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ABSTRACT  

Glyphosate is a highly effective non-selective, broad-spectrum, post-emergence herbicide used 

to control a broad spectrum of grasses and broad-leaf weeds. Glyphosate was initially largely 

used as a burn-down herbicide to eliminate weeds prior to planting, but since glyphosate resistant 

crop cultivars became available, applications can be done after planting as well. To prevent 

effects on ear initiation and subsequent yield loss, glyphosate should not be applied to glyphosate 

resistant (GR) maize cultivars after the V6 growth stage. Since late application and high 

application rates of glyphosate may play a role in reducing maize yield the need existed to study 

the possible effect of glyphosate application on plants. Field and glasshouse trials were conducted 

to elucidate timing of glyphosate application and different application rates on plant physiological 

parameters. While the majority of trials were conducted in South Africa, one glasshouse trial was 

conducted in Brazil. The study was done with five glyphosate resistant maize cultivars 

(BG5685RR, DKC73-76R, DKC75-35R, DKC80-30R and KKS4479R) using two glyphosate 

products (glyphosate and generic glyphosate, both 540 g a.e.l-1). Glyphosate was applied at 

different growth stages (V4, V4 followed up at V6 (V4/V6), V6 and V8) of GR maize in field trials 

over two seasons (2013/14; 2014/15). The experimental design was a split-plot with cultivars as 

main factor and treatments as subplots with three replicates per treatment. Plant height was 

significantly affected at the different application times of glyphosate and slight stunting of between 

5 and 10% was recorded for both seasons. Shoot mass was reduced with more than 10% during 

2014 where glyphosate was applied at V6 growth stage. During 2015, shoot mass was reduced 

between 2 and 15% across cultivars when glyphosate was applied at the V4, V4/V6 and V6 

growth stages. The crop growth rate of two of the cultivars were lower when glyphosate was 

applied at V8 during 2015. Maize yield of BG5685RR and KKS4479R was reduced with 20 and 

21% respectively, when glyphosate was applied at the V4, V6 and V4/V6 growth stages. Plant 

height increased overall between 4 to 20% when generic glyphosate was applied to GR cultivars 

during 2014. Slight stunting was observed for KKS4479R where generic glyphosate was applied 

at V4 (5%) and V4/V6 (6%) during 2015. Similar results were obtained with shoot mass during 

2014. Crop growth rate differed significantly between GR cultivars where generic glyphosate was 

only at the V8 growth stage. Yield of BG5685RR was reduced with >20% where generic 

glyphosate was applied at V6 and V8 growth stages during 2014.  The effect of above-mentioned 

products, applied at different application rates, on the physiology and growth of GR cultivars was 

tested in a glasshouse (controlled conditions) trial at Potchefstroom. This study consisted of six 

different glyphosate treatments for each product: (i) control, (ii) 0.75, (iii) 1.3, (iv) 1.7, (v) 2.0 and 

(v) 4.0 l.ha-1). Photosynthetic efficiency and plant productivity was evaluated by taking chlorophyll 

a fluorescence measurements from dark adapted plants to determine the PITOTAL parameter which 

is an indication of a plant’s overall vitality. Contradictory results were obtained with regard to PITotal 
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values since KKS4479R showed a decrease of 20% across application rates except at the                   

1.3 l.ha-1, and DKC73-76R showed a reduction of 28% only in 1.3 l.ha-1 application rates where 

glyphosate was applied. PITotal values of DKC78-35R and DKC80-30 decreased between 10 and 

25% where generic glyphosate was applied at 0.75, 1.7 and 2.0 l.ha-1 respectively. Cultivars had 

a greater effect on root, shoot and total dry mass than the different application rates of both 

glyphosate and generic glyphosate. Biomass of DKC73-76R and KKS4479R was reduced 

between 5-15% where glyphosate and generic glyphosate was applied. A similar trial was 

conducted under greenhouse conditions in Florianópolis, Brazil where the above mentioned 

application rates of similar products were applied on five GR maize cultivars (DK245R2, AG-8025 

PRO2, AG-8025 RR, AG-9045 RR, AG-9045 PRO2). In the latter experiment, cultivars also 

affected all parameters more than different application rates of both glyphosate products. The 

maximum quantum efficiency of photosystem II (PSII) was measured as the photochemistry FV/FM 

in the GR maize cultivars to quantify glyphosate applications on the photosynthesis process. 

AG8025PRO2 was most sensitive for glyphosate applied at 4 l.ha-1 compared to DK245R2 which 

was more sensitive to generic glyphosate applied at 0.75 l.ha-1. Stunting of 10% was observed 

across GR cultivars where both products were applied at 4 l.ha-1. Inconsistent results across 

cultivars, time of glyphosate application and different products applied were obtained in this study 

indicating the complexity of glyphosate application on growth parameters of GR maize hybrids. 

Some cultivars were, however, more sensitive to glyphosate application with subsequent 

decreases in plant growth, physiological processes and yield.   

Keywords: application rates, generic, glyphosate, glyphosate resistant maize, growth stages, 

plant physiology, photosynthesis 
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CHAPTER 1:  LITERATURE STUDY 

1.1 Glyphosate 

1.1.1 Introduction 

The herbicidal qualities of glyphosate [N-(phosphomonomethyl)glycine] was first discovered 

in 1970.  In 1974, after Monsanto Company commercially introduced and patented glyphosate 

as Roundup® with glyphosate being the active ingredient, it has become the dominant 

herbicide worldwide (Franz et al., 1997). In 2002 the patent rights for glyphosate expired 

resulting in a significant decrease in retail prices as generic products from competing 

companies entered the agro-chemical market (Qaim & Traxler, 2005; Duke, 2015). 

Glyphosate is a highly effective, non-selective, broad-spectrum, post-emergence herbicide 

used to control the majority of annual and perennial grasses, and broad-leaf weeds (Duke & 

Powles, 2009; Sivagamy & Chinnusamy, 2014).  Initially glyphosate was primarily used as a 

burn-down herbicide to eliminate weeds prior to planting, replacing the need for tillage as weed 

management tool (Dill et al., 2010). Duke and Powles (2009) attributed glyphosate’s success 

to its mode of action, rapid translocation, low toxicity and its relatively good environmental 

profile. Glyphosate’s success took off after the introduction of glyphosate resistant (GR) crops, 

which allows growers to apply glyphosate onto their crops (Duke & Powles, 2009). 

This herbicide took the lead in the global herbicide market with 65% of the total herbicide 

volume sold annually, with atrazine in second place with less than 6% (Duke & Powles, 2009; 

Green, 2014). From 2005 to 2012, annual glyphosate use increased from 30 million to 45.5 

million kg (Green, 2014). This dramatic increase is not only attributable to the success of 

glyphosate itself, but because of a reduction in discovery of other herbicides. From 1970 to 

2012, the number of major chemical companies in the world decreased from 45 to six 

(Syngenta, Bayer, BASF, Dow, DuPont and Sumitomo) (Duke, 2012). Nowadays, the time 

and cost to commercialize new herbicides with new modes of actions is extremely high and 

patent right lifetimes are short. As a result, companies only invest in developing post-patent 

herbicides (other glyphosate based herbicides) (Green, 2014).  

1.1.2 Chemistry and formulations of glyphosate 

Glyphosate (C3H8NO5P) is a white, odourless crystalline solid that consists of the amino acid 

glycine joined with a phosponomethyl group (HOOC-CH2-NH-CH2-PO3H2) (Figure 1-1) (Dill et 

al., 2010; Kier & Kirkland, 2013).  
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Figure 1-1: Molecular structure of glyphosate (Dill et al., 2010). 

Herbicides containing the active ingredient (a.i.) glyphosate are called glyphosate-based 

formulations (GBF’s). A GBF is formulated by using glyphosate, typically in a salt form (e.g. 

isopropylamine or potassium glyphosate), in addition with other compounds that enhances the 

herbicidal activity. A compound with surfactant activity, for example, is added to improve 

penetration of glyphosate through leaf surfaces. The original formulation of Roundup® (MON 

2139) consisted of 41% isoprpylamine glyphosate salt and 15.4% of a polyethoxylated 

tallowamine based surfactant blend (MON 0818). Other Roundup® branded GBF’s have been 

developed with varying forms of glyphosate as well as different concentrations and surfactant 

systems (Kier & Kirkland, 2013). 

1.1.3 Glyphosate’s mode of action 

This foliar-applied herbicide is systemic as it is translocated from the point of contact to the 

plant’s active growing tissues where it inhibits an essential enzyme, 5-enolpyruvylshikimate-

3-phosphate synthase (EPSPS), situated largely within chloroplasts (Blackburn & Boutin, 

2003; Funke et al., 2006). EPSPS is the 6th enzyme in the shikimate pathway, a biochemical 

route responsible for the biosynthesis of aromatic amino acids (phenylalanine, tryptophan, and 

tyrosine), plant defence compounds, and numerous phenolic compounds (Figure 1-2) (Bentley 

& Haslam, 1990; Qamar et al., 2015). Glyphosate’s mode of action is unique in that it is the 

only molecule that is highly effective at inhibiting the shikimate pathway (Duke & Powles, 

2009). 
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Figure 1-2: The Shikimate pathway: the site of inhibition by glyphosate (Dill, 2005). 

The mechanism of EPSPS inhibition involves glyphosate acting as a transition state analogue 

of one of its substrates, phosphoenylpyruvate (PEP) (Franz et al., 1997). In contrast to its 

competitiveness with PEP binding to EPSPS, glyphosate is uncompetitive with respect to S3P 

and, therefore, forms what is referred to as EPSPS’ ‘dead-end’: a stable 

glyphosate:EPSPS:S3P complex with a slow reversal rate (Dill, 2005). This inhibition not only 

suppresses protein synthesis, but also leads to further reduced feedback inhibition causing 

substantial carbon flow to shikimate-3-phosphate and consequently shikimate (Perez-Jones 

& Mallory-Smith, 2010). The rapid accumulation of shikimate was the key that led to the 

discovery of EPSPS as the site of action of glyphosate (Steinrücken & Amrhein, 1980). 

