003) indicated that the Cry toxin in maize is positively
affected by the increase in N-fertility during reproductive growth stages. Several other studies
showed that the Bt-concentration may vary over the growing season and within the different
parts of the plant (Dutton et al., 2009).

1.4 Genetically modified maize in South Africa
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The adoption of GM maize in South Africa over the last decade is provided in Figure 2.2 South
Africa was the first country in Africa to approve and produce GM crops in 1997 (James, 2013b;
2014). Bt maize was commercialized in South Africa during the 1998 growing season and
Glyphosate resistant (GR) maize in 2005. Six years ago Bt maize stacked with GR traits was
commercialized. Of the total maize area that was planted in 2014, 86.9% was GM maize (Fig.
2.3), with 25% the single Bt gene, 18.2% GR maize and 46.9% Bt stacked with GR genes.
Since 2009 the stacked maize event increased gradually each year, but in 2013 it increased
drastically from 28% to over 43% (James, 2014).
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Figure 2.3 The total area (projected) of crops planted during 2014 (y-axis) and the total
percentage of GM-cultivars, of the total plantings, in South Africa during 2014 (z-axis) (James,
2014).

Thus questions arise with the adoption of the stacked event, whether the application of
glyphosate influences the expression levels of the Cry toxin in the stacked event. Could this

have contributed to the reported increased resistance development in B. fusca?

The misuse of glyphosate could have possibly contributed to resistance development in
weeds, which could in turn have affected the expression of the Cry toxin when stacked in

maize.
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Table 1.1 Commercialization of GM crops over the years (James, 2014).

Crop Resistance trait First sales
Cotton Glyphosate resistance 1997
Bacillus thuringiensis 1997

Bacillus thuringiensis and Glyphosate resistance 2007
Maize Glyphosate resistance 2005

Bacillus thuringiensis 1998

Bacillus thuringiensis and Glyphosate resistance 2007

Soybean Glyphosate resistance 1996

1.5 The importance of this study

Reports from literature above verified that the Bt concentration in crops may be influenced
positively or adversely by several factors. Studies also showed that GR crops may be affected
by glyphosate applications. The unanswered question therefore still remains, if there is an
indirect effect on larval development with the application of glyphosate on stacked events?

To ensure the success of the insect resistance management strategies used for Bt maize, the
expression levels of the Cry-toxin (CrylAb) in the stacked events containing both Bt and
herbicide tolerant (GR) traits needed to be assessed. This will determine whether the efficacy
of the Bt expression levels in the stacked event will be influenced with glyphosate spray
applications. Although soybeans are genetically engineered to tolerate glyphosate application,
Zobiole et al. (2010a) have shown that transgenic soybeans are still affected by the application
of glyphosate. As mentioned above, glyphosate affects the availability of nutrients and
chlorophyll content in the plant, therefore glyphosate may have physiological impacts in

soybean plants.

Bt expression levels in plants are influenced by abiotic factors and the expression levels may
decrease with the maturity of the plant (Coviella et al., 2002; Chen et al., 2005; Jiang et al.,
Dutton et al., 2009).

Therefore the question remains if the application of glyphosate has an effect on the efficacy
of the stack event to control stem borers and if this could have contributed to the development

of resistance to the Cry toxin.
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1.6 Aims and objectives of study

The main reason for resistance evolution was thought to be poor compliance to the high
dose/refuge IRM strategy. Later studies, however, indicated that other factors could also have
played a role (Kruger et al., 2009; Kruger et al., 2011; Van den Berg et al., 2013). The possible
effect that stacking of insecticidal and herbicide tolerant traits could have on stem borer
resistance evolution has, however, never been investigated. No information exits on the effect
of herbicide application on efficacy of Cry protein expression and subsequent stem borer larval
mortalities on Bt maize when treated with glyphosate. This study will contribute to the

understanding of the mechanisms that drive resistance evolution to Bt maize.

The aim of the study was to determine if the combination of Bt and GR resistant traits, as well
as the application of glyphosate have an effect on the efficacy of Bt maize against stem borers.

The specific objectives were to determine if:

e stem borer larval development and survival on single-gene and stacked maize hybrids
over time.

o if Bt protein expression levels in Bt and Bt/GR stacked maize plants are similar.

e if glyphosate application has an effect on the Bt protein concentration in maize plants

with stacked traits.

The chapter division is as follows:

o Chapter 2 - Larval development of Busseola fusca (Lepidoptera: Noctuidae) and Chilo
partellus (Lepidoptera: Crambidae) on Bt- and Bt/GR maize cultivars.

e Chapter 3 - Determining the effect of Bt/GR stacking and glyphosate application on the
expression levels of Bt Cry toxin in maize leaves.

o Chapter 4 - Conclusions.

1.7 References

Archer, T.L., Patrick, C., Schuster, G., Chronholm, G., Bynum, E.D. and Morrison, W.P. 2001.
Ear and shank damage by corn borers and corn ear worms to four events of Bacillus

thuringiensis transgenic maize. Crop Protection 20: 139 - 144,

12



Arregui, M.C., Lenarddn, A., Sanchez, D., Maitr, M.l., Scotts, R. and Enrique, S. 2003.
Monitoring glyphosate residues in transgenic glyphosate-resistant soybean. Pest
Management Science 602: 163 - 166.

Benedict, J.H., Sachs, E.S., Altman, D.W., Deaton, W.R., Kohel, R.J. and Berberihch, S.A.
1996. Field performance of cottons expressing transgenic CrylA insecticidal proteins for
resistance to Heliothis virescens and Helicoverpa zea (Lepidoptera: Noctuidae). Journal of
Economic Entomology 89: 230 - 203.

Bourguet, D., Desquilbet, M. and Lemaré, S. 2005. Regulating insect resistance management:
the case of non-Bt corn refuges in the U.S. Journal of Environmental Management 76:; 210 -
220.

Brookes, G., Yu, T.H.E., Tokgoz, S. and Elobeid, A. 2010. The production and price impact of
biotech corn, canola and soybean crops. Journal of Agrobiotechnology Management and
Economics 13: 25 - 52.

Brookes, G. and Barfoot, P. 2008. Global impact of biotech crops: socio-economic and

environmental effect in the first ten years of commercial use. AgBioForum 11: 21 - 38.

Bruns, H.A. and Abel, C.A. 2003. Nitrogen fertility effects on Bt d-endotoxin and nitrogen
concentrations of maize during early growth. Agronomy Journal 95: 207 - 211.

Cerdeira, A.L. and Duke, S.0O. 2006. The current status and environmental impacts of
glyphosate-resistant crops: a review. Journal of Applied Environmental Quality 35: 1633 -
1658.

Chen, D.H.,Ye, G.Y., Yang, C.Q., Chen, Y. and Wu, Y.K. 2005. The effect of high temperature
on the insecticidal properties of the cotton. Environmental and Experimental Botany 53: 333
- 342.

Coviella, C. E., Stipanovic, R. D. and Trumble, J.T. 2002. Plant allocation to defensive
compounds: interactions between elevated CO2 and nitrogen in transgenic cotton plants.

Journal of Experimental Botany 53: 323 - 331.
Dent, D. 2000. Insect Pest Management. Cab International. New York, USA.

Dill, G.M., Ca Jacob, C.A. and Padgette, D.R. 2008. Glyphosate-resistant crops: adoption, use

and future considerations. Pest Management Science 64: 326 - 331.

13



Dong, H. Z. and Li, W.J. 2007. Variability of endotoxin expression in Bt transgenic cotton.
Journal of Agronomy and Crop Science 193: 21 - 29.

Duke, S.O. 2005. Taking stock of herbicide-resistant crops ten years after introduction. Pest
Management Science 61: 211 - 218.

Duke, S.0. and Powles, S.B. 2009. Glyphosate-resistant crops and weeds: now and in the
future. AgBioForum 12: 346 - 357.

Duke, S.O., Rimando, A.M., Pace, P.F., Reddy, K.N. and Smeda, R.J. 2003a. Isoflavone,
glyphosate and aminomethylphosphonic acid levels in seeds of glyphosate-treated,

glyphosate resistant soybean. Journal of Agricultural and Food Chemistry 51: 340 - 344a.

Duke, S.0., Baerson, S.R. and Rimando, A.M. 2003b. Herbicides: glyphosate. Encyclopaedia
of agrochemicals. http://mrw.interscience.wiley.com/eoa/articles/agrl19/frame.html, John
Wiley and Sons, New York, USA.

Dutton, A., D’Alessandro, M., Romeis, J. and Bigler, F. 2009. Assessing expression of Bt-toxin
(CrylAb) in transgenic maize under different environmental conditions. International
Organization for Biological and Integrated Control for Noxious Animals and Plants, West

Palearctic Regional Section 29: 49 - 55.

Foresman, C. and Glasgow, L. 2008. Grower perceptions and experiences with glyphosate-
resistance. Pest Management Science 64: 388 - 391.

Funke, T., Han, H., Healy- Fried, M. L., Fisher, M., and Schénbrunn, E. 2006. Molecular basis
for the herbicide resistance of Roundup Ready crops. Proceedings of the National Academy
of Sciences 103: 13010 - 13015.

Gould, F. 1998. Sustainability of transgenic insecticide: al cultivars: integrating pest genetics
and ecology. Annual Review of Entomology 43: 701 - 726.

Gould, F. 2000. Testing Bt refuge strategies in the field. Natural Biotech 18: 266 - 267.

Gouse, M. 2005. Aspects of biotechnology and genetically modified crops in South Africa.
Science. Technology and Globalization Project. Agricultural Biotechnology for Development —
Socioeconomic Issues and Institutional Challenges. Belfer Center STPP, Kennedy Scholl
Government.

http://besia.ksg.harvard.edu/BCSIA __content/documents/SouthAfricaGouse.pdf. Date
accessed: 11 June 2014.

14


http://mrw.interscience.wiley.com/eoa/articles/agr119/frame.html
http://bcsia.ksg.harvard.edu/BCSIA__content/documents/SouthAfricaGouse.pdf

Gouse, M., Pray,C.E., Kirsten, J. and Schimmelpfennig, D. 2005. A GM subsistence crop in
Africa: The case of Bt white maize in South Africa. International Journal of Biotechnology 7:
84 - 94,

Grain South Africa. 2014. Estimated statistics provided by Grain SA.

Gray, M.E. 2010. Relevance of traditional integrated pest management (IPM) strategies for
commercial corn producers in a transgenic agro-ecosystem: a bygone era? Journal of
Agricultural and Food Chemistry 59: 5852 - 5858.

Green, J.M. and Owen, M.D.K. 2011. Herbicide-resistant crops: Utilities and limitations for
herbicide-resistant weed management. Journal of Agricultural and Food Chemistry 59: 5819 -
5829.

Gustafson, D.l. 2008. Sustainable use of glyphosate in America cropping systems. Pest

Managements Science 64: 409 - 416.

Hall, M. R., Swanton, C.J. and Anderson, G.W. 1992. The critical period of weed control in
grain corn (Zea mays). Weed Science 40: 441 - 447.

Heap, |[|. 2010. The international survey of herbicide resistant weeds.

http://www.weedscience.com. Date accessed: 12 September 2014.

Hellmich, R.L. and Hellmich, K.A. 2012. Use and impact of Bt maize. Nature Education
Knowledge 3: 4.

Hyde, J., Martin, M.A., Preckel, P.V., Dobbins, C.L. and Edwards, C.R. 2000. The economics
of within-field Bt corn refuges. AgBioForum 3: 63 - 68.

James, C. 2013a. Global status of commercialized biotech/GM crops: 2013. ISAAA Brief No.
46. ISAAA: Ithaca, New York: International service for the Acquisition of Agri-biotech
applications. http://www.isaaa.org/resources/publications/briefs/46/. Date accessed: 15
September 2014.

James, C. 2013b. Global status of commercialized biotech/GM crops.
http://www.isaaa.org/resources/publications/biotech _country facts and_trends/download/pp
t/Facts%20and%20Trends%20PPT%2006%20South%20Africa.pdf. Date accessed: 15
September 2015.

James, C. 2014. Global status of commercialized biotech/GM crops: 2013. ISAAA Brief No.

46. ISAAA: Ithaca, New York: International service for the Acquisition of Agri-biotech

15


http://www.weedscience.com/
http://www.isaaa.org/resources/publications/briefs/46/
http://www.isaaa.org/resources/publications/biotech_country_facts_and_trends/download/ppt/Facts%20and%20Trends%20PPT%2006%20South%20Africa.pdf
http://www.isaaa.org/resources/publications/biotech_country_facts_and_trends/download/ppt/Facts%20and%20Trends%20PPT%2006%20South%20Africa.pdf

applications. http://www.isaaa.org/resources/publications/briefs/46/. Date accessed: 15
September 2014.

Jiang, L.J., Duan, L.S., Tian, X.L., Wang, B.M., Zhang, H.F. and Li, Z.H. 2006. NaCl salinity
stress decreased Bacillus thuringiensis (Bt) Protein content of transgenic Bt cotton
(Gossypium hirsutum L.) Seedlings. Environmental and experimental Botany 55: 315 - 320.