The reason why plants die due to a disruption in the shikimate pathway is not yet completely 

understood (Duke & Powles, 2009). However, a halt in aromatic amino acid production can 

consequently stop protein synthesis causing the plant to slowly die. The increased carbon flow 

to the shikimate pathway can be another reason since this may result in a lack of carbon 

needed for other important pathways (Siehl, 1997). Huber (2010) also attributed plant death 
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after glyphosate application to the increased susceptibility to soilborne pathogens, and 

increased virulence of the pathogens.  

1.1.4 Uptake and translocation 

Glyphosate uptake rates through plant surfaces are rapid. The uptake rate is influenced by 

the species it is applied to as well as other interdependent factors such as droplet size and 

spread, cuticle composition and thickness, surfactant type and concentration, ionic strength 

and salt concentration, humidity, plant age and acid equivalent (a.e) concentration (Satichivi 

et al., 2000; Monquero et al., 2004; Duke & Powles, 2009; Dill et al., 2010).  

The excellent translocation of glyphosate to growing tissue was described by Duke and 

Powles (2009) as one of the major properties that contribute to glyphosate’s efficacy. The 

herbicide diffuses across the plant cuticle and enters the phloem passively, where it follows 

the same route as sucrose to ultimately reach the active growing tissue in meristems, roots 

and leaves (Siehl, 1997).  Glyphosate has the ability to compensate for poor coverage by 

efficiently moving to the plant’s growing points. Its excellent translocation properties allows 

glyphosate to effectively control large weeds and be applied in ways that would normally result 

in control failures with other herbicides (Hartzler, 2006).  

1.1.5 Toxicology  

During the last four decades, glyphosate has undergone thorough and extensive toxicology 

testing due to the publication of literature attributing adverse toxic effects to this chemical 

compound. However, these allegations are criticized and, according to Greim et al. (2015) 

these studies used inappropriate routes of exposure or invalidated test methods. Williams et 

al. (2000) concluded in an extensive review that, when glyphosate and the original Roundup 

are used under expected conditions, it does not present health safety threats to humans.  

More recently, Kier and Kirkland (2013) reviewed all present subsequent genotoxicity studies 

and concluded that, under normal conditions, glyphosate and formulations thereof don’t pose 

major risks for humans or the environment. Several other recent toxicological papers and 

reviews based on previous epidemiological and toxicology studies also conclude that 

glyphosate and glyphosate-based formulations (GBFs) is no concern in the areas of 

developmental and reproductive toxicity. They concluded that glyphosate, GBFs and its 

metabolites have no endocrine disruption potential and do not pose risks of carcinogenicity, 

immuno-, neuro- or genotoxicity and that no evidence exists that glyphosate is carcinogenic 

(Mink et al., 2012; Greim et al., 2015; Kier, 2015; Niemann et al., 2015; Sorahan, 2015). 

However, more recently the International Agency for Research on Cancer IARC (2015) of the 
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World Health Organization (WHO) classified glyphosate as probably carcinogenic to humans 

(Group 2A). This means that while evidence of carcinogenicity in humans is limited, sufficient 

evidence exists regarding experimental animals.   

Positive results for DNA damage endpoints in non-mammalian systems have been reported, 

indicating that, at high toxic doses, glyphosate and GBFs may cause DNA damage. However, 

these damages are reported to be cytotoxic rather than genotoxic (Kier & Kirkland, 2013). 

Furthermore, this cytotoxicity may be associated with the surfactants in GBFs rather than 

glyphosate itself (Tsui & Chu, 2003; Kier & Kirkland, 2013).  

1.1.6 The fate of glyphosate in soil 

There are many pathways through which glyphosate can reach the soil. For example, direct 

contact to the soil surface when it’s applied, from run-off or leaching off from vegetation, by 

exudation from plant roots, or from being released from decomposing plant material that were 

treated earlier (Kremer & Means, 2009; Duke et al., 2012b). Glyphosate has little or no 

herbicidal activity in soil (Duke et al., 2012a). Compared to other herbicides, glyphosate’s half-

life is relatively short, varying between 45 and 60 days (Giesy et al., 2000; Vereecken, 2005; 

Zabaloy et al., 2015).   

Once glyphosate interacts with soil it gets adsorbed, transported and degraded. Sorption is 

considered most important as it determines the availability of a.i. for transport, degradation or 

plant uptake. It is reported that glyphosate binds strongly to soil and, even when applied at 

high rates, most (85-95%) of the glyphosate are retained by the soil (Barrett & McBride, 2007). 

Because of glyphosate’s strong adsorption and its low desorbtion ability, little a.e. is left 

available for microbial degradation, interaction with trace metal cations, plant uptake, or 

transport (Duke et al., 2012a). 

Biological degradation of glyphosate can occur via two main pathways (Figure 1-3) (Duke et 

al., 2012a). Glyphosate primarily gets cleaved by oxidoreductase to glyoxylate and amino-

methylphosphonic acid (AMPA). AMPA then gets further degraded to methylamine and 

inorganic phosphate by C-P lyase enzymes. Glyphosate can alternatively also be degraded 

to AMPA and glyoxylate by glycine oxidase (Pollegioni et al., 2011). Another pathway is the 

cleavage of inorganic phosphate from glyphosate by C-P lyase to produce the sarcosine 

metabolite. Sarcosine is subsequently degraded into formaldehyde and glycine, which are 

utilized by various soil microorganisms. Soil fungi are also reported to degrade glyphosate 

resulting in AMPA as a metabolite (Krzyśko-Łupicka & Orlik, 1997). 
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Figure 1-3: Catabolic degradation pathways of glyphosate (Duke, 2012). 

Glyphosate is a strong metal chelator and binds with micro-nutrient metal ions including Cu, 

Zn, Fe, Ca, Ni, Mg, and Mn (Vereecken, 2005). This immobilizing effect is considered a 

“safety” feature as glyphosate is no longer available for uptake by other plants or 

microorganisms. However, applying phosphorus fertilizers are proven to desorb glyphosate 

from its immobilized state, making it available again for uptake by, and causing a reduction in 

physiological efficiency in subsequent crops (Huber, 2010).  

How soil bacteria or microbial groups respond and interact with glyphosate is complex and 

appears to vary (Kremer & Means, 2009; Zobiole et al., 2011b). Negative impacts have been 

observed on specific microbial groups inhabiting glyphosate-resistant plant rhizospheres 

(Kremer & Means, 2009; Barriuso et al., 2010; Arango et al., 2014). Mn-reducing rhizobacteria 

and fluorescent pseudomonads are suppressed by glyphosate and may cause a reduction in 

nutrient uptake ability and may lead to increased vulnerability of the plant to soil-borne 

pathogens. Glyphosate also affects the ability of plants to suppress pathogen colonization and 

root infection by pathogens (Kremer & Means, 2009). 
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1.2 Glyphosate-resistant crops 

1.2.1 History of development and adoption 

In an era of challenging global environmental climate change and high demand on food 

production, the development of crops with higher yields but lower input requirements have 

become an important issue in agriculture (Tester & Langridge, 2010). Glyphosate’s global 

success made it the herbicide of choice for the development of genetically modified (GM) crop 

species that are tolerant to the herbicide (Blackburn & Boutin, 2003). Monsanto first introduced 

glyphosate-resistance in soybeans in the United States in 1996 and patented it as Roundup 

Ready® (RR) soybean (Dill et al., 2008). Shortly after the introduction of glyphosate resistant 

(GR) soybeans, more RR crops such as canola, cotton and sugarbeet were developed. In 

1998 RR maize was the fourth GR crop introduced in the GR crop market (Cerdeira & Duke, 

2006; Duke & Powles, 2009). GR crops represent one of highest rates of adoption in the 

history of weed management technology (Baum et al., 2007; Dill et al., 2008). 

1.2.2 Mechanism of GR and development of the technology 

The strategy of obtaining glyphosate resistant crops involves the introduction of a glyphosate 

insensitive EPSPS (Dill, 2005). In most GR crops a gene (CP4) derived from the common soil 

bacterium Agrobacterium sp. is inserted. The CP4 gene encodes for the expression of a GR 

enzyme, CP4-EPSPS. Together with a high affinity to PEP and a very high tolerance for 

glyphosate, the substituent CP4-EPSPS protein is able to ‘bypass’ the endogenous EPSPS 

system allowing the shikimate pathway to function normally even in the presence of 

glyphosate (Figure 1-4) (Dill, 2005; Funke et al., 2006). 
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Figure 1-4: A diagrammatic presentation of the role of CP4 EPSPS in the 

development of GR crops (Dill, 2005). 

1.2.3 Stacked crops  

Since the early 2000’s GM crops are being developed that contain multiple or stacked 

transgenes providing these crops with resistance or tolerance to multiple pests and stress 

factors (Que et al., 2010). These stacked-gene GM crops are derived through various 

approaches including sequential transformation of existing transgenic events and crossing of 

independently generated transgenic plants (Ntui et al., 2011; Ainley et al., 2013). In the case 

of maize, gene stacking has become complex (Que et al., 2010). “SmartStax”, a maize line 

developed by Dow Agroscience/Monsanto, provides resistance to various insect pests as well 

as weeds by stacking eight resistance traits (PAT, CP4 EPSPS, Cry1Fa2, Cry1A.105, Cry2Ab, 

Cry3Bb1, Cry34Ab1, Cry35Ab1) into a single maize line (Marra et al., 2010). In addition to 

herbicide and insect resistance traits, more useful agronomic and quality traits are being 

developed allowing companies to effectively combine and manipulate large numbers of 

transgenes (Rinaldo & Ayliffe, 2015). These new traits include yield enhancement, drought 

tolerance, nitrogen utilization efficiency, disease resistance, fertility control, grain quality and 

traits that allow easier grain processing (Que et al., 2010).  
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1.2.4 Status of GR crops 

Genetically modified (GM) crops are the fastest adopted crop technology in recent times 

(Figure 1-5). In 2014, 181.5 million ha of transgenic crops were grown worldwide, 30% of 

which were maize (Figure 1-6). Most GM crops are engineered with either herbicide tolerance 

(57%) or insect resistance 15%), or stacked with both (28%) (Figure 1-7) (James, 2014). 

Considering single traits and stacked traits together, 85% of all GM crops are engineered to 

be herbicide tolerant (HT). Glyphosate resistance is the most common trait present in almost 

80% of all GM crops grown globally (CBAN et al., 2015; Duke, 2015). Other traits such as 

virus resistance and drought tolerance account for less than 1% of the global GM crop area 

(James, 2014). Only for maize, a total of 81 events with glyphosate tolerance are listed in the 

ISAAA’s GM Crop Approval Database (ISAAA, 2015). 

 

Figure 1-5: Increase in global biotech crops by trait from 1996 to 2014 (James, 

2014).
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Figure 1-6: GM crops as percentage of total global GM crop area (James, 2014; 

CBAN et al., 2015) 

 

Figure 1-7: GM traits as percentage of total global GM crop area (James, 2014) 
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James (2014) labelled countries that grow more than 50,000 ha of GM crops as biotech mega-

countries. According to the top 10 list (Table 2), South Africa is the 9th biggest biotech mega-

country, planting 2.7 million ha with GM crops and contributing 1.5% of the global GM area 

(James, 2013; Duke, 2015).  

Table 1-1: Top ten list of biotech mega-countries (50,000 ha or more) (James, 2014). 

Rank Country 
Million 

hectares 

1 USA 73.1 

2 Brazil 42.2 

3 Argentina 24.3 

4 India 11.6 

5 Canada 11.6 

6 China 3.9 

7 Paraguay 3.9 

8 Pakistan 2.9 

9 South Africa 2.7 

10 Uruguay 1.6 

 

1.2.5 Advantages of GR crops  

The rapid global adoption of GR crops is largely attributed to the many economic benefits it 

provides to growers. These economic benefits are a function of an increase in yield and a 

decrease in overall weed management cost. Even though GR crops’ seeds are more expensive, 

glyphosate still makes it more cost efficient than the combination of the herbicides it replaced in 

non-GR crops (Gusta et al., 2011; Duke, 2015). Increases in yield and grain-quality are not a 

direct function of GR crops, but is a result of improved weed control (Green, 2012). 

The ability to apply glyphosate in GR crops made weed control easy, effective and efficient. 

Farmers now only apply a single herbicide to control both broadleaf and grass weeds, saving time 

and effort (labour) and ultimately improving farm productivity (Green, 2012). Producers are also 

encouraged by GR technology to use economic weed threshold predictions in their weed 
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management systems rather than relying on pre-emergence herbicides without knowledge of 

weed pressure (Coble & Mortensen, 1992; Pline‐Srnic, 2005). 

GR crop technology promotes an overall positive environmental effect. The adoption thereof 

caused significant changes to agronomic practices, allowing growers to use more effective, 

simple, low-risk crop production systems which are less dependent on tillage and which requires 

less energy (Vencill et al., 2012).  

Herbicide resistant (HR) crops accounts for most of the global conservation tillage or no-till 

adoption (Green, 2012). Conservation tillage maintains a soil cover with crop residues and can 

reduce soil erosion by up to 90%. The crop residue builds organic matter and reduces soil 

compaction which enhances nutrient levels and soil biota (Fawcett & Towery, 2003; Cerdeira & 

Duke, 2006). No-till systems also increase the level of stored carbon in the soil and reduce carbon 

emissions. By reducing reliance on cultivation as weed control method crop fields can store an 

estimated 300 kg of carbon ha-1 yr-1 (Brookes & Barfoot, 2011).  

Fuel savings due to fewer cultivation practices are major and represent both a cost and an 

environmental benefit (Duke & Powles, 2009; Green, 2012). Compared to traditional tillage 

practices, reduced tillage and no-till systems can reduce fuel consumption by up to 18 and 33 

l.ha-1 respectively (Fawcett & Towery, 2003; Vencill et al., 2012).  

Glyphosate exhibits a reduced environmental impact quotient (EIQ), a function of the toxicity of 

pesticide to non-target organisms, the potential to move to surface and groundwater and 

environmental half-life (Kovach et al., 1992; Bonny, 2011; Barfoot & Brookes, 2014). Barfoot and 

Brookes (2014) attributed glyphosate’s global field EIQ reductions (Table 3) to the wide scale 

global adoption of GR cotton, maize and soybean. These EIQ reductions were due to a reduction 

in the amount of herbicides used as well as the lower toxicity of glyphosate.  
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Table 1-2:  Effects of adoption of GR crops on herbicide use and the field 

environmental impact quotient (Field EIQ = EIQ x use rate) globally and 

in South Africa from 1996 to 2012. Adapted from Barfoot and Brookes 

(2014) and Duke (2015).   

Crop 

Change in herbicide active 

ingredient use (%) 
Change in field EIQ (%) 

Global South Africa Global South Africa 

Cotton -6.0 +1.2 -9.0 -7.2 

Maize -9.8 -1.2 -13.3 -4.6 

Soybean -0.2 +3.6 -15.0 -12.4 

 

1.2.6 Possible disadvantages 

1.2.6.1 Disease 

Considering glyphosate’s biochemistry, it seems unlikely that glyphosate treatments could affect 

the susceptibility of GR crops to pathogens. Several studies investigated whether or not GR crops 

exhibited increased susceptibility to disease pathogens. These studies were focussed mainly on 

GR soybeans. Several authors reported increases in fungal root diseases in GR crops as a result 

of glyphosate application (Johal & Huber, 2009; Kremer & Means, 2009; Duke et al., 2012a).  

Lee et al. (2000) and Nelson et al. (2002) found that neither the GR gene nor glyphosate 

applications have any impact on disease or enhanced susceptibility to Sclerotinia stem rot (White 

mold) in soybeans. However, glyphosate application caused an increase in incidence of Fusarium 

spp. root infection in GR soybeans (Sanogo et al., 2000; Sanogo et al., 2001; Kremer & Means, 

2009; Zobiole et al., 2011b). Some studies reported the exudation of glyphosate concentrations 

that inhibited beneficial microorganism, following foliar glyphosate applications (Kremer et al., 

2005). The severity of Rhizoctonia infection in autoclaved soil was also not increased by 

glyphosate applications on soybeans (Harikrishnan & Yang, 2002). In some cases, glyphosate 

even appeared to act directly as a fungicide (Feng et al., 2005; Feng et al., 2008). 

In the US, the increase in occurrence of Goss’s wilt (Clavibacter michiganensis subsp. 

nebraskensis) and maize leaf blight (Exserohilum turcicum) in the past five years was linked to 

the increase in the incidence of GR maize (Dill et al., 2008; Givens et al., 2009). This, however, 
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was contributed to secondary effects and not to the GR trait itself. For example, the increased 

use of GR crops in no-till systems may cause the build-up of pathogen inoculum over time, and 

reduced tillage allows pathogens to survive (Dill et al., 2008; Givens et al., 2009). According to 

Duke et al. (2012a) and Pline‐Srnic (2005), no publications report increases in diseases due to 

the GR gene or glyphosate application on GR maize. Duke et al. (2012a) also attributed the few 

cases of disease susceptibility in GR crops to the baseline disease resistance or susceptibility of 

the host plant, rather than the presence of the GR trait or glyphosate applications.  

1.2.6.2 Nutrition 

Literature concerning glyphosate’s effects on mineral nutrition by GR crops is contradictory and 

also very limited for maize (Zobiole et al., 2010c; Duke et al., 2012a). Some studies found no 

effect (Bailey et al., 2002; Rosolem et al., 2010), yet others have reported disturbances in the 

nutritional status of GR crops caused by glyphosate application (Cakmak et al., 2009; Zobiole et 

al., 2011a; Zobiole et al., 2012). Huber (2007) suggested that glyphosate applications may lead 

to Mn deficiencies in GR soybean. This can be due to a reduction in Mn uptake- and translocation 

efficiency, changed soil microbiology or modification of the form of- or the availability of Mn in the 

soil. Dodds et al. (2001); (2002) reported yellow flashing and reductions in foliar Mn as a result of 

glyphosate application (Dodds et al., 2001; 2002).  

1.2.6.3 Yield 

Recent reports of yield loss in GR crops that were sprayed with glyphosate have drawn media 

attention (Duke, 2015). Yield loss and delayed crop maturity following glyphosate-induced fruit 

loss have also previously been reported for GR cotton (Jones & Snipes, 1999; Light et al., 2003; 

Viator et al., 2004). A comprehensive survey of available peer-reviewed publications together with 

yield data from the USDA Economic Research Service, however, does not support the claims of 

yield loss due to glyphosate application in GR crops. New contradicting publications also do not 

support the adverse effects in GR crops on yield (Bohm et al., 2014). Duke et al. (2012a) argued 

that significant adverse effects on crop health would have been manifested in yield loss or 

reductions in the rate of yield increase. However, since GR crops were introduced into main 

stream agriculture, the rate of yield increase has been the same as before GR crop technology. 

Determining yield differences between glyphosate-treated and non-treated GR cultivars is 

regarded as challenging because of the influence of other environmental factors. Differences in 

weed control or conventional herbicide choice can have larger effects on yield than the subtle 

differences between cultivars or glyphosate treatments (Manning et al., 2002).  
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1.3 Weed resistance to herbicides 

1.3.1 Definition of resistance  

Weed resistance to herbicides is defined as the inherited ability of individuals to survive and 

reproduce after the application of compounds that usually control the original population or wild 

type (Vidal et al., 2007). Herbicides exert high selection pressure on weed populations. 