Kannan, S. and Chinnagouder, C. 2013. Effect of glyphosate on weed management and grain
yield in Kharif maize of transgenic stacked and conventional maize hybrids for higher

productivity. African Journal of Agricultural Research 9: 269 - 275.

Kfir, R., Overholt, W.A., Khan, Z.R. and Polaszek, A. 2002. Biology and management of
economically important lepidopteran cereal stem borers in Africa. Annual Review of
Entomology 46: 477 - 483.

Kruger, M., Van Rensburg, J.B.J. and Van den Berg, J. 2009. Perspective on the
development of stem borer resistance to Bt maize and refuge compliance at the Vaalharts

irrigation scheme in South Africa. Crop Protection 28: 684 - 689.

Kruger, M., Van Rensburg, J.B.J. and Van den Berg, J. 2011. Resistance to Bt maize in
Busseola fusca (Lepidoptera: Noctuidae) from Vaalharts, South Africa. Environmental
Entomology 40: 477 - 483.

Kruger, M., Van Rensburg, J.B.J. and Van den Berg, J. 2012. Transgenic Bt maize: farmers
perceptions, refuge compliance and reports of stem borer resistance in South Africa. Journal
of Applied Entomology 136: 38 - 50.

Monsanto. 2005. Monsanto backgrounder — History of Monsanto’s glyphosate herbicides.

http://www.monsanto.com/products/documents/glyphosate-background-

materials/back history.pdf. Date accessed: 22 June 2014.

Ostilie, K.R., Hutchinson, W.D. and Hellmich, R.L. 1997. Bt corn and European corn borer:
lon-term success through resistance management. NCR publication 602 University of

Minnesota, St Paul, Minnesota.

Owen, M.D.K, and Zelaya, I.A. 2005. Herbicide-resistant crops and weed resistance to

herbicides. Pest Management Science 61: 301 - 311.

Reddy, K.N., Hoagland, R.E. and Zablotowics, R.M. 2000. Effect of glyphosate on growth,
chlorophyll and nodulation in glyphosate-resistant and susceptible soybean (Glycine max)

varieties. Journal of New Seeds 2: 37 - 52.

16


http://www.isaaa.org/resources/publications/briefs/46/
http://www.monsanto.com/products/documents/glyphosate-background-materials/back_history.pdf
http://www.monsanto.com/products/documents/glyphosate-background-materials/back_history.pdf

Shah, D.M., Rogers, S.G., Horsch, R.B. and Fraley, R.T. 1990. Glyphosate resistant plants 4:
835 - 940 (Green 2009).

Shen, P., Lin, K.J., Zhang, Y.J., Wu, K.M. and Guo, Y.Y. 2010. Seasonal expression of
Bacillus thuringiensis insecticidal protein and the control to cotton boll worm in different
varieties. Cotton Science 5: 393 - 397.

Slabbert, O. and Van den Berg, J. 2009. The effect of the adjuvant, break-thru S240, on whorl
penetration and efficacy of foliar insecticide application against Chilo partellus. South African
Journal of Plant Soil 26: 254 - 258.

Tabashnik, B.E. 1994. Evolution of resistance to Bacillus thuringiensis. Annual Review of
Entomology 39: 47 - 79.

Tabashnik, B.E. 2010. Communal benefits of transgenic corn. Science 330: 189 - 190.

Tabashnik, B.E., Carriére, Y., Dennehy, T.J., Morin, S., Sisterson, M.S., Roush, R.T., Shelton,
A.M. and Zhao, J. 2003. Insect resistance to transgenic Bt-crops; Lessons from the laboratory

and the field. Journal of Economic Entomology 96: 1031 - 1038.

Tabashnik, B.E., Van Rensburg, J.B.J. and Carriére, Y. 2009. Field-evolved insect resistance

to Bt crops: definition, theory, and data. Journal of Economic Entomology 102: 2011 - 2025.

Taverniers, |., Papazova, N., Bertheau, Y., De Loose, M. and Holst-Jensen, A. 2008. Gene
stacking in transgenic plants: towards compliance between definitions, terminology, and

detection within EU regulatory framework. Environmental Biosafety Research 7: 197 - 218.

Tiaz, L. and Zeiger, E. 1998. Mineral Nutrition. Plant Physiology. Sunderland, M.A: Sinauer
Assosiates. 111 - 114pp.

Tiwari, S. and Youngman, R.R. 2010. Alternative Farming Systems, Biotechnology, Drought
Stress and Ecological Fertilisation.Transgenic Bt corn hybrids and pest management in the
USA. Springer Dordregcht Heidelbergt London New York. 15 - 37pp.

Van den Berg, Hillbeck, A. and Bghn, T. Pest resistance to Cry1Ab Bt maize: Field resistance,

contributing factors and lessons from South Africa. Crop Protection 54: 154 - 160.

Van den Berg, J., Van Rensburg, J.B.J. and Pringle, K.L. 1991. Comparative injuriousness of
Busseola fusca (Lepidoptera: Noctuidae) and Chilo partellus (Lepidoptera: Pyralidae) on grain

sorghum. Bulletin of Entomological Research 82: 137 - 143.

17


http://link.springer.com/book/10.1007/978-94-007-0186-1
http://link.springer.com/book/10.1007/978-94-007-0186-1

Van Rensburg, J. 1998. Evaluation of Bt transgenic maize for resistance to the stem borers
Busseola fusca (Fuller) and Chilo partellus (Swinhoe) in South Africa. South African Journal
of Plant and Soil 16: 38 - 43

Van Rensburg, J.B.J. 2007. First report of field resistance by the stem borer Busseola fusca
(Fuller) to Bt-transgenic maize. South African Journal of Plant and Soil 24: 147 - 151.

Van Resnburg, J.B.J. 1999. Evaluation og Bt-transgenic maize for resistance to the stem
borers Busseola fusca (Fuller) and Chilo partellus (Swinhoe) in South Africa. Plant and Soil
16: 38 - 43.

Van Wyk, A., Van den Berg, J. and Van Rensburg, J.B.J. 2009. Comparative efficacy of Bt
maize events MON810 and Btll against Sesamia calamistis (Lepidoptera: Noctuidae) in
South Africa. Crop protection 28: 113 - 116.

Yamada, T., Kremer, R.J., de Camargo e Castro, P.R. and Wood, B.W. 2009. Glyphosate
interactions with physiology, nutrition, and diseases of plants: threat to agricultural

sustainability. European Journal of Entomology 31: 111 - 113.

Zobiole, L. H. S., Kremer, R. J., De Oliveira Jr, R. S. and Constantin, J. 2010a. Glyphosate
affects photosynthesis in first and second generation of glyphosate-resistant soybeans. Plant
and Soil 336: 251 - 265.

Zobiole, L.H.S., Oliveira Jr., R.S. Hubner, D.M., Constantin, J., de Castro, C., de Oliveira, F.A.
and Oliveira Jr., A. 2010b. Glyphosate reduces shoot concentration of mineral nutrients in
glyphosate-resistant soybeans. Plant and Soil 328: 57 - 69.

Zobiole, L.H.S., Oliveira Jr., R.S., Kremer, R.J., Muniz, A.S. and de Oliveira Jr., A. 2010c.
Nutrient accumulation and photosynthesis in glyphosate-resistant soybeans is reduced under
glyphosate use. Journal of Plant Nutrition 33: 1860 - 1873.

Zablotowicz, R.M. and Reddy, K.N. 2007. Nitrogenase activity, nitrogen content, and yield

responses to glyphosate in glyphosate-resistant soybean. Crop Protection 26: 370 - 376.

Zhao, J-Z., Cao, J., Li, Y., Collins, H.L., Roush, R.T., Earle, E.D. and Shelton, A.M. 2003.
Transgenic plants expressing two Bacillus thuringiensis toxins delay insect resistance

evolutions. Nature Biotechnology 21: 1493 - 1497.

Zhen, L., Dong, H.Z., Li, W.J., Zhao, M. and Zhu, Y.Q. 2008. Individual and combined effects
of salinity and waterlogging on CrylAc protein expression and insecticidal efficacy of Bt
cotton. Crop Protection 27: 1485 - 1490.

18



Chapter 2 - Larval development of Busseola fusca (Lepidoptera: Noctuidae) and Chilo

partellus (Lepidoptera: Crambidae) on Bt- and Bt/GR maize cultivars
2.1 Abstract

Genetically modified (GM) maize with multiple traits such as resistance to lepidopteran insects
and glyphosate resistance (GR) are widely planted in South Africa. By 2012 more than 80%
of maize planted in South Africa, was genetically modified. Bt maize is commercialized in
South Africa to control Busseola fusca (Lepidoptera: Noctuidae) and Chilo partellus
(Lepidoptera: Crambidae) whereas GR maize is tolerant to the broad spectrum herbicide,
glyphosate. The aim of the study was to determine if the combination of Bt and GR traits as
well as the application of glyphosate have an effect on the efficacy of Bt maize against stem
borers. The survival and larval development of the above mentioned stem borer species were
evaluated on single gene (Bt and GR) and stack gene (Bt/GR) maize cultivars. Laboratory
bioassays were conducted over three consecutive seasons and in a greenhouse trial
(2014/15). In the first growing season (2012/13) only one cultivar was used (Monsanto). In the
second (2013/14) and third (2014/15) season three different cultivars from three different seed
companies (Monsanto, Pannar and Pioneer) with the same six treatments were used. The six
treatments were: 1) non-Bt control, 2) Bt-maize, 3) GR maize, 4) Bt/GR stacked maize, 5) GR
maize sprayed with glyphosate and 6) Bt/GR stack maize sprayed with glyphosate. All Bt gene
maize varieties express the same Bt gene (MON810). All trials were inoculated with B. fusca
and C. partellus, respectively. Although not significantly different, larval survival recorded from
plant tissue of the GR and GR treatment with the spray application tended to be the highest
in six out of the seven trials for B. fusca and five out of seven for C. partellus. Therefore it can
be concluded that the GR trait or glyphosate application does not have an adverse effect on
larval development. In order to obtain conclusive results in regard to the possible effect of
glyphosate application on the Cry protein content in Bt/GR plants, ELISA’s need to be
included. Larval development as the only effect indicators of glyphosate and stacking traits on
Bt expression levels cannot be used singly to make a final conclusion. Continued research,
including the use of ELISA’s to determine the effect of glyphosate on Cry protein expression

levels is also needed.

19



2.2 Introduction

The maize stem borers, Busseola fusca (Lepidoptera: Noctuidae) and Chilo partellus
(Lepidoptera: Crambidae) are the most important insect pests of maize in South Africa and
provide one of the most important insecticide markets considering all field crops (Van
Rensburg and Van den Berg, 1992; Van den Berg, 1997; Van Rensburg, 1999a; Van
Rensburg, 2000; Padmaja et al., 2012; Calatayud et al., 2014). Yield losses due to stem borers
occur regularly and at unacceptably high levels. Control measures are costly and epidemics
pose a constant threat to food security. Successful deployment of Bt technology has led to
reduction in insecticide application and effective control of stem borers (Van Rensburg, 1999b;
Van Rensburg, 2001). If stem borers cause an average annual yield loss of 10% in commercial
farming systems it can contribute to an annual yield loss of R 2.6 billion if the 13 million tonnes
of maize produced during the 2014/15 season is taken as a guideline. Bt maize provides an
effective control method for stem borers and alleviates the problems regarding insecticide

applications (Hellmich and Hellmich, 2012).

During the 2004/05 season in South Africa Bt hybrids were severely damaged by B. fusca in
some irrigation as well as dry land areas (Van Wyk et al., 2008). Shortly thereafter, d. Even
before the commercialization of Bt crops, concern has been raised with regard to the
development of resistance to insecticidal proteins (Gould, 1998; Tabashnik et al., 2003; Zhao
et al.,, 2003). Although measures have been set in place to counter and delay resistance
development, Van Rensburg (2007) reported that B. fusca was resistant to Bt maize in South
Africa. Resistant populations of B. fusca are now widespread within the maize production
region (Kruger et al., 2012). Van den Berg et al. (2013) indicated that there are no
management strategies in place to limit the spread and further development of resistant
populations. Event MON89034 (expressing Cry1A.105 and Cry2Ab2) was however introduced
into South Africa and effectively controls B. fusca larvae that are resistant to MON810 (Van
den Berg et al., 2013).

Evolution of resistance by pests threatens the continued efficacy of genetically modified (GM)
crops (Tabashnik et al.,, 2009). The high-dose/refuge strategy was developed to delay
resistance development in pest populations. The aim of this strategy is to produce a high
number of susceptible moths in the non-Bt refuge area compared to resistant moths, and to
kill as many of the offspring by means of the high dose of Bt expressed by the Bt crop (Gould,
1998; Tabashnik, 2010). If Bt expression levels are too low and larvae are not killed by the Bt
protein this can contribute to resistance development. Therefore, any factor that might affect
Bt expression to such an extent that it results in a low-dose expression will result in increased

larval survival on Bt maize and subsequent more rapid evolution of resistance.
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The efficacy of insecticidal proteins in crops may be associated and/or influenced by numerous
factors and environmental conditions, as described by Dutton et al. (2009). Target pests are
able to develop resistance based on ecological, biochemical and genetic principles.
Characteristics of pests that would evolve resistance more rapidly are high development rates
of the immature stages and a quick succession of generations, while being exposed to a sub-
lethal dose of a toxin.