Overreliance on a single herbicide or a single group of herbicides with the same mode of action, 

with little or no diversity in weed management practices, increases this selection pressure and 

encourages the evolution of herbicide-resistant weeds (Vencill et al., 2012).  

1.3.2 History  

In 1996 the first case of glyphosate resistance was recorded in rigid ryegrass (Lolium rigidum) in 

orchards. Resistance occurring only more than two decades after glyphosate was introduced, 

indicates that weed resistance to glyphosate evolves at a slower rate compared to other groups 

of herbicides (with different modes of action (MOAs)). However, the rapid decline in the price of 

glyphosate and the introduction of GR crops lead to overreliance and misuse thereof causing an 

increase in the rate of evolution of GR weeds (Beckie, 2011). 

1.3.3 Mechanisms of evolving glyphosate-resistance 

The evolution of resistance to glyphosate is not because of genetic changes caused by 

glyphosate application, but is as a result of individuals with natural resistance being able to survive 

herbicide application and reproduce new generations, also resistant to the herbicide (Vencill et 

al., 2012).  

Glyphosate resistance in weeds is a result of two main mechanisms: (i) target-site (EPSPS) 

resistance, of which the species include Eleusine indica, Lolium rigidum, Lolium multiflorum and 

Echinocloa colona and (ii) non-target-site-based resistance (Beckie, 2011).  

Alteration (mutation, overexpression or amplification) in the target-site, EPSPS, led to glyphosate 

resistance in various weed species (Baerson et al., 2002; Wakelin & Preston, 2006; Alarcón-

Reverte et al., 2013). Recently, glyphosate resistance evolved in Amaranthus palmeri, 

Amaranthus tubercalatus, Amaranthus spinosus, Kochia scoparia and Lolium multiflorum due to 

an extensive amplification of the EPSPS gene (Gaines et al., 2010; Perez-Jones & Mallory-Smith, 

2010; Salas et al., 2012; Chatham et al., 2015; Wiersma et al., 2015). With respect to crop-field-

evolved GR weeds, this mechanism of EPSPS amplification has imparted the greatest level of 

glyphosate resistance (40-fold) (Gaines et al., 2011). 
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Non-target-site-based resistance function through reducing the translocation of the active 

ingredient to meristematic tissue, preventing phytotoxic levels of glyphosate from reaching the 

target site (Beckie, 2011). Cellular absorption and subsequent translocation of glyphosate may 

be reduced by: (i) the inhibition of active cellular uptake as a result of an alteration in a putative 

phosphate transporter; (ii) a novel active transporter that pumps glyphosate into the vacuole; (iii) 

a novel active transporter that pumps glyphosate from the cell to the apoplast; or (iv) the evolution 

of a transporter that actively pumps glyphosate out of the chloroplast (Shaner, 2009; Ge et al., 

2010). Non-target-site-based resistance is most common in GR weed biotypes of Conyza 

canadensis, C. bonariensis, Lolium rigidum and L. multiflorum (Powles & Preston, 2006; Beckie, 

2011; Cardinali et al., 2015). 

1.3.4 Status of weed resistance to glyphosate 

Today, glyphosate and GR crops have such great economic and simplicity benefits, that farmers 

have become reliant solely on glyphosate for weed control. As a result, serious resistance 

problems developed with weeds evolving mechanisms of resistance that can impart resistance to 

glyphosate doses far higher those that are prescribed (Sammons & Gaines, 2014; Duke, 2015). 

During 2000, the first in-crop GR weed (C. canadensis) was reported in GR soybeans in the USA 

(Van Gessel, 2001). The rapid adoption of in-crop glyphosate application caused a greater 

selection pressure on weeds which consequently resulted in an accelerated evolution of GR 

Conyza species (Neve, 2008; Heap, 2014). According to the International Survey of Herbicide 

Resistant Weeds, 32 weed species have made their way to the global list of GR weeds by the 

beginning of 2015 (Figure 1-8) (Heap, 2015). 

Horseweed (Conyza canadensis) is the most widespread GR weed worldwide. However, Palmer 

Amaranth (Amaranthus palmeri) and Tall Waterhemp (Amaranthus tuberculartus) which occur in 

Canada and the USA are considered the two most economically important GR weeds. The 

reasons for this are reported to be the large area of infestation and the fact that these two weeds 

species also evolved resistance to numerous other groups of herbicides (different MOAs). 

Resistance to multiple herbicides is problematic as it leaves growers with few herbicidal options 

to control these weeds (Duke, 2015). 

In South Africa, three glyphosate resistant weed species have been reported. These are Rigid 

Ryegrass (Lolium rigidum), Hairy Fleabean (Conyza bonariensis) and Buckhorn Plantain 

(Plantago lanceolata). However, these cases of resistance were all reported in the Western Cape 

province and occurred in vineyards and fruit orchards. These GR weeds have not yet spread to 

other parts or crops in South Africa (Heap, 2015). 
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Figure 1-8: Global increase in glyphosate resistant (GR) weeds since 1990 (Heap, 

2015). 

The dramatic increase in occurrence GR weeds, together with the lack of novel herbicide 

chemistries on the market threatens crop production worldwide. This also reduced the value of 

GR crops, and consequently increases the value of other weed management tools, including other 

herbicides and tillage. These tools are then often used along with glyphosate, nullifying the 

promising environmental benefits that glyphosate promotes (Vencill et al., 2012; Heap, 2014; 

Duke, 2015). 

The aims of this study were to evaluate the effect of glyphosate application at different growth 

stages and application rate of glyphosate on the growth and yield of GR maize cultivars. Growth 

and yield parameters were recorded in field trials where glyphosate was applied at various growth 

stages of GR maize. Dose response experiments were also conducted, evaluating the effect of 

different glyphosate application rates on the photosynthetic efficiency and various growth 

parameters of different GR maize cultivars.  
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CHAPTER 2: EFFECT OF GLYPHOSATE APPLICATION AT 

DIFFERENT GROWTH STAGES ON GROWTH AND YIELD 

RESPONSES OF GLYPHOSATE TOLERANT MAIZE HYBRIDS 

2.1 Introduction 

Genetically modified (GM) crops are the fastest adopted crop technology in recent times (James, 

2014). Glyphosate resistance is the most common trait present in almost 80% of all GM crops 

grown globally (CBAN et al., 2015; Duke, 2015). The success of glyphosate resistant (GR) crops 

is a function of yield increases due to improved weed management and the decrease of weed 

management expenses. However, reductions in yield and other contributing factors have recently 

been reported in GR soybeans and cotton crops (Viator et al., 2004; Zobiole et al., 2010a; Duke, 

2015). Literature reported that yield is unaffected by glyphosate when label rates are adhered to, 

but that yield responses may vary between cultivars (Zablotowicz & Reddy, 2007). Seeing that, 

for growers, yield is the most important concern and that yield is the integration of all glyphosate 

effects on RR crops, GR trait effects on yield response studies have become of particular interest 

in weed management research (Pline‐Srnic, 2005). 

The timing of post emergence herbicides such as glyphosate has become an important matter 

and very useful in developing ecologically and economically sound weed management systems 

(Halford et al., 2001; Gower et al., 2003). The critical period concept is a theoretical framework 

that allows growers to determine the most effective time for applying post emergence herbicides 

(Sartorato et al., 2011). However, in literature, this framework is mostly based on the presence 

and weed emergence dynamics rather than the growth stage of the crop (Gower et al., 2003; 

Dalley et al., 2004). Early applications of glyphosate are seen to cause decreases in biomass in 

GR soybeans (King et al., 2001). Zobiole et al. (2011a) also showed that the negative effect of 

glyphosate on plant mineral nutrition of GR soybeans depends on the growth stage at which 

glyphosate was applied.  Literature regarding the effect of glyphosate and time of application on 

the growth and yield responses in GR maize is limited and a better understanding of these effects 

may result in a better use of this weed management technology (Zobiole et al., 2010b). This study 

aimed to evaluate the effect that the time of glyphosate application has on the growth and yield 

of GR maize.  

2.2 Materials and methods 

2.2.1 Experimental location 

The effect of two glyphosate based herbicides, i.e. Roundup PowerMAX™ and Slash Plus 540 

SL was determined on growth responses of five Roundup Ready® maize cultivars (BG5685RR, 
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DKC73-76R, DKC75-35R, DKC80-30R and KKS4479R) in two field trials (referred to as trials 1 

and 2). Glyphosate was applied to plants in trial 1 while generic glyphosate was applied in trial 2. 

These trials were conducted at the experimental farm of the Agricultural Research Council’s Grain 

Crops Institute in Potchefstroom (S26°32’15.28’’, E27°04’47.8’’), North-West province, South 

Africa (Figure 2-1).  

 

Figure 2-1: Field trials conducted at the experimental farm of the Agricultural 

Research Council’s Grain Crops Institute in Potchefstroom. 

The trials were conducted over two growing seasons (2013/2014 and 2014/2015). The soil in 

which trials were planted consisted of 54% sand, 12% silt, 34% clay and had a pH of 5.63. Rainfall 

and temperature were recorded during these two seasons and are summarized in Table 2-1. 
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Table 2-1: Summary of the average temperatures and total rainfall over the growing 

seasons of 2013/2014 and 2014/2015. 

 

 

2.2.2 Site preparation and experimental design 

Two trials were planted during the 2013/2014 season. The trial layout for both trials was a split 

plot design, replicated three times, with individual plot sizes of 5 m x 4 m. Each replicate consisted 

of 5 plots per cultivar, each plot representing a different treatment (Figure 2-2). The two 

glyphosate based herbicides were applied on two separated trials, at the registered application 

rate of 2 l.ha-1. 

The trial with Roundup PowerMAX™ (glyphosate) was planted on 6 December 2013 and the trial 

in which the effect of Slash Plus 540 SL (generic glyphosate) was evaluated, was planted on 3 

January 2014.  During the 2014/2015 season both trials were planted on 15 December 2014. 

Prior to planting the soil bed was prepared using a mouldboard plough at a depth of 25 cm as 

well as a corn-skiller. Maize seeds were planted using a commercial vacuum type planter 

(Monosem planter, ATI Inc., Lenexa, KS). Seeds were planted at a depth of 6 cm and with inter- 

and intra-row spacing of 0.9 and 0.28 m, respectively. Four rows were planted per cultivar. Profert 

fertilizer with the formulation 3:2:1 was applied at 150 kg.ha-1. A pre- and post-emergence 

Month 

Average 
Temperature (°C) Rainfall 

(mm) 
Maximum Minimum 

2013/2014 

Oct 29.04 11.48 102.36 

Nov 30.32 14.04 59.44 

Dec 27.28 15.49 216.66 

Jan 30.49 17.00 81.03 

Feb 28.40 16.76 116.84 

Mar 25.75 14.56 182.12 

Apr 24.48 7.94 6.10 

May 24.24 4.93 3.81 

Jun 20.76 0.14 0.76 

2014/2015 

Oct 29.48 11.41 14.48 

Nov 27.23 13.55 90.17 

Dec 29.24 16.35 114.55 

Jan 30.17 16.34 139.19 

Feb 31.06 14.21 55.63 

Mar 27.71 14.02 104.65 

Apr 25.88 10.01 28.96 

May 26.21 5.76 0.76 

Jun 19.33 1.38 4.06 
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herbicide program was followed in order to control weeds (Table 2-2). Frontier® Optima was 

applied as pre-emergence herbicide at 1 l.ha-1 one day after seeds were planted. The post-

emergence herbicide program implied application of Servian 75 WG and Gesaprim Super 14 days 

after planting at rates of 50 g.ha-1 and 3.3 l.ha-1, respectively. Complement Super was added as 

adjuvant to both post-emergence herbicides at 0.1 l.ha-1. After the two post-emergence herbicide 

applications, no further applications, except for glyphosate treatments, were made to control 

weeds. Plots were hand hoed when necessary in order to prevent competition by weeds. The 

trials were irrigated on a weekly basis using overhead sprinklers, delivering 22 mm per irrigation.   

Table 2-2: Pre- and post-emergence herbicides applied. 

Product name Active ingredient (formulation g.l-1) 
Application 
rate (l.ha-1) 

Pre-emergence 

Frontier® Optima s-dimethenamid (720) 1 

Post-emergence 

Servian 75 WG + halosulfuron 750g/kg + 50 g.ha-1 

Complement Super polyether- polymethylsiloxane - copolymer (1000)* 0.1 

Gesaprim Super + 

atrazine (291), 

3.3 terbuthylazine (291), 

related active triazines (18) + 

Complement Super polyether- polymethylsiloxane - copolymer (1000)* 0.1 

*Adjuvants   

. Glyphosate was applied at the following crop growth stages of maize: V4, V4 followed up at V6 

(V4/V6), V6 and V8. Crop growth stages of maize were determined according to the system of 

Ritchie et al. (1993) where fully unfolded leaves (collar visible) were counted on maize plants (e.g. 

V1 growth stage is where the first leave has fully unfolded). Control treatments were included 

which received no glyphosate application (Table 2-3).  

 

Figure 2-2:  Trial layout indicating herbicide treatments at four different crop growth 

stages, including a control treatment, replicated three times. 
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Table 2-3:  Time table indicating growth stages and dates on which glyphosate was 

applied to maize plants. 

  Date of application 

  2013/2014 2014/2015b 

Maize 
growth 
stage a 

Roundup 
PowerMAX 

Slash 
Plus 540 

SL 

Roundup 
PowerMAX 

Slash Plus 
540 SL 

Control - - - - 

V4 06-Jan-14 28-Jan-14 13-Jan-15 13-Jan-15 

V4/V6 
06-Jan-14 28-Jan-14 13-Jan-15 13-Jan-15 

13-Jan-14 06-Feb-14 23-Jan-15 23-Jan-15 

V6 13-Jan-14 06-Feb-14 23-Jan-15 23-Jan-15 

V8 20-Jan-14 18-Feb-14 30-Jan-15 30-Jan-15 
a Maize growth stage based on number of fully emerged leaves with visible collar.  
b In season 2014/2015 both trials were planted on the same day 
 

Herbiboost and Velocity-Glifo served as ammonium sulphate adjuvants for Roundup 

PowerMAX™ and Slash Plus 540 SL, respectively (Table 2-4). Applications were made using a 

tractor mounted sprayer (Quantum model) with flat fan nozzles (T-JET, 8002), spaced 0.5 m apart 

on a boom covering a total width of 5 m. At a pressure of two Bar, the equipment was calibrated 

to deliver 200 l.ha-1. No excessive rainfall was received directly after glyphosate was applied, 

ensuring effective application.   

Table 2-4: Detailed information regarding the glyphosate formulations used in this 

study. 

Product 
name 

Acid equivalent 
(formulation g.l-1) 

Application 
rate 

(l.ha-1) 
Adjuvant 

Active 
ingredient 

(formulation g.l-
1) 

Application 
rate (%) 

Roundup 
PowerMAX™  

glyphosate 
(glycine) (540) 

2 Herbiboost 
ammonium 
sulphate (775.7) 

2 

Slash Plus 
glyphosate 
(glycine) (540) 

2 
Velocity-
Glifo 

ammonium 
sulphate (500) 

2 

 

2.2.3 Measurements 

2.2.3.1 Plant height 

The height of ten randomly selected maize plants in each plot was measured one day before 

glyphosate was applied (T0) as well as seven days after application (DAA) for all treatments. Plant 

height was measured from the soil surface to the top of the last unfolded leaf. Thus, a total of 30 

plants were measured per treatment. Plants in control plots were also measured every time that 



23 

measurements were done on treatment plots. Mean plant height of each treatment (V4, V6, 

V4+V6 and V8). 

2.2.3.2 Dry mass and crop growth rate 

Destructive sampling of maize plants was done one day before application as well as 7 DAA for 

all treatments. Every time a treatment was harvested, plants in control plots were also sampled. 

During destructive sampling five plants from the two outside rows of each plot were selected 

randomly and cut off at the soil surface. Plants were weighed after the plant material was dried 

on steel mesh tables in a greenhouse for 14 days at 30 °C. Dry shoot mass (DM) (g.m-2) was 

calculated per square meter and crop growth rate (CGR) (g DM.m-2.d-1) was then calculated for 

each treatment (time of application) separately according to Equation 2-1,  

��� = (��	 − ���)/�	�� 

   Equation 2-1 

where DM is the total aboveground maize dry matter (g.m-2), T is the time interval in days (d) 

between sample dates x and y, which were T0 and the time which the sample was harvested, 

respectively (Hunt, 1978). 

2.2.3.3 Yield 

At harvest the middle two rows of each plot were hand harvested on 3 June 2014 (Roundup 

PowerMAX™), 17 June 2014 (Slash Plus 540 SL) and 23 June 2015 (Roundup PowerMAX™ 

and Slash Plus 540 SL). Ears were de-husked and weighed to determine total ear mass. After 

threshing, total kernel mass was determined and moisture was adjusted to 12.5% to determine 

yield in tonnes per hectare.  

2.2.4 Statistical analysis 

The experimental design was a split-plot with cultivars as main factor and treatments as subplots. 

The means of significant source effects were compared using Fisher’s Protected LSD at the 5% 

significance level. All data were analysed using Genstat for Windows 13th edn. Version 14 (Payne, 

2011). All data (except crop growth rate) were expressed as a percentage of the control and data 

from each trial (glyphosate and generic glyphosate) were analysed separately. Due to significant 

effects of glyphosate on all plant growth parameters, data were analysed separately for each 

season.  
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2.3 Results and discussion 

2.3.1 Weed spectrum 

In both seasons the weed spectrum consisted of purple and yellow nutsedge (Cyperus rotundus 

and C. esculentus), common morning glory (Ipomoea purpurea), large thorn apple (Datura ferox), 

thorn apple (D. stramonium), common pigweed (Amaranthus hybridus) and devil’s thorn (Emex 

australis). However, glyphosate and generic glyphosate provided good control across treatments. 

Reoccurring weeds after the early treatments with glyphosate were hand hoed. This ensured that 

weeds did not compete with the crop, and that the only effect on the crop in prevailing conditions 

was due to the glyphosate applications.  

2.3.2 ANOVA 

The significant effects of cultivars and treatments (different times of glyphosate application) on 

plant height, shoot mass, yield and crop growth rate for both seasons are provided in the ANOVA 

tables below (Table 2-5 and 2-6). Results regarding each of these plant growth parameters are 

discussed separately.  

Table 2-5: ANOVA table indicating main effects and interactions regarding  the 

effect of  different times of glyphosate application on plant height, shoot 

mass and yield of different Roundup Ready® maize hybrids during two 

seasons. P-values indicated in green indicate significant effects. 
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Table 2-6: ANOVA table indicating main effects and interactions regarding the 

effect of different times of glyphosate application, compared to control 

treatments on crop growth rate. P-values indicated in green indicate 

significant effects. 

 

2.3.3 Plant height 

Plant height differed significantly between treatments in which glyphosate was applied at different 

growth stages during both seasons (2014: F = 4.03, P = 0.045; 2015: F = 5.03, P = 0.025) (Figure 

2-3). During 2014 plant height was reduced in all the glyphosate treatments. Plant height was 

least affected when glyphosate was applied at the earlier V4 and V4/V6 stages with decreases 

below 5%. Greater reductions occurred (10%) with a single glyphosate application at the V6 

growth stage. This tendency was also observed in glyphosate resistant (GR) soybeans where a 

single application affected plant height more than a sequential applications of the same rate 

(Zobiole et al., 2010b). This tendency, however, was not observed during 2015 and plant height 

was only reduced with 5% at the V8 growth stage.   
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Figure 2-3: The plant height of maize treated with glyphosate at the V4, V4/V6, V6 and 

V8 growth stages expressed as a percentage of  the control during 2014 

and 2015. Bars followed by the same letter(s) do not differ significantly at 

P = 0.05 for each season. 