Previous studies confirmed that the CrylAb expression levels in maize differ between young
and older plants and that environmental conditions influence Bt expression levels in transgenic
maize (Dutton et al., 2009). Several reports indicated that the Bt concentration level in crops
may be positively or adversely influenced by biotic and/or abiotic factors (Greenplate, 1999;
Coviella et al., 2000; Dutton et al., 2004). Observations have shown that the Cry-toxin levels
in cotton decreased significantly under extreme temperature conditions (Chen et al., 2005),
deficient nitrogen levels (Coviella et al., 2002) and NaCl stress (Jiang et al., 2006) and that
these issues were associated with the failure in efficacy of insect-resistant crops (Zhen et al.,
2008; Shen et al., 2010). The efficacy of Bt cotton shows a discrepancy with plant structure or
age (Dong and Li, 2007). Studies done by Bruns and Abel (2003) showed that the Cry toxin
in maize is positively affected by the increase in N-fertility during reproductive growth stages.
Several other studies showed that the Bt concentration may vary over growing season, since
leaves of young plants contain a higher Bt concentration compared to leaves of older plants
(Greenplate, 1999; Coviella et al., 2000; Olsen and Daly, 2000; Dutton et al., 2004). If Bt
expression levels do also change in maize as described above, these changes, if they result

in increased survival of stem borer larvae, will contribute further to resistance evolution.

If plant stress factors such as those described above influence protein expression levels in Bt
plants, the possibility exists that application of agro-chemicals, could, under certain conditions
also stress plant growth. In such cases the possibility exists that such applications may then
influence Bt protein expression in plants with stacked traits such as Bt maize with Glyphosate
Resistant (GR) traits. The Bt/GR stack event has the ability to control stem borers and at the
same time, the plant can tolerate application of glyphosate, a broad-spectrum systemic
herbicide (Taverniers et al., 2008). Glyphosate usage increased dramatically with the
introduction of GR crops (James, 2013). These GR crops can tolerate glyphosate applications
(Taverniers et al., 2008) which facilitate easier weed control. The popularity of stacked events
with Bt and GR traits in South Africa have also increased drastically over the past five years
(James, 2014).

The application of glyphosate on GR plants may cause stresses by affecting nutritional status
(Zablotowicz and Reddy, 2007; Zobiole et al., 2010a), transpiration rate, photosynthesis and

stomatal conductance (Zobiole et al., 2010b). Increased sensitivity of younger GR plants (4
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weeks old) to glyphosate (Zobiole et al., 2010c) and long-term physiological impacts (Zobiole

et al., 2010c) have also been reported.

The question therefore arises if glyphosate application has adverse effects on plants of stack
maize events and if it influences Bt expression in plants. If this adverse effect does exist this
might have contribute to resistance development. In this chapter the survival and larval
development of two stem borer species were evaluated on single gene (Bt and GR) and stack
gene (Bt/GR) maize cultivars. The aim of the study was to determine if the combination of Bt
and GR traits as well as the application of glyphosate have an effect on the efficacy of Bt

maize against stem borers.

2.3 Material and methods

In this study 4 laboratory trials (Experiments 1 and 2 - season 2012/13; Experiments 3 and 4:
season 2013/14 and 2014/15) and two greenhouse trials (season 2014/15) was conducted.

Experiments 1 and 3, and 2 and 4 were conducted with B. fusca and C. partellus, respectively.

All trials were conducted at the Agricultural Research Council - Grain Crops Institute,
Potchefstroom (46°43’S, 27°06’E) in the North-West province. In the first growing season
(2012/2013) only one cultivar was used with six treatments (Table 2.1). In the second
(2013/2014) and third (2014/15) seasons three different cultivars from three different seed
companies (Monsanto, Pannar and Pioneer) with the same six treatments were used (Table
2.1).

To allow for enough plant tissue for bioassays to be conducted, seed of the different cultivars
were panted in field plots. Glyphosate was mixed according to the label rate of 2 {/ha and
applied to designated GR treatments before the V7 growth stage of maize plants,
approximately three weeks after seedling emergence (Fig. 2.1).
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Table 2.1 The six treatments and different cultivars used in this study (GR = Glyphosate

resistant; Bt or B = stem borer resistant).

Cultivars
Treatments
Monsanto Pioneer Pannar
Non-Bt control Non-Bt control Non-Bt control
! (cultivar: DKC 80 — 10) (cultivar: 32 B 07) (cultivar: BG 3792)
, Bt (MON810) Bt (MON810) Bt (MON810)
(cultivar: DKC 80 — 12 B) | (cultivar: 32 B 06 B) (cultivar: BG 3592 B)
GR GR GR
3 (cultivar: DKC 80 — 30 R) | (cultivar: 32 B 05 R) (cultivar: BG 3292 R)
Bt/GR Bt/GR Bt/GR
4 (cultivar: DKC 80 — 40 BR) | (cultivar: 32 B 10 BR) (cultivar: BG 3492 BR)
GR with glyphosate GR with glyphosate GR with glyphosate
5 application application application
(cultivar: DKC 80 — 30 R) | (cultivar: 32 B 05 R) (cultivar: BG 3292 R)
Bt/GR with glyphosate | Bt/GR with glyphosate | Bt/GR with glyphosate
6 application application application
(cultivar: DKC 80 — 40 BR) | (cultivar: 32 B 10 BR) (cultivar: BG 3492 BR)

ol

Figure 2.1 The different growth stages of a maize plant. The red square indicates the relative

size before which growth stage glyphosate was applied. Glyphosate was applied three weeks

after plant emergence (Cunningham, 2011).
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2.3.1 Laboratory trials

Stem borer larvae were reared on plant tissue of the different treatments under laboratory
conditions. The whorls of 4 - 6 week old plants of each treatment were collected from the field
and used in the laboratory. The tissue used in the feeding bioassay were cut from the bottom
part of the plant whorl and consisted of very tightly rolled sections of leaves 3 - 4 cm long.
Larvae were kept in 100 ml rearing containers. The whorl tissue was placed in the rearing
container together with filter paper to absorb excess moisture. The containers were
customized with stainless steel mesh on the lid to prevent larvae from escaping. All rearing
containers were kept in a completely randomized design inside walk-in incubators (2412 °C,
photoperiod of 14L: 10D and a 40 - 60% relative humidity). Larvae fed on the maize treatments

for the entire larval stage. Fresh food was provided at 3- and 4 day intervals.

2.3.1.1 Laboratory trials, experiments 1 and 2 (2012/13)

The first two trials were conducted over one growing season (2012/13). Whorl tissue inside
the containers was inoculated with five neonate larvae of the respective species per treatment.
Each treatment was replicated 20 times. Larval survival and development was monitored twice

a week, determining larval mass and survival for a period of 28 days.

The larvae that were used in this experiment were F1 larvae derived from diapause larvae
collected from maize fields in the Ventersdorp area (26°20'15.9"S 26°45'21.7"E), North-West
province during the winter months of 2012. Busseola fusca sampled from this locality has
already shown some levels of resistance to Bt (MON810) maize in a previous study (Marais,
2014). The C. partellus population used was provided by the ARC-GCI and was collected at
the ARC-GCI experimental farm in Potchefstroom (26°43'44.5"S 27°04'52.9"E).

2.3.1.2 Laboratory trials, experiments 3 (2013/14) and 4 (2014/15)

These experiments were conducted over two consecutive seasons with both B. fusca and C.
partellus. The same procedure described above was followed except that each treatment was

replicated 25 times.

The B. fusca larvae used in this experiment were the F1 generation derived from diapause
larvae collected from Bt maize in the Lichtenburg area (25°57'52.4"S 26°34'04.4"E) in the

North-West Province. The same C. partellus population mentioned above were used in the
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experiments. Larval development was monitored over a period of 28 days, by determining the

larval survival and mean mass twice a week.

2.3.2 Greenhouse trials (2014/15)

The study was conducted in the greenhouse to prevent natural infestation of larvae and also
to protect the leaves from hail damage. Two trials were conducted, one with B. fusca and one
with C. partellus. Maize was planted in a commercial greenhouse with a completely
randomized block design used as layout. Each treatment was replicated four times. Each
replicate consisted of four rows with 10 plants per row. The maize plants were inoculated with
10 - 15 first instar larvae of B. fusca and C. partellus, respectively into plant whorls, one week
after glyphosate application. At 14 and 21 days respectively, 40 plants of each replicate were
dissected. Larvae were collected to record larval mass and survival for the different

treatments.

2.3.3 Data analyses

Data on larval survival and mass over time were analysed using repeated measurements
ANOVA. One-way ANOVAs were used to analyse and compare data between treatments on
day 28, the final day of the experiments. GenStat 17th Edition (VSN International) was used
for all analyses. Data were presented as means with an associated least significant difference
(LSD, at P = 0.05).

2.4 Results

2.4.1 Laboratory trials

Results are discussed separately for cultivars of the different companies, firstly for B. fusca

and then for C. partellus.
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2.4.1.1 Laboratory trials: Busseola fusca survival and mass
Season 2012/13: Monsanto cultivar

Repeated measures ANOVA showed that larval survival was the highest (65.30% - mean
percentage survival over time) when feeding on the GR sprayed treatment and the lowest
survival (22.80% - mean percentage survival over time) was observed on the Bt treatment and
differed significantly over time ((Fs;192) = 119.91; P < 0.001). The larval survival of B. fusca on
the three Bt treatments (Bt, Bt/GR and Bt/GR sprayed) was significantly lower than on the
non-Bt treatments (Control, GR and GR sprayed) ((Fs:192) = 0.97; P = 0.526) (Fig. 2.2 (a)) in
the 2012/13 growing season.

The mean mass of the larvae over time that fed on the Bt treatments was slightly lower than
the non-Bt treatments. No significant difference were observed in mean larval mass between
any of the treatments (Fs;102 = 1.08; P = 0.361) (Fig. 2.2 (a)). The larvae that fed on the Bt/GR
maize sprayed with glyphosate had a mean mass (over time) of 117.5 mg which was lower
when compared to the mean mass (over time) of the larvae that fed on the single Bt-gene
treatment (127.10 mg), but did not differ significantly. When the mean mass of the larvae that
fed on the single Bt-gene plants was compared to that of larvae on stacked maize, there was
a difference of 31 mg, but no significant difference was observed. Although not significant, in
both cases the larvae that fed on the stacked gene maize had a greater mass.

Comparison between treatments on the final day of the experiment showed that B. fusca had
the highest mortality on the Bt treatment, but survival did not differ significantly from that on
Bt/GR and Bt/GR sprayed treatments (Fs24 = 24.4; P < 0.001) (Table 2.2). A significant
difference in survival was observed between the treatments which contained Bt and the
treatments without the Bt trait. Although not significant, on day 28 the larvae that fed on the
Bt/GR treatment and Bt/GR sprayed treatment had a higher larval survival than the single Bt-
gene treatment. Survival on the non-Bt treatment as well as on the GR treatment were almost

the same and therefore did not differ significantly from each other on day 28.

No significant difference was observed in the mean mass of the larvae although the larvae on
the Bt treatment had the lowest mean mass on day 28 (Fs24) = 1.53; P = 0.217) (Table 2.2).

No significant differences in larval mass were observed between treatments on day 28.

26



Season 2013/14: Monsanto cultivar

Repeated measures ANOVA showed that there was no significant difference in larval survival
between treatments over time (Fgo;126) = 0.28; P = 1.000) (Fig. 2.2 (b)). Larval survival was the
highest on the GR treatment. The Bt/GR treatment appeared to have controlled the larvae the
best when compared to the Bt/GR sprayed with glyphosate treatment. On day 28 the Bt/GR
treatment had a larval survival of 35%. Larval survival on the treatment in which GR maize
was sprayed with glyphosate did not differ significantly compared to that of the non-Bt (control)

treatment on day 28.

The larval mass gain was the greatest on the single Bt gene treatment and lowest on the GR
treatment sprayed with glyphosate (Fo:126) = 2.33; P < 0.001) (Fig. 2.2 (b)).

Comparison between treatments on the final day of the experiment showed significantly lower
survival was recorded on the Bt/GR treatment compared to the GR treatment (Fs.18)= 2.85; P
= 0.046) (Table 2.2).

At the end of the trial the B. fusca larvae had the greatest mean mass on the Bt treatment
(F8y=4.61; P = 0.007) (Table 2.2). The larvae that fed on the Bt (268.9 mg) and the non-Bt
(259.2 mg) treatments had a significantly higher mean mass than the larvae that fed on the
Bt/GR treatment that was sprayed with glyphosate (191.2 mg) (Table 2.2).