The interaction between cultivars and treatments was not significant during the 2015 season 

(Figure 2-4 B). Height of maize plants treated with generic glyphosate did not differ significantly 

between cultivars or treatments (time of application at different growth stages) for both seasons 

(Table 2-5). However, a significant cultivar X treatment interaction was observed during 2014 (F 

= 2.37, P = 0.019). Plant height generally increased by 4% in treatments where generic 

glyphosate was applied compared to control treatments (Figure 2-4 A). DKC80-30R showed an 

increase in plant height for all of the growth stages where generic glyphosate was applied. The 

greatest increase in plant height (20%) was recorded in the treatment where generic glyphosate 

was applied to DKC80-30R at V6. Plant height was, however, reduced where generic glyphosate 

was applied to KKS4479R at V4 (6%) and V4/6 (5%).  

Plant growth stage 
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Figure 2-4: The effect of generic glyphosate application on plant height when applied 

at different plant growth stages on different glyphosate tolerant maize 

cultivars during (A) 2014 and (B) 2015. 

2.3.4 Shoot mass 

Shoot mass did not differ significantly between cultivars and treatments (glyphosate applied at 

different plant growth stages) during 2014, but a decrease of 12% was recorded at V6 (Figure 2-

5).  However, during 2015 the time of glyphosate application had a significant effect on shoot 

mass of maize (F = 4.45, P = 0.035) across all cultivars. Plants were least affected by glyphosate 

when it was applied at the V4 stage. Shoot mass of maize plants increased by 2, 11 and 15% 

when glyphosate was applied at V4, V4/V6 and V6 growth stages, respectively. Lower sensitivity 

Maize cultivars 
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to glyphosate in terms of biomass was also recorded in GR soybeans when plants received 

sequential application than those receiving a single glyphosate application (Reddy et al., 2001; 

Zobiole et al., 2010b). Shoot mass was only adversely affected (20%) when glyphosate was 

applied at the later (V8) growth stage. In GR soybeans, however, early applications of glyphosate 

caused greater reductions in biomass (King et al., 2001). 

 

Figure 2-5: The shoot mass of maize plants 7 DAA of glyphosate at different growth 

stages, expressed as a percentage of the control in 2014 and 2015. Bars 

followed by the same letter(s) do not differ significantly at P=0.05. 

A significant cultivar X treatment (time of application) interaction was, however, recorded for shoot 

mass for both seasons (2014: F = 2.08, P = 0.039; 2015: F = 2.11, P = 0.036) (Table 2-5). 

Significant differences in shoot mass was recorded between cultivars treated with generic 

glyphosate during both seasons (2014: F = 8.63, P = 0.005; 2015: F = 9.06, P = 0.005) (Table 2-

5). Application of generic glyphosate caused a significant increase of 15 and 20% in shoot mass 

when applied to DKC73-76R during 2014 and 2015, respectively. Shoot mass of cultivar 

BG5685RR was affected the least by generic glyphosate application in both seasons (≤ 2%) (data 

not shown).  

In both seasons generic glyphosate had a stimulating effect on all the different cultivars (Figure 

2-6). During 2014 generic glyphosate caused an increase in shoot mass in all cultivars when 

applied at V4 growth stage with the greatest increase of 66% observed for KKS4479R (Figure 2-

Plant growth stage 
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6 A). DKC73-76R showed an increase in shoot mass irrespective of the growth stage at which 

generic glyphosate was applied. In GR soybeans, no significant effects on shoot mass were 

observed when glyphosate was applied at recommended rates (Reddy et al., 2001). A decrease 

in shoot mass of > 10% was observed when generic glyphosate was applied on BG5685RR and 

DKC78-35R at the V6 growth stage.  

 

Figure 2-6: The effect of generic glyphosate application on shoot mass (% of control 

treatment) when applied at different plant growth stages on different 

glyphosate tolerant maize cultivars during (A) 2014 and (B) 2015. 

Maize cultivars 
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The application of generic glyphosate at the V4 and V8 stages during 2015 caused an increase 

in shoot mass across all cultivars (Figure 2-6 B). A significant shoot mass increase of 71% 

occurred when generic glyphosate was applied to DKC73-76R at the V8 stage. Shoot mass 

reductions of >10% occurred when generic glyphosate was applied to KKS4479R at V4 and 

V4/V6 as well as to BG5685RR at V6. Differences in biomass sensitivity to glyphosate among 

different Roundup Ready® cultivars were also recorded in soybeans, with decreases ranging from 

0 to 30% (King et al., 2001).  These reductions in biomass may be contributed to long term effects 

that glyphosate has on the physiology of the plant as it is reported that glyphosate molecules can 

remain in plants until they are physiologically mature (Duke et al., 2003; Zobiole et al., 2010b).  

 

2.3.5 Crop growth rate 

Crop growth rate was only significantly affected when glyphosate was applied at the V6 growth 

stage (F = 140.93, P = 0.007) during 2014 (Table 2-6). A reduction of 14% was recorded for plants 

on which glyphosate was applied compared to plants in the control treatment (data not shown). 

Crop growth rate of cultivars differed significantly from each other when glyphosate was applied 

at the V8 stage for both the 2014 (F = 11.69, p = 0.002) and 2015 seasons (F = 10.05, p = 0.003) 

(Figure 2-7). During 2014, plants of cultivar DKC73-76R showed a significantly higher crop growth 

rate (41.13 g.m-2.d-1) compared to the other cultivars.  Crop growth rate at the V8 stage was 

overall lower during the 2015 season, particularly for DKC78-35R and DKC80-30R (Figure 2-7).  

The crop growth rates of all cultivars at the V8 stage were more similar when compared between 

the two seasons where generic glyphosate was applied. Crop growth rate showed significant 

differences between cultivars during 2014 (F = 8.95, p = 0.005) when generic glyphosate was 

applied at the V8 stage (Figure 2-7 B). DKC78-35R and BG5685RR showed the highest crop 

growth rate across cultivars. During the 2015 season crop growth rate differed significantly 

between cultivars in treatments where generic glyphosate was applied at the V4 stage (F = 10.02, 

P = 0.003) (Table 2-6). The lowest growth rate was observed for BG5685RR (data not shown). 



31 

 

Figure 2-7: The crop growth rate of different glyphosate tolerant maize cultivars 

treated with (A) glyphosate and (B) generic glyphosate at the V8 stage 

during the 2014 and 2015 growing season. Bars followed by the same 

letter(s) do not differ significantly at P=0.05 for each season. Generic 

glyphosate applications did not have a significant effect in 2015 (bars 

therefore don’t have letters). 

2.3.6 Yield 

Yield did not differ significantly between cultivars  or treatments (glyphosate applied at different 

growth stages) for both seasons. A significant interaction between cultivar and treatments was 

however recorded during 2014 (F = 2.22, P = 0.028) (Figure 2-8). Both BG5685RR and 

KKS4479R showed a decrease in yield when glyphosate was applied at any of the growth stages 

Maize cultivars 
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between V4 and  V8. Yield loss of greater than 20% was observed for BG5685RR when 

glyphosate was applied once at the V4 and V6 growth stages. KKS4469R only showed a yield 

reduction (21%) when glyphosate was applied twice (V4 and V6). Although not significant for all 

cultivars, yield was reduced across culitvars when glyphosate was applied once at the V6 growth 

stage.  Although the interaction between cultivars and treatments was not significant during 2015,  

the yield of DKC73-76R was reduced between 8 and 11% where glyphosate was applied either 

at the V6, V4/V6 or V8 growth stages. 

 

Figure 2-8: The effect of glyphosate application at different growth stages on yield of 

different glyphosate tolerant maize cultivars, expressed as a percentage 

of the control in (A) 2014 and (B) 2015 (data not significant). 

Maize cultivars 
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Yield was significantly affected by cultivars during both seasons (2014: F= 5.51, P = 0.02; 2015: 

F = 11.6, P = 0.002) in treatments where generic glyphosate was applied (Table 2-5). Although 

the yield of BG5685RR was decreased after glyphosate application during both seasons, yield 

loss was more severe during 2014 (10%). Significant yield increases were observed for DKC73-

76R (19%) and DKC80-30R (13%) during 2014, and for DKC78-35R (33%) during 2015 (data not 

shown). 

Considering the interaction between cultivar and timing of application, generic glyphosate had a 

significant effect (F = 2.48, p = 0.014) (Table 2-5) on the yield of glyphosate tolerant maize 

cultivars during the 2014 season. Considering the time of spray application, DKC73-76R showed 

the highest yield increases when generic glyphosate was applied at the V4 (33.9%) and V6 

(56.9%) stages (Figure 2-9 A). Yield was reduced by > 20% when glyphosate was applied to 

BG5685RR during the V6 and V8 stages. The effect of weed size and timing of glyphosate 

application are discussed in most studies related to glyphosate application. Maize yield was 

reported to be reduced and vary more when a single application of glyphosate was done when 

weeds were between 5-10 cm tall indicating that weed pressure also contributes to yield losses 

and not only the application of glyphosate (Gower et al., 2003; Loux et al., 2011). Cultivar 

KKS4479R showed no significant response to glyphosate or generic glyphosate application, 

irrespective of the timing thereof. In Brazil, Bohm et al. (2014) also found no response of RR 

soybeans towards glyphosate applications.  

Contradictory to the above mentioned results on maize, glyphosate applied over a range of growth 

stages did not affect yield in several weed-free field trials conducted with GR soybean (Delannay 

et al., 1995; Elmore et al., 2001; Johnson et al., 2002).  Timing of application, however, have a 

larger impact when applied to RR cotton, particularly when applied later than the V4 stage (Light 

et al., 2003; Viator et al., 2004). 
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Figure 2-9:  The effect of generic glyphosate application at different growth stages on 

the yield of different maize cultivars, expressed as a percentage of  the 

control in (A) 2014 and (B) 2015 (treatments did not differ  significantly). 

2.4 Conclusion 

Although reductions in plant height, dry mass and yield was recorded where glyphosate (Roundup 

PowerMax™) was applied at different growth stages of maize, similar tendencies were not 

observed in the following season. Application of the generic glyphosate product (Slash Plus) had 

a greater effect on the different cultivars than the timing of application at various growth stages. 

It is, however, evident from results of this study that some GR maize cultivars responded 

significantly different to glyphosate applications. BG5685RR was more sensitive to glyphosate 

Maize cultivars 
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applications compared to the other cultivars and showed yield reductions especially where 

glyphosate was applied at V4/V6 stage or applied only at the V6 stage.  

Plant age was reported to contribute to the time it takes for glyphosate to be absorbed and 

translocated in plants (Monquero et al., 2004). Reductions in growth and yield parameters at 

different growth stages may therefore be due to a delay in the uptake and translocation process 

of glyphosate in GR maize. Gower et al. (2003) found the optimum time for glyphosate application 

to avoid yield loss to be no later than the V4 growth stage for RR maize, based on tallness of 

weed species. Sensitivity to glyphosate was also found to vary among GR soybean cultivars (King 

et al., 2001). Zobiole et al. (2011a) reported younger GR soybeans to be more sensitive than 

plants receiving glyphosate applications at later growth stages. Studies also showed that 

estimates of the critical period for herbicide application vary for one crop from year to year and 

site to site (Halford et al., 2001).  

Differences in weed control or conventional herbicide choice can have larger effects on yield than 

the subtle differences between cultivars or glyphosate treatments (Manning et al., 2002). Although 

producers, scientists and agrochemical companies appreciate the value of glyphosate in crop 

production, the use of this product should be evaluated and monitored to preserve the RR 

technology without increasing the risk of weed resistance and other related complications. Studies 

to elucidate these interactions will increase the sustainability of crop yields in a RR crop 

production system, where glyphosate is primarily applied. Currently no research is being 

conducted on the impact and influence of the long-term effect of glyphosate use in the production 

of summer rainfall crops. According to label instructions glyphosate should not be applied to maize 

cultivars after the V6 growth stage since this practice may affect ear initiation and subsequent 

yield loss in glyphosate resistant cultivars. The timing of glyphosate application and the number 

of applications on certain RR maize cultivars can therefore play a role in the reduction of yield 

reported by South African maize producers that use glyphosate. 
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CHAPTER 3: EFFECT OF APPLICATION RATE ON PLANT GROWTH 

PARAMETERS 

3.1 Introduction 

Glyphosate has become the most widely used herbicide in the world, largely due to the wide scale 

adoption of glyphosate resistant (GR) crops introduced since 1996 (Duke & Powles, 2008). 

Glyphosate inhibits the 5-enolpytuvulshikimate-3-phosphate synthase (EPSPS), a critical enzyme 

in the shikimate pathway, which causes a halt in the biosynthesis of amino acids (phenylalanine, 

tyrosine and tryptophan) (Siehl, 1997). Even though not considered as primary effects, changes 

in physiological plant processes due to glyphosate application may contribute to its herbicidal 

effects (Gomes et al., 2014). By inhibiting the biosynthesis of carotenoids, chlorophylls, fatty acids 

and amino acids, glyphosate indirectly affects photosynthesis (Fedtke & Duke, 2005). Glyphosate 

may also indirectly inhibit chlorophyll synthesis by decreasing the Mg content in leaves or by 

depriving N assimilation, resulting in lower levels of chlorophyll content (Cakmak et al., 2009; 

Zobiole et al., 2011a).  

Reportedly, glyphosate may also have effects on the physiological processes of GR plants 

(Gomes et al., 2014). Increased application rates of glyphosate application have been shown to 

affect photosynthesis, mineral nutrition, and chlorophyll biosynthesis in GR soybeans (Nandula 

et al., 2007; Zablotowicz & Reddy, 2007; Zobiole et al., 2010b; Zobiole et al., 2010d; Albrecht et 

al., 2011; Zobiole et al., 2012). However, data concerning the effect of glyphosate and different 

application rates thereof is limited for maize (Duke et al., 2012a).  

The aim of this study was to determine the effect of glyphosate on photosynthesis and growth of 

GR maize, when it is applied at different application rates. Two trials were conducted where 

glyphosate was applied at a range of application rates and the responses thereof on the 

photosynthetic efficiency, chlorophyll content, plant height and dry biomass of different maize 

cultivars were measured.  

3.2 Materials and methods  

Two trials were conducted, one in Potchefstroom, South Africa, during February to April, 2014 

and one in Florianópolis, Brazil, during October to December, 2014. 
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3.2.1 Potchefstroom trial (South Africa) 

3.2.1.1 Trial site 

A greenhouse trial was conducted at the Agricultural Research Council’s Grain Crops Institute in 

Potchefstroom (S26°32’15.28’’, E27°04’47.8’’), North-West province, South Africa (Figure 3-1).  

 

Figure 3-1: Greenhouse trial conducted at the Agricultural Research Council’s Grain 

Crops Institute in Potchefstroom. 

3.2.1.2 Treatments 

Two glyphosate based herbicides, Roundup PowerMAX® (glyphosate) and Slash Plus 540 SL 

(generic glyphosate), was applied at different rates to five Roundup Ready® maize cultivars 

(DKC73-76R, DKC75-35R, DKC80-30R, KKS4479R and BG5685RR). This study consisted of a 

control treatment and five different glyphosate treatments (Table 3-1) for each product: (i) control, 

(ii) 0.75 l.ha-1, (iii) 1.3 l.ha-1, (iv) 1.7 l.ha-1, (v) 2.0 l.ha-1 and (v) 4.0 l.ha-1. According to the product 

label, the 0.75 to 1.3 l.ha-1 application rate are the minimum prescribed application rates whilst 

1.7 to 2.0 l.ha-1 are the maximum prescribed application rates. These variations in application 

rates are applicable and recommended for certain problem weed species, as well as the growth 

stages of these weed species.  
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Table 3-1: Different glyphosate treatments and their relevant application rates. 

Treatment  
Application 

rate 
 (l.ha-1) 

Acid 
equivalent 

(g.ha-1) 

Glyphosate (ml) 
per 2 l water 

1 0 0 0 

2 0.75 405 20 

3 1.3 702 34 

4 1.7 918 44 

5 2 1080 52 

6 4 2160 104 

 

According to label specifications ammonium sulphate (Herbiboost or Velocity-Glifo) was added to 

the water to neutralize the effect of hard water before glyphosate was added. Herbiboost (2 l.100 

l-1) was added for the Roundup PowerMAXTM mixture and Velocity-Glifo (0.5 l.100 l-1 water) was 

added for the Slash Plus 540 SL mixture. No buffer was added after the ammonium sulphate tank 

mix was prepared, since pH of water was satisfactory according to label prescriptions.  

3.2.1.3 Planting 

Seed of DKC73-76R, DKC75-35R and DKC80-30R were planted on 18 February 2014 in 4 l 

(0.004 m3) plastic pots filled with clay loam soil. Six seeds were planted in each pot at a depth of 

25 mm. Pots were watered daily with 250 ml of water to ensure successful germination. Due to 

available glasshouse space, KKS4479R and BG5685RR were planted similarly on 25 February 

2014.   

3.2.1.4 Trial layout 

A total of 240 pots were placed on tables and arranged in a complete randomized design with six 

treatments (glyphosate application rates), replicated four times for each cultivar. 

3.2.1.5 Growing conditions 

Seedlings were thinned to four plants per pot, two weeks after germination. The amount of water 

was increased accordingly to accommodate optimal growth for the duration of the trial.  Optimal 

growing conditions were maintained in the glasshouse at 15° / 30°C, for the duration of the trial 

under natural daylight conditions (10 h night/ 14 h day). 

3.2.1.6 Fertilizer 

Maize seedlings were provided with commercial fertilizer Kompel (Chemicult Pty Ltd., Camps 

Bay, South Africa), containing 6.5% nitrogen, 2.7% phosphorus, 13% potassium, 7% calcium, 
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7.5% sulphur, 0.15% iron, 0.024% manganese, 0.024% boron, 0.005% zinc, 0.002% copper, and 

0.001% molybdenum, two and three weeks after planting. The fertilizer was prepared by 

dissolving 10 g fertilizer in 5 l of water. Each pot received 250 ml per application. Plants were 

watered after application to ensure that the soil was drenched. 

3.2.1.7 Application 

Glyphosate was applied to plants of DKC73-76R, DKC75-35R and DKC80-30R on 14 March 2014 

and to plants of KKS4479R and BG5685RR on 20 March 2014. Application of glyphosate was 

done during the V4 growth stage of cultivars, hence the difference in application dates. Plants of 

the same treatment (application rates) were placed outside the greenhouse in a 10 m long row 

with enough space between plants to prevent leaves from overlapping between pots. The different 

glyphosate treatments were applied using an Irrimec knapsack sprayer, calibrated (Equation 3-1) 

to deliver a spray volume of 77 l.ha-1 when walking at a speed of 1 m.s-1. The knapsack sprayer 

was equipped with a 9502E even flat-fan nozzle suitable for post-emergence application 

delivering small droplets to ensure sufficient leaf coverage. The volume of herbicide (l) needed 

for each treatment was calculated according to Equation 3-2 and was mixed with the water in the 

knapsack. 

����� ������ (�. ℎ���) =
10 000 ×  "���#$ �% ℎ��&'(')� (����($�) '# 10 *�(  (�)

�'*$�#(� +��,�) '# 10 sec  × ����� +')$ℎ (�)
 

 Equation 3-1 
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  Equation 3-2 

 

Environmental conditions were optimum for spray application. Air temperature was between 15 

and 20 °C, with no wind and no run-off from leaves. After the herbicide was applied, plants were 

left to dry and returned to the glasshouse.  