Season 2014/15 Monsanto cultivar

Larvae that fed on the Bt treatment had a higher survival compared to the other treatments,
however no significant difference was reported (F@o;126p = 0.50; P = 0.985) (Fig. 2.2 (c)).
Repeated measures ANOVA showed that larval survival was the highest (63.57% - mean
percentage survival over time) when feeding on the Single Bt treatment significantly from the
other five over time (Fs.126) = 21.15; P < 0.001). The mean mass of the larvae that fed on the
six different treatments followed the same tendency in mass increase with no significant

differences between these treatments (F(0.124) = 1.45; P = 0.084).

Comparison between treatments by means of ANOVA on the final day of the experiment
showed that survival of larvae that fed on the Bt treatment had a significantly higher larval
survival than some other treatments and that survival was similar to that observed on te control
treatment, indicating large variation in data. The Bt/GR treatment had 2% higher survival than
the Bt/GR treatment sprayed with glyphosate which also did not differ significantly between

these two treatments (Table 2.2).
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The mean mass of the larvae did not differ significantly between treatments (F17) = 1.96; P =
0.138) (Table 2.2). Although not significant, when the mean larval mass of the three different
treatments containing Bt were compared on the final day of the trial, it showed that the larvae
that fed on the Bt/GR treatment had the greatest mean mass (311 mg), Bt/GR sprayed with
glyphosate had a slightly lower mean mass (269 mg) and the single Bt treatment the lowest
mean mass (227 mg) of all treatments (Fig. 2.2 (c)) (Table 2.2).
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Figure 2.2 Percentage survival (%) and mean larval mass (mg) of Busseola fusca over time
on maize whorls on the different treatments of the Monsanto cultivar: (a) season 2012/13, (b)
season 2013/14 and (c) season 2014/15. Error bars indicates LSD value. Solid lines indicate

larval survival (%) (y-axis), while dotted lines indicate mean larval mass (mg) (z-axis).
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Season 2013/14: Pioneer cultivar

The highest larval survival over time was recorded on the non-Bt (control) treatment but it did
not differ from that on other treatments (Fo;126) = 0.78; P = 0.786) (Fig. 2.3 (a)). The mean
larval mass did not differ between any of the treatments over time (F@o,126) = 1.02; P = 0.450)
(Fig. 2.3 (a)).

Comparison between treatments by means of ANOVA on the final day of the experiment
results showed significantly lower survival on the Bt maize treatment compared to the control
and GR maize (Fs;8 = 4.44; P = 0.008) (Table 2.2). The Bt treatment showed a survival of
32%. No differences were however observed between the Bt/GR and Bt/GR sprayed (Table
2.2). The mean mass of the larvae did not differ significantly between treatments (Fs.18)= 1.5;
P =0.24).

Season 2014/15:; Pioneer cultivar

Repeated measures ANOVA showed that the highest larval survival was recorded on the GR
treatment followed by the Bt/GR treatment. Repeated measures ANOVA showed no
significant differences in larval mass between treatments over time (Fo;123) = 1.06; P = 0.399)
(Fig. 2.3 (b)).

Comparison between treatments by means of ANOVA on the final day of the experiment
showed significant differences between treatments where a survival of 13% on Bt/GR maize
sprayed with glyphosate and and 41% on GR maize was recorded (F@s.18) = 3.21; P = 0.030)
(Table 2.2). However, no differences were observed between larval survival on Bt/GR and the
Bt/GR sprayed treatments.

No significant differences were observed in the mean mass between the three Bt treatments
and the non-Bt treatments (Fs17)= 1.16; P = 0.367) (Table 2.2).
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Figure 2.3 Percentage survival (%) and mean larval mass (mg) of Busseola fusca over time
on maize whorls on the different treatments of the Pioneer cultivar: (a) season 2013/14 and

(b) season 2014/15. Error bars indicates LSD value. Solid lines indicate larval survival (%) (y-
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axis), while dotted lines indicate mean larval mass (mg) (z-axis).

Season 2013/14:

The larval survival over time for all of the treatments with the Bt gene (Bt, Bt/GR and Bt/GR
sprayed with glyphosate) had the same tendency over time and there was no significant
differences (Fgo126) = 0.32; P = 1.000) between these three treatments (Fig. 2.4 (a)). Larvae
on the Bt/GR treatment showed slightly higher survival than those on Bt/GR treated with

Pannar cultivar

glyphosate, but did not differ significantly from other treatments.
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All the treatments showed a gradual increase in larval mean mass with the same tendency

over time, with no significant difference (Fgo.126) = 1.17; P = 0.270) (Fig. 2.4 (a)).

However, ANOVA on survival data on day 28 showed that the Bt treatment had the highest
percentage larval survival (40%), followed by the Bt/GR treatment (36%) when Bt treatments
were compared. Larvae feeding on plant tissue of the control and GR treatment had a
significantly higher survival compared to the other treatments (F.18)= 14.43; P < 0.001) (Table
2.2).

No significant differences were observed in mean larval mass between treatments (Fs.18) =
1.86; P = 0.152) (Table 2.2).

Season 2014/15:; Pannar cultivar

During the second season on this cultivar no significant differences were observed between
larval survival over time on plant tissue of the different treatments (Fo:126) = 1.00; P = 0.474)
(Fig. 2.4 (b)).

Significant differences in the mean mass over time were observed between treatments with
larvae that fed on the Bt treatment having the greatest increase in mass (Fo:123) = 1.630; P =
0.034) (Fig. 2.4 (b)). The mass gain of the larvae that fed on the stacked and stacked maize
sprayed with glyphosate had the same tendency over time and did not differ significantly

between treatments.

There were no significant differences in the survival of larvae on the six different treatments
on the final day of the experiment (Fi18 = 1.38; P = 0.279) (Table 2.2). Although not
significantly different, when larvae fed on the Bt/GR treatment that was sprayed with
glyphosate a total of 21% of the larvae survived followed by Bt/GR treatment with 14% survival
and only 8% survived on the Bt treatment.

The larvae that fed on the Bt/GR treatment had a mean mass of 239 mg, compared to the
larvae fed on the Bt/GR treatment sprayed with glyphosate which had a mean mass of 211
mg. However, no significant differences were observed between larval mass on the different
treatments (Fi17) = 2.11; P = 0.114) (Table 2.2).
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Figure 2.4 Percentage survival (%) and mean larval mass (mg) of Busseola fusca over time
on maize whorls on the different treatments of the Pannar cultivar: (a) season 2013/14 and (b)
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Table 2.2 Survival (%) and mean larval mass (mg) of Busseola fusca on maize plants on the

different treatments after 28 days.

Laboratory trial - Day 28
Busseola fusca
% Treatment Survival (%) Mean mass (mg)
(t}))
Monsanto | Pioneer Monsanto | Pioneer
Control 50 b 2928 a
Bt 16 a 216.0 a
GR 48 b 311.7 a
« | BYCR 25 a 2833 a
-
§ GR Sprayed 57 b 307.3 a
& Bt/GR Sprayed | 26 a 2718 a
F-value 24.4 1.53
P-value <0.001 0.217
LSD 9.980 62.197
Control 48 ab 57 b |55 ¢ 2592 b |230.3 a|261.7 a
Bt 38 ab |32 a |40 ab|2689 b |243.7 a|2150 a
GR 58 b 57 61 ¢ | 221.2 ab|2275 a|2296 a
< Bt/GR 35 a 41 ab |36 ab 2529 ab|2150 a|2209 a
—i
§ GR Sprayed 47 ab 52 ab |47 bc | 2208 ab|2254 a|2332 a
& |BUGRSprayed |40 ab |44 ab |29 a |1912 a | 1833 a|2184 a
F-value 2.85 4.44 14.43 4.61 1.50 1.86
P-value 0.046 0.008 <0.001 0.007 0.240 0.152
LSD 14.790 14.020 9.400 40.905 49.991 37.232
Control 18 ab 14 ab |21 a | 2283 a |266.3 a|276.0 a
Bt 40 b 21 ab | 8 a 2276 a |2514 a|2891 a
GR 14 a 41 b |23 a |231.8 a |2664 a|273.8 a
o Bt/GR 16 ab 33 ab |14 a |311.3 a |2155 a (2391 a
—i
3 GR Sprayed 7 a 21 ab |19 a |2629 a |2256 a|2455 a
& Bt/GR Sprayed | 14 a 13 a |21 a | 2693 a [2609 a|211.2 a
F-value 4.13 3.21 1.38 1.96 1.16 211
P-value 0.001 0.030 0.279 0.138 0.367 0.114
LSD 16.560 18.300 | 14.280 70.381 60.698 59.659

* Significant difference at P = 0.005 and indicated in red.
* Means within columns followed by different letters differ significantly at the indicated level.
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2.4.1.2 Laboratory trials: Chilo partellus survival and mass
Season 2012/13: Monsanto cultivar

Repeated measures ANOVA showed no significant differences observed in larval survival
between non-Bt treatments (Fq24 = 0.07; P = 1.000) (Fig. 2.5 (a)). No larval survival was
recorded on any of the treatments containing the Bt trait, therefore no mass could be recorded
on any of the Bt treatments (F2;85 = 1.33; P = 0.219) (Fig. 2.5 (a)).

Comparison between treatments by means of ANOVA on the final day of the experiment
showed that larvae did not survive on any of the Bt treatments and that there were no
significant differences between survival and mass on the control and the two GR treatments
(Fe12 = 2.61; P = 0.115) (Table 2.3). Although no significant difference was observed, the
larvae that fed on the GR maize that was sprayed with glyphosate had the highest larval

survival (39% on day 28).

Season 2013/14: Monsanto cultivar

The results obtained showed that the larvae that fed on the three treatments containing Bt (Bt;
Bt/GR; Bt/GR sprayed with glyphosate) all died within the first seven days. No survival was
recorded on Bt treatments (F 263 = 0.16; P = 0.999) (Fig. 2.5 (b)). Although not significant,
the larvae that fed on the control (non-Bt) treatment had the highest larval survival, with an
average survival of 66 % over time, followed by GR treatments (54%) and the GR treated with
glyphosate had a significantly lower average survival of less than 35% (Figure 2.5 (b)).

No mass was recorded on any of the Bt treatments due to 100% mortality within 7 days after
inoculation (Fig. 2.5 (b)).

The larvae that fed on the GR sprayed treatment had a significantly lower larval survival on
the last day of the trial (F2;09) = 18.44; P < 0.001) (Table 2.3). Larval mass was similar between

the treatments on which larvae survived Fp.9) = 1.13; P = 0.364).

Season 2014/15 Monsanto cultivar

A gradual increase in mortality was observed in all three non-Bt treatments, with no survival

on any of the three treatments that contained Bt. Higher numbers of larvae survived when
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larvae fed on the GR treatment than on the GR treatment that was sprayed with glyphosate
but did not differ significantly (Faz2e3 = 0.42; P = 0.950) (Fig. 2.5 (c)).

There was a significant difference in the mass of larvae between the three non-Bt treatments.
The larvae that fed on the control treatment, had a significantly lower mean mass while larvae
that fed on plants of the GR treatment had the greatest mean mass of all the non-Bt
treatments (Fa2:63 = 5.66; P < 0.001) (Fig. 2.5 (c)) over time.

There was minor differences in the survival rate on the three non-Bt treatments, but did not
differ significantly in the ANOVA (F(;9 = 0.93; P = 0.431) (Table 2.3) on day 28. The mass of
larvae also did not differ between treatments on which larvae survived (F9) = 2.7; P = 0.120)

(Table 2.3) when day 28 was reached.
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Figure 2.5 Percentage survival (%) and mean larval mass (mg) of Chilo partellus over time on
maize whorls on the different treatments of the Monsanto cultivar: (a) season 2012/13, (b)

season 2013/14 and (c) season 2014/15. Error bars indicates LSD value. Solid lines indicate
larval survival (%) (y-axis), while dotted lines indicate mean larval mass (mg) (z-axis).
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Season 2013/14: Pioneer cultivar

There was no survival of C. partellus recorded on any of the three Bt treatments (F263) = 1.17,;
P = 0.320) (Fig. 2.6 (a)). Due to no larval survival on any of the Bt treatments, no larval mass
was recorded on these treatments. Although repeated measures ANOVA indicated no
significant differences between larval mass on the non-Bt treatments for the first 18 days, from
day 21 onwards, the mean mass of the larvae that fed on the GR maize sprayed with
glyphosate was greater than the mean larval mass of the control and GR treatments (F(12;63) =
0.35; P =0.977) (Fig. 2.6 (a)).

Comparison between treatments by means of ANOVA on the final day showed no significant
differences in survival (F2;9) = 0.62; P = 0.558) (Table 2.3) and mass (F(;9 = 0.45; P = 0.649)
(Table 2.3) of larvae on plant tissue of the three treatments which did not involve Bt maize.
Although not significantly different, the highest larval mass was recorded when larvae fed on

the GR treatment sprayed with glyphosate.

Season 2014/15:; Pioneer cultivar

Within seven days after inoculation a 100% larval mortality was observed on the three
treatments that contained the Bt gene (F2;63) = 0.63; P = 0.805) and therefore no mass was
recorded on the Bt treatments (Fig. 2.6 (b)).

No significant difference was found in mass gain of the larvae when feeding on the three non-
Bt treatments (Faz2e3 = 1.53; P = 0.136) (Fig. 2.6 (b)).

All survival rates averaged below 50% for the non-Bt treatments but did no differ significantly
(F@9 = 0.25; P = 0.784) (Table 2.3) on the final day of the trial. The mean mass of larvae that
fed on the GR treatment sprayed with glyphosate weighed 88.5 mg and was 4 mg heavier
than the larvae that fed on the other two non-Bt treatments, but no significance was recorded
between these treatments (Fp;9 = 0.43; P = 0.664) (Table 2.3).
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Figure 2.6 Percentage survival (%) and mean larval mass (mg) of Chilo partellus over time on
maize whorls on the different treatments of the Pioneer cultivar: (a) season 2013/14 and (b)
season 2014/15. Error bars indicates LSD value. Solid lines indicate larval survival (%) (y-
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axis), while dotted lines indicate mean larval mass (mg) (z-axis).

Season 2013/14: Pannar cultivar

Repeated measures ANOVA showed a slight difference between the larval survival on the
GR treatment and the GR maize sprayed with glyphosate, but it differed significantly from the

control treatment (Fa2:63) = 2.48 ; P = 0.010) (Fig. 2.7 (a)).

The mean mass of the larvae that fed on the GR treatment and the GR maize was significantly

lower than the mean mass of the larvae that fed on the control (F2:63 = 2.06; P = 0.033) (Fig.
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2.7 (a)). The mortality rate and the mass gain of the larvae on the GR and GR treatment

sprayed with glyphosate had the same tendency over time.

The results for C. partellus also showed to have a significant susceptibility to maize plants
containing the MONB810 event, as no larvae survived (F@g9 = 2.88; P = 0.108) (Table 2.3).

Although more larvae survived on the GR maize sprayed with glyphosate, the larvae had the
lowest mean mass when feeding on GR maize sprayed with glyphosate compared to the other
treatments (Fp.9) = 2.66; P = 0.124) (Table 2.3) on the final day of the trial. Since C. partellus

remains highly susceptible to Bt maize, no larvae were recovered on any Bt treatment.

Season 2014/15:; Pannar cultivar

Chilo partellus larvae had the same reaction to Bt as in the previous trials and once again the
larvae were highly susceptible to the Bt toxin (F263 = 0.46; P = 0.932) (Fig. 2.7 (b)). Repeated
measures ANOVA showed no significant differences, but a mass increase over time was
recorded on the three treatments which did not contain the Bt trait (F12:63) = 1.27; P = 0.260)
(Fig. 2.7 (b)).

Results recorded on the final day had no significant difference between the non-Bt treatments
in terms of survival (F9 = 1.23; P = 0.337) (Table 2.3). The results for C. partellus showed
that the GR maize sprayed with glyphosate resulted in higher levels of survival than on
unsprayed GR maize. When larvae fed on the GR maize sprayed with glyphosate larvae
gained 89 mg after 28 days, whereas larvae that fed on the GR maize only gained 73 mg (F(29)
=1.23; P = 0.336) (Table 2.3).
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Figure 2.7 Percentage survival (%) and mean larval mass (mg) of Chilo partellus over time on
maize whorls on the different treatments of the Pannar cultivar: (a) season 2013/14 and (b)
season 2014/15. Error bars indicates LSD value. Solid lines indicate larval survival (%) (y-
axis), while dotted lines indicate mean larval mass (mg) (z-axis).
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Table 2.3 Survival (%) and mean larval mass (mg) of Chilo partellus on maize plants on the

different treatments after 28 days.

Laboratory trial - Day 28
Chilo partellus
% Treatment Survival (%) Mean mass (mg)
<)
N
Monsanto | Pioneer Monsanto | Pioneer
Control 22 a 80.3 a
Bt - -
GR 24 a 63.8 a
o Bt/GR - -
§ GR Sprayed 39 a 76.1 a
Q Bt/GR Sprayed - -
F-value 2.61 1.4
P-value 0.115 0.283
LSD 17.34 30.813
Control 54 b [ 34 a]| 19 a 731 a | 915 a|l141 a
Bt - - - - - -
GR 42 b [31 a]| 31 a 749 a | 928 a| 963 a
< Bt/GR - - - - - -
& | GR Sprayed 18 a [40 a |35 a |96 a (1243 a| 913 a
] Bt/GR Sprayed - - - - - -
F-value 18.44 0.62 2.88 1.13 0.45 2.66
P-value < 0.001 0.558 0.108 0.364 0.649 0.124
LSD 13.66 18.56 15.71 39.45 88.64 120.45
Control 46 a | 46 a | 58 a 803 a | 847 a| 81 a
Bt - - - - - -
GR 58 a |40 a | 62 a 93 a| 87 a| 732 a
0 Bt/GR - - - - - -
3 GR Sprayed 49 a |42 a | 51 a 82 a| 8.5 al| 89 a
Q Bt/GR Sprayed - - - - - -
F-value 0.93 0.25 1.23 2.7 0.43 1.23
P-value 0.431 0.784 0.337 0.120 0.664 0.336
LSD 20.8 19.5 16.1 13.43 16.75 23.66

* Significant difference at P = 0.005 and indicated in red.
* Means within columns followed by different letters differ significantly at the indicated level.
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2.4.2 Greenhouse trials
2.4.2.1 Greenhouse trial with Busseola fusca
Monsanto cultivar

At 14 days after inoculation, there was only 17% of the larvae that survived on the Bt/GR
treatment that was sprayed with glyphosate, which was significantly lower than the survival on
the Bt treatment (50%) and the GR treatment (58%) (Fs12) = 7.25; P = 0.002) (Table 2.4).
There was no significant difference in mass of the larvae that fed on any of the six treatments
(Fs:12 = 3.20; P = 0.046) (Table 2.4).

The survival on all six treatments ranged between 32% and 37% after 21 days with no
significant differences between treatments (Fs12) = 0.09; P = 0.992) (Table 2.4). After 21
days, the larvae that was collected from the Bt/GR treatment had the lowest mean mass of all
six treatments and differed significantly from the non-Bt treatment (Fs12) = 3.31; P = 0.041)
(Table 2.4).

Pioneer cultivar

After 14 days only 23% of the larvae survived the Bt/GR treatment that was sprayed with
glyphosate, which differed significantly from the survival from the GR treatment (73%). Larval
survival on the Bt/GR treatment sprayed with glyphosate was the lowest compared to the Bt
treatment (45%) and the Bt/GR treatment (57%) (Fs;12) = 3.40; P = 0.038) (Table 2.4). There
was no significant mass increase observed, however the larvae that fed on the BtY/GR
treatment sprayed with glyphosate had a slightly lower mean mass than the larvae that fed on
the other two treatments containing Bt (F;12) = 1.80; P = 0.18) (Table 2.4).

After 21 days of feeding slightly lower survival was observed on the maize that contained the
single Bt gene (29%) than on the Bt/GR treatment sprayed with glyphosate (36%) and on the
Bt/GR treatment (40%) (Fs12) = 0.87; P = 0.528) (Table 2.4). Larvae on two of the Bt
treatments (Bt and Bt/GR) had a minor mass increase and did not differ significantly, whereas
the larvae that fed on the Bt/GR treatment sprayed with glyphosate had a greater mass than
the larvae that fed on the Bt treatment, but did not differ significantly (Fs.12) = 3.55; P = 0.034)
(Table 2.4).
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Pannar cultivar

The lowest larval survival after 14 days was observed on the Bt/GR treatment that was
sprayed with glyphosate (22%) and the highest survival on the non-Bt treatment (44%).
However, no significant difference was observed between the treatments (Fs12) = 1.35; P =
0.309) (Table 2.4). Results also showed no differences in mean larval mass between
treatments (Fs12) = 0.760; P = 0.595) (Table 2.4).

No significant differences in larval survival were observed between different treatments after
21 days (Fi12) = 2.24; P = 0.118) (Table 2.4). Mean larval mass were largely similar between
treatments with the exception that larvae that fed on the Bt weighed less than those recovered
from GR maize (Fs12) = 3.45; P =0.037) (Table 2.4).
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Table 2.4 The results of day 14 and day 21 for the greenhouse trial (Season 2014/15). Survival

(%) and mean larval mass (mg) of Busseola fusca on maize plants on the different treatments.

Greenhouse trial - Busseola fusca

€ Monsanto

[%2]

g
Treatment Survival (%) Mass (mg) Survival (%) Mass (mQ)
Control 45 abc 4.65 a 37 a 42.55 b
Bt 50 bc 3.64 a 33 a 20.79 ab
GR 58 c 3.36 a 33 a 30.03 ab
Bt/GR 35 abc 2.44 a 36 a 11.70 a
GR Sprayed 24 ab 2.51 a 36 a 32.64 ab
Bt/GR Sprayed 17 a 2.33 a 32 a 26.34 ab
F-value 7.25 3.2 0.09 331
P-value 0.002 0.046 0.992 0.041
LSD 18.000 1.567 18.900 17.838

Pioneer

Treatment Survival (%) Mass (mg) Survival (%) Mass (mg)
Control 65 ab 6.85 a 37 a 35.65 ab
Bt 45 ab 5.30 a 29 a 16.91 a
GR 73 b 9.57 a 56 a 29.71 ab

o Bt/GR 57 ab 5.33 a 37 a 19.12 a

-

E GR Sprayed 42 ab 8.01 a 36 a 59.75

& Bt/GR Sprayed 23 a 4.14 a 36 a 40.75 ab
F-value 34 1.8 0.87 3.55
P-value 0.38 0.187 0.528 0.034
LSD 30.100 4.613 29.500 25.800

Pannar

Treatment Survival (%) Mass (mg) Survival (%) Mass (mgQ)
Control 44 a 7.63 a 40 a 34.12 ab
Bt 30 a 2.58 a 26 a 20.49 a
GR 42 a 4.23 a 40 a 45.72
Bt/GR 41 a 10.03 a 30 a 24.48 ab
GR Sprayed 26 a 4.19 a 20 a 32.80 ab
Bt/GR Sprayed 22 a 2.01 a 30 a 27.37 ab
F-value 1.35 0.76 2.24 3.45
P-value 0.309 0.595 0.118 0.037
LSD 25.300 10.976 16.800 14.755

* Significant difference at P = 0.005 and indicated in red.
* Means within columns followed by different letters differ significantly at the indicated level.
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2.4.2.2 Greenhouse trial with Chilo partellus
Monsanto cultivar

No larvae survived on any of the Bt treatments, therefore the results showed no significant
difference in the survival (F6 = 0.01; P = 0.991) (Table 2.5) and the mass (Fes = 0.13; P =
0.878) (Table 2.5) after 14 days of inoculation. After 14 days of feeding on the GR treatment
the larvae gained less mass than the larvae that fed on the control and the GR maize sprayed
with glyphosate.

After 21 days only 10% of the larvae on the GR maize sprayed with glyphosate was recovered,
8% less than the control (Fze = 2.44; P = 0.168) (Table 2.5) and a 0% survival rate was

recorded on the Bt treatments.

Larvae that fed for 21 days on the GR maize that was sprayed with glyphosate showed the
greatest mass gain when compared to the other treatments (Fp;5 = 0.71; P = 0.529) (Table
2.5).

Pioneer cultivar

A survival rate of 15% was recorded on the non-Bt treatment and 20% on the GR treatment,
after 14 days which differed significantly from the Bt maize treatments with a 0% survival (F:)
= 2.41; P = 0.171) (Table 2.5). No significant differences were observed in larval mass
between the three non-Bt treatments after 14 days (F@6 = 0.34; P = 0.722) (Table 2.5).

Although no significant results were recorded, after 21 days C. partellus larvae indicated that
there was only a survival rate of 18% on the GR maize sprayed with glyphosate (F ;) = 0.49;
P = 0.634) (Table 2.5). Larvae that fed on GR maize that was sprayed with glyphosate were
heavier than larvae of some of the other treatments but did not differ statistically (F;s = 0.32;
P =0.736) (Table 2.5).

Pannar cultivar

The highest survival rate after 14 days was recorded on the GR treatment but did not differ
statistically from the other non-Bt treatments (Fp6) = 1.62; P = 0.274) (Table 2.5). Although
no significant difference was observed in the mean mass of the larvae between the non-Bt

treatments, the larvae had the lowest mass gain on the GR treatment sprayed with glyphosate,
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with no differences between the other two non-Bt treatments (Fp;5 = 0.32; P = 0.735) (Table
2.5).

No significant differences were observed in the survival of non-Bt treatments and no larvae
survived on any of the Bt treatments after 21 days (Fes = 0.61; P = 0.576) (Table 2.5). The
larvae that fed on the GR treatment that was sprayed with glyphosate had the greatest mass
after 21 days (F@e) = 1.47; P = 0.302) (Table 2.5).
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Table 2.5 The results of day 14 and day 21 for the greenhouse trial (Season 2014/15). Survival

(%) and mean larval mass (mg) of Chilo partellus on maize plants on the different treatments.

Greenhouse trial - Chilo partellus

2 Monsanto

5 [ e T oaa
Treatment Survival (%) Mass (mg) Survival (%) Mass (mg)
Control 17 b 9.62 b 18 b 7.4 ab
Bt - - - -
GR 17 b 7.54 b 17 b 9.84 ab
Bt/GR - - - -
GR Sprayed 18 b 7.83 b 10 b 13.68 b
Bt/GR Sprayed - - - -
F-value 0.01 0.13 2.44 0.71
P-value 0.991 0.878 0.168 0.529
LSD 19.4 10.643 9.1 13

Pioneer
[ wwe T oaa

Treatment Survival (%) Mass (mQ) Survival (%) Mass (mg)
Control 15 b 10.5 b 21 b 17.31 b
Bt - - - -
GR 20 b 7.98 ab 13 ab 15.09 b

g Bt/GR - - - -

g GR Sprayed 10 ab 7.32 ab 18 ab 19.78 b

§ Bt/GR Sprayed - - - -
F-value 241 0.34 0.49 0.32
P-value 0.171 0.722 0.634 0.736
LSD 11.4 9.886 20.6 14.276

Pannar
[ ww  eea

Treatment Survival (%) Mass (mg) Survival (%) Mass (mg)
Control 22 ab 12.05 b 11 ab 11.96 ab
Bt - - - -
GR 29 b 10.69 ab 10 ab 18.87 b
Bt/GR - - - -
GR Sprayed 10 ab 8.22 ab 15 b 22.08 b
Bt/GR Sprayed - - - -
F-value 1.62 0.32 0.61 1.47
P-value 0.274 0.735 0.576 0.302
LSD 25.6 11.803 13.6 14.752

* Significant difference at P = 0.005 and indicated in red.
* Means within columns followed by different letters differ significantly at the indicated level.



2.5 Discussion

2.5.1 Laboratory trials

2.5.1.1 Laboratory trials: Busseola fusca survival and mass
Monsanto cultivar

The survival of larvae on treatments with Bt maize in all three seasons indicated that the B.
fusca populations used in this study were tolerant to Bt maize. Since there were largely no
significant differences or tendencies regarding mean mass of B. fusca larvae on different
treatments, it can be concluded that, as expected, larvae developed equally well on plants of
all treatments and that application of glyphosate on Bt/GR plants did not affect larval survival

and development on the Monsanto cultivar used in this study (Fig. 2.2 a - c; Table 2.2).

Pioneer cultivar

As with the above mentioned cultivar, survival and mean larval mass during both seasons did
largely not differ between any of the treatments, indicating good development on the GR
cultivar and that application of glyphosate on the Bt/GR stack had no influence on larval

survival and development (Fig. 2.3 a and b; Table 2.2).

Pannar cultivar

The similar levels of larval survival and lack of differences in larval mass on the non-Bt control
treatments, as well as the GR and GR sprayed treatments indicate that this hybrid and different
treatments allowed normal larval development to take place (Fig. 2.4 a and b; Table 2.2).

2.5.1.2 Laboratory trials: Chilo partellus survival and mass
Monsanto cultivar

Data on larval survival during all seasons indicate that C. partellus is highly susceptible to Bt
maize (Event MON810) and that the GR trait or glyphosate application had no effect on

development of larvae (Fig. 2.5 a - ¢; Table 2.3).
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Pioneer cultivar

Data on larval survival during all seasons indicate that C. partellus is highly susceptible to Bt
maize (Event MON810) and that the GR trait or glyphosate application had no effect on
development of larvae (Fig. 2.6 a and b; Table 2.3).

Pannar cultivar

Chilo partellus larvae responded similarly to all treatments than reported above for other
cultivars and it can be concluded that the GR trait or glyphosate application had no effect on

development of larvae (Fig. 2.7 a and b; Table 2.3).

2.5.2 Greenhouse trials
2.5.2.1 Greenhouse trial: Busseola fusca survival and mass
Monsanto cultivar

The lack of differences between treatments in terms of larval survival and mean larval mass
indicated that the population of B. fusca used was tolerant to Bt maize and that the application

of glyphosate did not have an effect on larval development (Table 2.4).

Pioneer cultivar

Stem borer larvae developed satisfactorily on plant tissue of all treatments indicating that the
application of glyphosate did not have an effect on larval development (Table 2.4).

Pannar cultivar

The lack of differences between treatments in terms of larval survival and mean larval mass
indicated that the application of glyphosate did not have an effect on larval development (Table
2.4).
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2.5.2.2 Greenhouse trial: Chilo partellus survival and mass
Monsanto cultivar

Similar to observations made during laboratory trials, results from greenhouse trials showed
that C. partellus was highly susceptible to Bt maize and that no larvae survived for seven days
on any Bt treatment. Application of glyphosate on GR maize did not influence larval
development (Table 2.5).

Pioneer cultivar

The lack of significant differences between treatments in terms of mean larval mass and
survival indicate no effect of the GR trait or spray application on the development of C.

partellus larvae (Table 2.5).

Pannar cultivar

Stem borer larvae developed satisfactorily on plant tissue of all treatments indicating that the

application of glyphosate did not have an effect on larval development (Table 2.5).

2.6 Conclusions

Although not significantly different, larval survival recorded from plant tissue of the GR and
GR treatment with the spray application tended to be the highest in six out of the seven trials
with B. fusca and five out of seven for C. partellus. It can therefore be concluded that the GR
trait or glyphosate application does not have an adverse effect on larval development.

In order to obtain conclusive results on the possible effect of glyphosate application on
expression levels of Cry proteins in Bt/GR plants, ELISA’s need to be done. Using larval
survival and mass as indicators of possible effects of glyphosate on expression levels of

insecticidal proteins is not conclusive.

Interpreting results from this study was complicated by the fact that the B. fusca populations
used were all tolerant to Bt maize used in these trials. Chilo partellus has previously been
reported to be much more susceptible to Bt maize than B. fusca. The MON810 Bt maize event

was also reported to be a low dose event against B. fusca (Tabashnik et al., 2009). For that
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reason, a similar study to the one described above may vyield different results if a CrylAb
susceptible population of B. fusca is used. Continued research, including the use of ELISA’s

to determine the effect of glyphosate on Cry protein expression levels is needed.
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Chapter 3 - Determining the effect of Bt/GR stacking and glyphosate application on the

expression levels of Bt Cry toxin in maize leaves

3.1 Abstract

Stem borers are serious pests of maize in sub-Saharan Africa. These pests cause damage to
maize which may result in yield losses or it may lead to secondary disease infections The
effective control of insect pests on maize is therefore of utmost importance. Bt maize that
express CrylAb insecticidal protein, is toxic to lepidopteran stem borer larvae. During 2006
the first report of B. fusca field resistance against Bt maize (MON810) was made in South
Africa. The main reason for resistance evolution was thought to be poor compliance to refuge
requirements but studies on soybean and cotton indicated that other factors could also
influence expression levels of Cry proteins in plants. The possible effect of Bt/GR stacking
and the application of glyphosate on Bt expression therefore needs to be investigated. If
stacking and glyphosate application have an effect on Bt expression and high-dose
requirements are not met, it may contribute to resistance development. The aim of the study
was to determine whether Bt expression levels are affected when Bt is stacked with the
glyphosate resistant (GR) trait or if glyphosate is applied. Results indicated that the Bt
concentration in the leaves decreases as the maize plant ages. Large variation was observed
in the Bt protein concentration of various. It cannot be concluded that glyphosate application
or stacking of Bt/GR traits affects the Bt expression levels in the maize leaves.

3.2 Introduction

Genetically engineered insect-resistant maize that express the insecticidal protein derived
from Bacillus thuringiensis (Bt) have become an important component in integrated pest
management worldwide (Kennedy, 2008). Bt maize expressing CrylAb insecticidal proteins
was introduced for the control of two stemborer species in South Africa, Busseola fusca and
Chilo partellus, after its development for the control of other stem borer species in North
America (Archer et al., 2001).

Bt maize is currently planted on more than 80% of the maize production area in South Africa
(James, 2013). Of the total area of maize that was planted in 2014, 86.9% were GM maize,
with 25% the Bt gene, 18.2% glyphosate resistant GR maize and 46.9% Bt stacked with GR
genes. Since 2009 the adoption of the stacked maize event increased gradually each year,
but in 2013 it increased drastically from 28% to over 43% (James, 2014).
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The adoption rate of Bt maize increased rapidly in South Africa and has until recently been
very effective against the target pest B. fusca. However, the first report of field resistance was
made in 2006 by Van Rensburg (2007). Within one year thereafter another resistant population
was recorded approximately 60 km from the initial site (Kruger et al., 2011).

According to Insect Resistant Management (IRM) requirements and in cases where events
are considered as high-dose, the Bt concentration needs to be 25 times higher than the
concentration needed to kill 99% of the target organism (Agbios, 2015). However, no
information is available on the Cry toxin concentration in MONS810 that is needed to fulfil this
criterion (Then, 2007). Event MONB810 has in the past been considered to be a low-dose event
for B. fusca (Tabashnik et al., 2009).

Various factors may influence expression levels of insecticidal proteins in plants (Shen et al.,
2010; Zhen et al., 2008). The efficacy of transgenic Bt cotton varies under the related age and
structure of the plant, as well as under certain environmental stresses (Dong and Li, 2007;
Rochester, 2006). Bt cotton is seen as one of the most effective and environmental friendly
insect control method in cropping systems (Kranthi et al., 2005), but the inconsistency of the

Cry toxin under field conditions still remains an unresolved issue (Adamczyk et al., 2001).

The inconsistency of Cry protein expression in maize plants may contribute to resistance
development and the limited success of Bt technology in some localities in South Africa .Bt
concentration may vary between neighbouring plants (Nguyen and Jehle, 2007), different
plant individuals, between different plant parts (Greenplate, 1999), over seasons (Nguyen,
2004) and different localities (Greenplate, 1999). Another study concluded that a single leaf
may produce different Bt levels in different parts of the leaf (Abel and Adamczyk, 2004).
Several studies have been done to investigate the relationship of Bt toxins in plants under high
temperature conditions. Under high temperatures a decrease in insecticidal protein in leaves
is observed (Xia and Guo, 2004) and the Bt gene in cotton may switch off at earlier
development stages (Xia and Guo, 2004). Protein content in Bt cotton was observed to

decrease significantly during the boll filling stage (Chen et al., 2005).

A study done by Bruns and Abel (2003) on maize showed that the CrylAb concentration is
positively affected (Chen et al., 2005) during the reproductive growth stage and with an
increase in N-fertility of soils. Some reports also showed that the CrylAc protein levels are

improved with the foliar application of a growth regulator (Oosterhuis and Brown, 2004).

The GM crop market has been dominated by single gene herbicide tolerant traits and Cry-
toxin traits the first decade of GM crop production (Taverniers et al., 2008). Glyphosate is the

world’s leading agrochemical since it is not selective in the plant species that it affects.

58



Glyphosate resistant plants were introduced in the USA during 1996, thereby allowing the
post-emergence application of glyphosate without causing damage to the crop (Monsanto,
2005; Pollegioni et al., 2011).

Farmers have reported that application of glyphosate onto GR crops shows stress symptoms
and injury (Zablotowicz and Reddy, 2007; Zobiole et al., 2010) and even effects on yield
(Baylis, 2000). It was found that glyphosate causes damage to chlorophyll which may in turn
result in lower chlorophyll content (Reddy et al., 2000). Glyphosate application may also
immobilize nutrients in the plant which is essential for chlorophyll production and function (Mg
and Mn) (Taiz and Zeiger, 1998). The main metabolite of glyphosate (AMPA), may contribute
to chlorosis (Duke et al., 2003b; Reddy et al., 2004) and glyphosate may have physiological
impacts in soybean plants (Zobiole et al., 2010). All of the above mentioned effects of
glyphosate may result in plant stress which might influence biochemical processes in plants.
It may also be possible that these stresses experienced by plants have an effect on expression
levels of the Bt Cry protein in the plant. A study done on transgenic maize showed that when
two genes are stacked into the genome of a single maize variety it may have an effect in the
overall expression of endogenous genes (Agapito-Tenfen et al., 2014). Furthermore,
transgenic transcript accumulation levels showed a significant decrease when compared to a

parental single event variety (Agapito-Tenfen et al., 2014).

If Cry protein levels were adversely affected by application of glyphosate in South Africa, the
high percentage of Bt/GR stacked maize planted in South Africa (James, 2014) could have
contributed to resistance development. To ensure successful insect resistance management
strategies for Bt maize, the expression levels of the Cry-toxin (Cry1Ab) in the stacked event
needs to be assessed. This will determine whether the efficacy of the Bt in the stacked event
is influenced by glyphosate spray applications. The relationship between the presence of
transgenes (stacked traits) and the expression of Cry-toxin levels also needs to be explored
in GM crops. Control over the expression of transgenes is important (Tabashnik et al., 2013)
since it is expected that transgenes in GM plants are fundamentally expressed in all plant
tissue at high levels (Corrado and Karali, 2009). This is of importance with regard to target
species developing resistance (Tabashnik et al., 2013). Transgenes can be measured by
mean of Reverse Transcription Polymerase Chain Reaction (RT-PCR), which is used to detect
genes which are expressed in tissue. This can help to identify whether a transgene is active
in a GM crop (Singh et al., 2009).

ELISA (enzyme-linked immunosorbent assay), is a method for biochemical research. The
assay allows the detection of all types of biological molecules at very low concentrations and
guantities (Gan and Patel, 2013). Sometimes no Bt content expression is detected in Bt

products (ELISA test), but it cannot be concluded that the Bt transgene is not present. It can
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be that the Bt protein is expressed at extremely low levels, and therefore it is important that

both analyses needs to be done when assessing Bt plants.

The aim of the study was to determine whether Cry protein expression levels in maize plants
are influenced by the presence of a GR trait in the same cultivar and if glyphosate application
influences Cry protein expression levels in Bt/GR plants.

3.3 Materials and methods

3.3.1 Determining the expression levels of Bt proteins in Bt maize plant tissue

A trial was conducted in in a greenhouse under controlled conditions. The study was
conducted at the ARC - Grain Crops Institute, Potchefstroom (location: 46°43’S, 27°06’E) in
the North-West Province, South Africa. The temperatures in the greenhouse ranged between
15°C and 26°C. The trial was carried out under natural daylight/night conditions over one
season (2014/15). Glyphosate application (full rate - 2¢/ha) was performed three weeks after
seedling emergence, since application guidelines stipulate application prior to the V7 growth
stage. Cultivars from three different seed companies were used (Table 3.1). The six different
treatments were: 1) non-Bt control, 2) Bt-maize, 3) GR maize, 4) Bt/GR stacked maize, 5) GR
maize sprayed with glyphosate and 6) Bt/GR stacked maize sprayed with glyphosate. All
treatments from all the hybrids that contain the Bt gene was from the MON810 event. The
treatments with Bt and/or GR traits were iso-hybrids of the corresponding controls (Table 3.1).
One of the treatments was non-transgenic maize which is further referred to the control
treatment. The experimental design was a completely randomized block design with three

replicates.

Leaf samples were collected from plants growing in the greenhouse at predetermined time
intervals. These were TO (one day before glyphosate application), T1 (1 day after application),
T5, T9, T15, and T21 days after glyphosate application (DAA) for treatments GR sprayed and
Bt/GR sprayed (Table 3.2). Although treatment Bt and Bt/GR were not sprayed, samples were
collected at the corresponding time intervals. There were 10 plants in each plot row and leaf
samples were taken from these plants. Three leaf samples were randomly collected from
different plants at the different time intervals. Each leaf sample served as a replicate. The
upper fully unfolded leaf from a plant was collected to ensure the leaves of the same
developmental stage and physiological age were used. A leaf sample of 5 x 5 cm was collected
from the middle part of the leaf avoiding the middle vein of the leaf. Leaf tissue samples were

immediately frozen in liquid nitrogen and restored at -80°C until ELISA tests were performed.
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CrylAb protein content in the leaves was determined using a QualiPlate™ kit for
Cry1Ab/Cry1Ac (Envirologix) according to the manufacturer’s instructions. All leaf tissue was
freeze dried three days prior to the protein extraction period, in order to ensure that no water

molecules were present in the leaf samples.

Approximately 0.005 g of the dry leaf tissue was grind to a very fine powder using acid purified
sea sand. Subsequently, 1.5 ml extraction buffer was added to each sample in order to extract
the protein. Contents were transferred into low protein binding Eppendorf tubes and
centrifuged. Supernatants were diluted 1:100 with wash buffer for the immunological assay.
Contents were filtered and transferred to 2 ml low protein-binding Eppendorf tubes. Samples
were replicated three times and two standards were added in the 96-well microplate provided.
Twelve CrylAb concentrations were used for the calibration curve at standard concentrations
(Table 3.3).

Spectrophotometric measurements were conducted with a microplate reader (Berthold

Technologies Mithras Multimode Microplate Reader Lb 940).
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Table 3.1 The three different cultivars that were used in the trial and the six different

treatments.
@ Cultivars
&
S
§ Monsanto Pioneer Pannar
=
Non-Bt control Non-Bt control Non-Bt control
! (cultivar: DKC 80 — 10) (cultivar: 32 B 07) (cultivar: BG 3792)
, Bt (MON810) Bt (MON810) Bt (MON810)
(cultivar: DKC 80 — 12 B) (cultivar: 32 B 06 B) (cultivar: BG 3592 B)
GR GR GR
3 (cultivar: DKC 80 - 30 R) (cultivar: 32 B 05 R) (cultivar: BG 3292 R)
4 Bt/GR Bt/GR Bt/GR
(cultivar: DKC 80 — 40 BR) | (cultivar: 32 B 10 BR) (cultivar: BG 3492 BR)
GR with glyphosate GR with glyphosate GR with glyphosate
5 application application application
(cultivar: DKC 80 - 30 R) (cultivar: 32 B 05 R) (cultivar: BG 3292 R)
Bt/GR with glyphosate | B/GR with glyphosate | BUGR with glyphosate
6 | application application application
(cultivar: DKC 80 — 40 BR) | (cultivar: 32 B 10 BR) (cultivar: BG 3492 BR)

Table 3.2 The number of readings done over time, days after glyphosate application and the

corresponding time interval when leaf samples were collected.

Reading Days after glyphosate application (DAA) Time intervals *
1 One day before glyphosate application TO
2 1 DAA T1
3 5 DAA T5
4 9 DAA T9
5 15 DAA T15
6 21 DAA T21

* Time intervals when samples were collected to determine Cry protein content in the leaves
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Table 3.3 The standard concentrations that were used as a calibrator.

Calibration curve Cry (ng/ml) Optical Density 450 nm
S1 0 0
S2 0.03 0.142
S3 0.06 0.201
S4 0.12 0.273
S5 0.24 0.446
S6 0.5 0.797
S7 1 1.42
S8 15 1.951
S9 2 2.426
S10 2.5 2.818
S11 3 3.082
S12 35 3.13

3.3.2 Data analysis

The data over time were analysed using repeated measurements ANOVA (Graphs). One-
way ANOVAs were used to analyse and compared between treatments at each time interval
(table). GenStat 17th Edition (VSN International) was used for all analyses. Data are

presented as means with an associated least significant difference (LSD, at P = 0.05).
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3.4 Results

3.4.1 Bt protein concentration measured over time (Repeated measurements) (Dry

mass)
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Figure 1. Mean Cry protein content (ug Cry/g leaf) measured at different time intervals in
maize leaves of three different maize cultivars a) Monsanto (Fao:31) = 1.58; P = 0.160); b)
Pioneer (F(o;36)= 4.36; P < 0.001) and c) Pannar (F(0;36)=1.62; P = 0.139). Leaf samples were
collected one day before glyphosate application, there after 1, 5, 9, 15, 21 days after
glyphosate application.
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Monsanto cultivar

The Cry protein concentration in the leaves of plants in the Bt and Bt/GR treatment with no
glyphosate application were similar over time (Fo;31) = 1.58; P = 0.160) (Fig. 1. (a)). Although
not significantly different, the protein concentration in the leaves of Bt and the stacked (Bt/GR)
treatment (Bt/GR) leaves decreased after T5. Cry protein content in the Bt/GR sprayed
treatment, decreased after the first day glyphosate was applied at T1 but did not differ
significantly. The insecticidal protein concentration of the Bt and Bt/GR treatments, decreased
from T5 to T21. Whereas for Bt/GR sprayed treatment a decrease was observed from T1 to
T21. The results indicated that the Bt concentration in the leaves gradually decreased with the

age of the maize plant.

Pioneer cultivar

The Bt protein concentration in the Bt/GR sprayed treatment showed a sharp increase from
TO to T1. However a sudden increase for Bt and Bt/GR treatments were observed from T1 to
T5. Cry protein concentration measured in Bt/GR sprayed treatment, showed a sudden
decrease at T1 onwards (Fo;36 = 4.36; P < 0.001) (Fig. 1. (b)). The Pioneer cultivar had the
same tendencies as in the case of the Monsanto cultivar, but with a higher spike from TO to
T5.

Pannar cultivar

The Pannar cultivar did not show the same tendencies as the previous two cultivars. Bt
concentrations decreases for all three treatments containing Bt from TO to T1. However with
this cultivar the Bt concentration for the Bt and Bt/GR treatments were higher compared to the
Bt/GR sprayed treatment The results showed that Bt and Bt/GR treatments express similar
amounts of Cry protein over time and that concentrations did not differ significantly (Fo;36)
=1.62; P = 0.139.) (Fig. 1. (c)). Results indicated that the Bt concentration in maize leaves
increased in the young leaves until the maize plant reached a certain age. As the plant ages

the Bt concentration decreases over time.
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3.4.2 Bt protein concentration measured at specific time intervals (One-way ANOVA)

(Dry mass)

Monsanto cultivar

A significantly higher protein content was measured in the Bt/GR sprayed treatment compared
to the unsprayed Bt/GR and Bt treatments at T1. Results indicated that the protein content
that was expressed in the Bt/GR sprayed treatment was 20 ug Cry protein per gram leaf higher
than the other two treatments containing Bt at T1 (Table 3.4). The lack of differences between
treatments in terms of protein concentration at the other time intervals indicated that the
application of glyphosate onto plants in the Bt/GR sprayed treatment, did not have an effect
on the protein expression in the maize leaves compared to the Bt and Bt/GR treatments. The
highest protein expression levels for the Bt and Bt/GR treatments where no glyphosate was
applied, was observed at T5, whereas the highest protein expression for the Bt/GR sprayed
treatment was observed at T1. Results indicated that as a plant ages, the protein concentration

decreases over time.

Pioneer cultivar

Comparison of the Cry protein expression levels of the three Bt treatments at T1, showed a
significant difference in the protein content (Table 3.4). A significantly higher protein content
was measured in the B/GR sprayed treatment than in the Bt and Bt/GR treatments at T1.
There was also a significant difference between the Bt/GR sprayed treatment (40 ug/g leaf)
and the unsprayed Bt/GR treatment (22 ug/g leaf) at T21. The Bt expression level for the Bt
and Bt/GR treatments showed the highest expression at T5, compared to the Bt/GR sprayed
treatment with the highest expression at T1. Results on Cry protein concentrations in plants
of the non-sprayed treatment indicated that the protein content increased until the plant

reached a certain age, after which the protein content decreased as plants mature.

Pannar cultivar

The Bt protein content was significantly higher in plants of the Bt treatment compared to those
in the Bt/GR treatment at T9 (Table 3.4). Although the Bt protein concentration in the Bt and
Bt/GR treatments were similar when compared over the different time intervals, the Bt content
in the Bt/GR treatment tended to be slightly higher than that in the Bt treatment over most of

the period. However, it was only significantly higher at T9, but the highest protein expression
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level in plants of the Bt treatment was observed at T1, for the Bt/GR treatment at T5 and for
the Bt/GR sprayed treatment at T9.
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Table 3.4 Mean Cry protein content (ug Cry/g leaf) measured in maize leaves of cultivars at

different time intervals. Data presented were analyzed by means of one-way ANOVA. Leaf

samples were collected one day before glyphosate application, thereafter 1, 5, 9, 15, 21 days
after glyphosate application (DAA) (Table 3.2)

Greenhouse trial (2014/15)

Mean Cry protein concentration (ug/g) (Dry mass)

Monsanto

Treatment

TO T1 T5 T9 T15 T21
Control - - - - - -
Bt 42.79 a 49.27 a 59.40 a 37.13 a 21.50 a 35.15 a
GR - - - - - -
Bt/GR 44.89 a 39.63 a 63.53 a 38.51 a 32.31 a 29.20 a
GR Sprayed - - - - - -
Bt/GR Sprayed 44.89 a 65.62 b 42.67 a 32.68 a 26.55 a 28.47 a
F-value 0.07 22.28 1.72 0.12 0.64 0.34
P-value 0.930 0.003 0.256 0.890 0.566 0.728
LSD 15.507 10.119 29.114 32.094 24.609 24.551

Pioneer
Treatment

TO T1 T5 T9 T15 T21
Control - - - - - -
Bt 11.179 a 15.37 a 55.52 a 42.68 a 31.24 a 26.66 ab
GR - - - - - -
Bt/GR 6.377 a 25.61 b 70.65 a 25.68 a 30.94 a 22.35 a
GR Sprayed - - - - - -
Bt/GR Sprayed 6.377 a 60.76 c 52.94 a 30.85 a 32.21 a 40.07 b
F-value 2.78 151.91 1.79 1.99 0.00 6.17
P-value 0.140 <0.001 0.246 0.217 0.995 0.035
LSD 5.758 6.685 24.769 21.376 33.227 12.874

Treatment

TO T1 T5 T9 T15 T21
Control - - - - - -
Bt 36.02 a 83.88 a 74.75 b 69.02 b 28.1 a 43.83 a
GR - - - - - -
Bt/GR 28.23 a 74.64 a 80.87 b 49.12 a 33.81 a 46.23 a
GR Sprayed - - - - - -
Bt/GR Sprayed 28.23 a 51.5 a 45.9 a 53.46 ab 22.52 a 19.43 a
F-value 0.45 2.47 10.49 5.64 1.13 4.07
P-value 0.657 0.165 0.011 0.042 0.382 0.076
LSD 23.199 36.698 19.957 15.255 18.346 25.441

* Significant difference at P = 0.005 and indicated in red.
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3.5 Discussion

A similar tendency was observed in the Monsanto and Pioneer cultivars where the highest
protein concentration for the Bt and Bt/GR treatment was observed at T5, and for the Bt/GR
treatment sprayed with glyphosate at T1. The Bt protein concentration showed an increase for
all three cultivars on the day immediately following glyphosate application to plants of the
Bt/GR sprayed treatment. A possible explanation could be that the physiology of the maize
plant may change after glyphosate application, but this phenomenon needs to be investigated
with a more in depth study. Between the V3 and V5 growth stages the maize plant is the most
tolerant to stresses. This is the optimal time for chemical weed control, because the growing
point is still below ground (Ritchie et al., 1993). This should be kept in mind in future reference

studies. The effect of glyphosate on the Cry protein concentration should also be kept in mind.

In the Monsanto and Pioneer cultivars, the protein concentration measured in the Bt treatment
and the Bt/GR treatment decreased after T5. The reason for this is unknown, as this study
focused on the effect of gene stacking and on the effect of glyphosate on the Bt protein
expression levels in the maize leaves. Dutton et al. (2004) also reported that Bt content in the
leaves of three different Bt treatments decreased gradually as the plant aged. All graphs
verified the results of Dutton et al. (2004)

At T1 a significantly higher Cry protein concentration was measured in the Bt/GR sprayed
treatment than in the Bt and Bt/GR treatments for both the Monsanto and Pioneer cultivars.
The Bt/GR sprayed treatment in the Pannar cultivar expressed a significantly lower Bt protein

concentration than the other two Bt treatments at T1.

3.6 Conclusions

This study showed that different maize varieties, when grown under similar environmental
conditions, express different concentration levels of Cry proteins. This could probably be
ascribed to the genetic backgrounds of the different varieties (Agbios, 2015). When the Bt
gene is evaluated, it is expressed in its homozygous state (inbred lines). Whereas with
commercialization the gene is expressed in heterozygous state (hybrid). Therefore, we can
conclude that the Bt gene expression seems to be affected by the genetic background and

should be evaluated for this reasons before commercialization.

The results show that the Bt concentration in the leaves decreases with the age of the maize

plant. The results showed that there is no effect on the Bt expression levels in the maize leaves
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when the Bt and GR genes are stacked in a single maize variety. Although significant
differences were observed at T1 when glyphosate was applied to the Bt/GR treatment in the
Monsanto and Pioneer cultivar, it cannot be concluded that glyphosate affects the Bt toxin

expression levels of Bt/GR maize varieties.

Due to high variation in the Bt concentration levels between plants grown under the same
environmental conditions (Nguyen and Jehle, 2007), more studies with more replicates should
be repeated over more than one season. Trtikova et al. (2015) suggested that the expression
of transgenes should be measured when research on Bt plants are being conducted.
Transgene expression is an alternative way to determine whether the Bt protein content is
affected by environmental factors or by the plants’ regulatory system and whether the
transgene is absent or present (Trtikova et al., 2015). RT-PCR is used to identify genes which

are expressed in the tissue (Singh et al., 2009).

Future studies need to give attention to why different parts of the plants produce different Bt
concentration levels and how does the different Bt concentrations in different parts of the plant
compare (Nguyen, 2004). If unexpectedly low levels of Bt content are expressed it can
increase the development of resistance in target species. With this we can in future determine

the concentration of Cry protein needed to fulfil the criterion of the high dose principle.

To conclude, the results from this study showed large variation in the Bt protein concentration
over the different cultivars despite the fact that all treatments express the same gene. This
may be due to different genetic background and supports the findings of Trtivoka et al. (2015).

It cannot be concluded that glyphosate affects the Bt expression levels in the maize leaves.
Trtivoka et al. (2015) showed in their study that different maize varieties containing the same
transgene can react differently to environmental factors i.t.o. the Bt protein expression level.
Therefore, further studies need to be done to investigate the effects of glyphosate on Bt/GR
maize i.t.o. the physiology of the maize plant, transgene expression, and the relationship
between the Bt and GR gene with regard to the Bt expression in the maize plant and the

physiology of the plant.
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Chapter 4 - Conclusions

The control of weeds in maize cropping systems and of insect pests on maize is important
since these biotic factors directly influence crop yield. During 2014 nearly 50% of all
genetically modified (GM) maize that were planted globally contained the Bt/GR (glyphosate
resistance) stacked genes (James, 2014). The use of the broad spectrum herbicide,
glyphosate subsequently increased  with the adoption of GR and stacked gene maize
varieties (James, 2013). These GM maize varieties provide many benefits to farmers and it is
therefore important that this technology be protected. The misuse of glyphosate in the past
contributed to resistance development in weeds. Poor stewardship and lack of compliance to

refuge requirements resulted in pest resistance evolution to Bt maize.

It is important to identify potential problems that threaten the sustainable use of GM crops as
soon as possible in order to ensure continued success of GM technology. For example, it is
important to monitor the status of resistance of pests to Bt crops and to investigate the efficacy
of Bt maize in single and stacked maize varieties in order to put measures in place to delay

evolution of resistance in key pests.

Numerous factors together with environmental conditions may influence the efficacy of
insecticidal proteins in crops. One of the main reasons for product failure efficacy of Bt cotton
against target insect pests was ascribed to reduced insecticidal protein expression levels
(Benedict et al., 1996). Before the commercialization of Bt crops, there were however
concerns with regard to the development of resistance to these insecticidal proteins (Gould,
1998; Tabashnik et al., 2003; Zhao et al., 2003).

Currently the high dose/refuge strategy is the only Insect Resistant Management (IRM)
strategy used in South Africa (Kruger et al., 2011). Despite the use of the high-dose/refuge
strategy in order to delay resistance development (Tabashnik et al., 2009), van Rensburg
(2007) reported a Busseola fusca (Lepidoptera: Noctuidae) population in South Africa that was

resistant to MONB810 Bt maize, expressing CrylAb protein.

There are several reasons for the development of resistance in target pestS. For example,
poor refuge compliance to high dose/refuge strategy was listed as the major reason that
contributed to the high selection pressure for resistance development to Bt crops. Another
reason is that target species are exposed to sub-lethal dosages of the Cry protein. Farmers
assume that Bt technology controls the pests effectively and they therefore neglected to scout

and monitor fields for pests (Kruger et al., 2009).

Previous studies confirmed that the expression levels of the Cry toxin in MONS810 maize differ

between young and older maize plants, and that environmental conditions influence Bt
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expression levels in transgenic maize (Dutton et al., 2009).This was already confirmed by Van
Rensburg (2001) by means of larval development studies. Bt concentration in plant tissue may
vary during the growing season since leaves of young plants contain a higher Bt concentration
compared to leaves of older plants (Greenplate, 1999; Coviella et al., 2000; Olsen and Daly,
2000; Dutton et al., 2004).

To ensure the success of IRM strategies for Bt maize pests, the expression levels of the Cry-
toxin (CrylAb) in the stacked event needs to be assessed in further in depth studies. This will
determine whether the Bt expression levels in the stacked event and the efficacy thereof is

influenced by glyphosate spray applications.

The possible effect that stacking of insecticidal and herbicide tolerant traits could have on stem
borer resistance evolution has never been investigated. No information exits on the effect of
herbicide application on expression and efficacy of Cry protein and subsequent stem borer
larval mortalities on Bt maize when treated with glyphosate. The relationship between the

stacked traits and glyphosate application has also not been investigated

Bt expression levels in plants are influenced by abiotic factors and the expression levels may
decrease with the maturity of the plant (Greenplate, 1999; Coviella et al., 2000; Coviella et al.,
2002; Dutton et al., 2004; Chen et al., 2005; Jiang et al., 2006; Dutton et al., 2009). Studies
and farmer reports also indicated that GR crops may be affected by glyphosate applications
(Arregui et al., 2003; Duke et al., 2003a; Zablotowicz and Reddy, 2007; Zobiole et al., 2010a;
Zobiole et al., 2010b).

If plant stress factors such as those described above and in chapter 3, influence the Bt protein
expression in the plant, the possibility exists that application of agro-chemicals, could, under
certain conditions also stress plant growth. In such cases the possibility exists that such
applications may then influence Bt protein expression in plants with stacked traits such as Bt
maize with GR ftraits. The idea that the herbicide tolerant gene may influence plant
development and physiology, prompts the idea that it could also affect expression of Cry

proteins inside plants of stacked events (Bt/GR).

This could imply that there may exist an interaction between the Bt and GR traits when
stacked. Therefore the aim of the study was to determine if the combination of Bt and GR
resistant traits, as well as the application of glyphosate have an effect on the efficacy of Bt

maize against stem borers.

In the current study larval survival and mass was monitored as indicators to determine if

glyphosate had an effect on the expression of the Bt toxin in a stacked gene maize variety.
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Although there were no significant differences it is concluded that the GR trait or glyphosate
application does not have an adverse effect on larval development as the survival results for
B. fusca and Chilo partellus (Lepidoptera: Crambidae) tended to have the highest survival in
most of the trials.

Chilo partellus has previously been reported to be more susceptible to Bt maize than B. fusca.
The MONS810 Bt maize event was also reported to be a low dose event against B. fusca
(Tabashnik et al., 2009). The B. fusca population in this study showed some levels of
resistance to MON810 maize which complicated the interpretation of the results. For that
reason, a similar study to the one described above may vyield different results if a CrylAb

susceptible population of B. fusca is used.

The results further showed that the Bt concentration in the leaves decreased with the age of
the maize plant. Although not significantly different, Bt concentration in the leaf samples
decreased directly after glyphosate was applied. It can be concluded from this study that
stacking of traits does not affect the Bt protein expression in maize leaves, but from the three
cultivars observed, 8 out of the 15 sample intervals the Bt protein concentration tended to be
higher in the Bt/GR maize leaves than in the single Bt gene maize leaves. When glyphosate
is applied to the stacked gene maize varieties, the maize leaves tended to express lower levels
of the Bt toxin. This only occurred in the Monsanto and Pannar cultivars.

Since large variation in the Bt concentration occur between different plant individuals (Nguyen
and Jehle, 2007), between different parts in the leaf (Abel and Adamczyk, 2004), and different
plant tissues (Greenplate, 1999) the question can be asked, why different parts of the plants
produce different Bt concentration levels. We now know that the stability of the Bt
concentration (CrylAb) is influenced by environmental factors, as this may be linked to the
reason for the variation in Cry protein levels during the season (Nguyen, 2004) and different
localities (Greenplate, 1999).

Large variation in the Bt protein concentration over the different cultivars and treatments were
observed between plants grown under the same conditions. This may be due to different
genetic backgrounds of the different cultivars and therefore supports the findings of Trtivoka
et al. (2015) who reported large variation in the expression of the transgenes and Bt content.
Since the expression of the Bt gene seems to be affected by the genetic background in which
it is presented, experiential hybrids should be evaluated before commercialization. Due to high
variation in the Bt concentration levels between plants grown under the same environmental
conditions (Nguyen and Jehle, 2007), more studies with more replicates should be conducted

with different plant tissues of the same plant over time for more accurate results.
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In conclusion, glyphosate application does not affect the Bt expression levels in maize leaves
directly. However results of previous studies showed, glyphosate does affect nutrient
availability (Zobiole et al., 2010b), immobilize nutrients which is compulsory for chlorophyll
production and function (Mg and Mn) (Taiz and Zeiger, 1998) and may also have long-term
physiological impacts in soybean plants (Zobiole et al., 2010b).

Future studies are needed to investigate the effects of glyphosate on GR maize varieties under
different conditions. These studies should include the investigation of physiology of the maize
plant, transgene expression, and the relationship between the Bt and GR gene in regard to
the Bt expression in the maize plant. Attention to the question as to why different parts of the
plant express different Bt concentrations levels is required (Nguyen, 2004). This phenomenon
should be assessed on different aspects as the Bt expression levels are highly sensitive to

different abiotic and biotic factors.

The above mentioned effects of glyphosate may result in plant stress which might have an
effect on expression levels of the Bt Cry concentration in the plant. When a plant experiences
stress, it can be witnessed through chlorophyll a florescence (Strasser et al., 2004) as well as
the chlorophyll content. It was also shown in a previous study that glyphosate may cause
damage to chlorophyll (Reddy et al., 2000). Since chlorophyll a fluorescence provides valuable
information regarding the function and structure of the photosynthetic system (Strasser et al.,
2004), changes induced in the photosynthetic system can be detected and quantified (Mehta
et al., 2010).

No data are available on the concentration of protein needed to fulfil the criterion of the high
dose refuge strategy. Therefore reliable guideline data are needed regarding the minimum
lethal Cry protein dosage to kill a target pest, this may contribute to the current problems
experienced with the high/dose refuge strategy. Continued research, including the use of
ELISA’s to determine the effect of glyphosate on Cry protein expression levels is needed. It is
important for future reference that the transgene expression be measured when Bt plants are

assessed (Trtikova et al., 2015).
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