3.2.1.8 Measurements 

3.2.1.8.1 Chlorophyll a fluorescence 

Chlorophyll a fluorescence can be measured to evaluate plant photosynthetic performance and 

is therefore useful to study direct and indirect effects of herbicides on photosynthesis (Juneau et 

al., 2007). In this study photosynthetic efficiency and plant productivity was evaluated by taking 

chlorophyll a fluorescence measurements from dark adapted plants using a portable non-
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modulated Handy PEA chlorophyll fluorometer (Plant Efficiency Analyzer, Hansatech Instruments 

Ltd, Kings Lynn, Norfolk, UK). All measurements were taken at 15 °C in the dark. Measurements 

were taken the day before glyphosate application and then daily for seven days after application. 

Measurements were also taken at 14 and 21 DAA. One of the four plants in each plot was 

randomly selected and marked. Three measurements were then taken on the middle part of the 

youngest fully unfolded leaf of the market plant in each pot. Green-light headlamps were used 

during the chlorophyll a fluorescence measurements in order to prevent any photosynthetic 

activity during the measurement process. During measurements fast fluorescence kinetics (Fo to 

FM) were recorded during 10 µs to 1 s. Photosynthetic (O-J-I-P) parameters were calculated from 

variable fluorescence using Biolyzer software (Maldonado-Rodríguez, 1999). The JIP test was 

used to investigate (in vivo) the behaviour of PSII function, including the fluxes of absorption, 

trapping and electron transport (Strasser et al., 2004). 

The initial stage of photosynthetic activity of an RC complex is regulated by four functional steps 

which are measured as variables (Table 3-2). These are: (i) the amount of Elight absorbed per 

reaction centre (RC) (RC/ABS); (ii) the amount of Eexcitation trapped per RC (Φo/(1-Φo)); (iii) the 

conversion of Eexcitation to the e- transport chain (ψo/(1-ψo)); and (iv) the reduction of NADP+ as 

end e- acceptors (δ/(1-δ)) (Smit et al., 2009). 

Table 3-2: The photosynthetic variables recorded during this study and their 

definitions. 

Parameters Definitions/ equations  

RC/ABS Absorption of Elight per RC 

Φo/(1-Φo) The trapping of Eexcitation by RC 

ψo/(1-ψo) 
The conversion of Eexcitation to the e- transport 
chain or the probability that an exciton moves 
an e- further than QA- 

δ/(1-δ) The reduction of NADP+ as end e- acceptors 

 

The expression of only the first three steps contributing to photosynthesis is termed the 

absorbance performance index (PIABS). This index reflects the functionality of PSI and II and is 

also a powerful tool to obtain quantitative information on the state of a plant’s performance when 

experiencing stress (Equation 3-3). By incorporating the reduction of NADP+ as end e- acceptors 

(δ/(1-δ)) to the equation, a multi-parametric expression called the performance index or PITOTAL is 

obtained. The PITOTAL can be considered as a good indication of a plant’s overall vitality (Equation 

3-4) (Strasser et al., 2004). 
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3.2.1.8.2 Chlorophyll content 

The chlorophyll content was recorded at 7, 14 and 21 DAA using a chlorophyll meter (CCM-200, 

HP). Three measurements were taken on the leaf mesophyll tissue (avoiding veins) on the middle 

part of the youngest fully unfolded leaf of the marked plant in each pot. Chlorophyll content can 

be used as a tool to investigate stress experienced by plants (Hernandez et al., 1995). 

3.2.1.8.3 Plant heights 

Plant heights were measured one day before glyphosate application as well as at 7, 14 and 21 

DAA. The height of all four plants was measured in each pot, from soil surface to the tip of the 

youngest/highest leaf, using a standard measuring tape.  

3.2.1.8.4 Dry mass 

At 21 DAA plants were harvested (cut at soil level) and separated into plant components (shoots 

and roots). Roots were carefully removed from the soil and rinsed with water to remove all excess 

soil. Plant material (shoots) was left to dry for two weeks in a glasshouse at 30 °C.  The shoot 

and root mass were then weighed separately per pot (four plants) using a digital scale.  

3.2.1.9 Statistical analysis 

Data were subjected to an analysis of variance (ANOVA) to compare treatments at the 5% 

significance level using Fischer’s Protected LSD to determine the effect of various application 

rates on the physiological parameters. GenStat® for Windows version 14.1 (GenStat, 2011) was 

used for all analyses. 

3.2.2 Florianópolis trial (Brazil) 

3.2.2.1 Trial site 

A similar trial as the one described above was conducted in a greenhouse (Figure 3-2) at the 

Fazenda Experimental da Ressacada (S27°41’02’’, E48°32’48’’) of the Agricultural Science 

Centre (CCA) of the Federal University of Santa Catarina (UFSC) in Florianópolis, Brazil. Two 
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glyphosate herbicides, i.e. Roundup® Original Herbicide (original glyphosate) from Monsanto and 

ZAPP Qi® (generic glyphosate) from Syngenta was applied at different rates to determine the 

effect of application rate on the growth response of five Roundup Ready® maize cultivars 

(DK245R2, AG-8025 PRO2, AG-8025 RR, AG-9045 RR, AG-9045 PRO2). 

 

Figure 3-2: Greenhouse in which the Florianópolis trial was conducted at the Fazenda 

Experimental da Ressacada.  

3.2.2.2 Treatments 

Similar to the trial conducted in Potchefstroom, this experiment consisted of a control and five 

different glyphosate treatments (Table 3-3) for each product (glyphosate and generic glyphosate). 

Due to a difference in amount of active ingredient between the products, treatments were adapted 

(Equation 3-5) so that the amount of active ingredient correlated with the treatments used in the 

Potchefstroom trial. These treatments consisted of a (i) control, (ii) 0.75 l.ha-1, (iii) 1.3 l.ha-1, (iv) 

1.7 l.ha-1, (v) 2.0 l.ha-1 and (vi) 4.0 l.ha-1.  

��*�1� ��$� (�. ℎ���) =  
1

�'. ���(1) �% ���)�($
× �' (1) �% $���$��#$ 

  Equation 3-5 

The 0.75 to 1.3 l.ha-1 application rates are the minimum prescribed application rate, while 1.7 to 

2.0 l.ha-1 are the maximum prescribed application rates or label rates with 4.0 l.ha-1 exceeding the 

maximum prescribed application rate (double the label rate). 
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Table 3-3:  Different glyphosate treatments and their relevant application rates. 

Treatment  
Application 
rate* (l.ha-1) 

Acid 
equivalent 

(g.ha-1) 
Glyphosate (ml 
per 2 l water) 

Generic 
glyphosate 
(ml per 2 l 

water) 

1 0 0 0 0 

2 0.75 405 14.07 10.88 

3 1.3 702 24.38 18.87 

4 1.7 918 31.88 24.67 

5 2 1080 37.5 29.03 

6 4 2160 75 58.07 

*These application rates were also used in the trial conducted in Potchefstroom 

 

3.2.2.3 Planting 

Cultivar seed were obtained from the Federal University of Santa Catarina (UFSC) and were 

planted during October 2014 in 240 four litre (0.004 m3) plastic pots filled with loamy sand soil 

(84% sand, 13% clay, 3% silt). Six seeds were planted in each pot at a depth of 25 mm. Pots 

were watered daily to ensure successful germination.  

3.2.2.4 Trial Layout 

The pots were placed on a gravel floor and arranged in a completely randomized design with six 

different treatments and 4 replicates per treatment for each cultivar. 

3.2.2.5 Growing conditions 

Seedlings were watered (250 ml) daily and were thinned until each pot had four healthy plants. 

The amount of water was increased according to the growth of the maize plants. Plants were 

grown under natural (10 h night / 14 h day) conditions and temperature was recorded with an 

iButton temperature logger. Temperature ranged between 15 and 35 °C with a mean daily 

temperature of 24 °C. 

3.2.2.6 Fertilizer 

All plants were supplied with Torta Vegetal de Neem, an organic fertilizer, to provide the plants 

with nutrition. The nutrient mixture was prepared by dissolving 100 g of fertilizer in 24 l of water 

and each pot received 500 ml thereof. Plants were watered after application to ensure that the 

soil was drenched.  
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3.2.2.7 Application 

Glyphosate was applied when the plants reached the V4 growth stage. Pots were carried outside 

the greenhouse and arranged per treatment in rows of 10 m. Pots were arranged with a sufficient 

distance between them to prevent leaves from overlapping.  The spray treatments were applied 

using a knapsack sprayer calibrated (Equation 3-1) to deliver a spray volume of 120 l.ha-1 at a 

walking speed of 1 m.s-1. The knapsack sprayer was equipped with a 9502E even flat-fan nozzle 

suitable for post-emergence application delivering small droplets to ensure sufficient leaf 

coverage. The volume of herbicide (l) needed for each treatment was calculated according to 

Equation 3-2 and was mixed with the water inside the knapsack. 

Glyphosate applications occurred in optimum environmental conditions with clear skies, with no 

wind and the temperature ranging between 20 and 25 °C. After glyphosate was applied, plants 

were left to dry, and returned to the greenhouse. The sprayed solution did not cause any run-off 

from leaves and pots were irrigated immediately after application. 

3.2.2.8 Measurements 

3.2.2.8.1 Chlorophyll fluorescence 

Steady-state modulated chlorophyll fluorescence was determined from dark-adapted plants using 

a portable pulse-amplitude modulated photosynthesis yield analyser (Mini-PAM, Walz, Effeltrich, 

Germany). All measurements were done at night. Preliminary measurements were taken one day 

before glyphosate was applied. Thereafter measurements were taken consecutively for seven 

days after application (DAA) as well as at 14 and 21 DAA. Three measurements were taken on 

the middle part of the youngest fully unfolded leaf of one of the four plants in each pot. Green 

headlamps were used during measurements to prevent any photosynthetic activity.  

The maximum quantum efficiency of photosystem II (PSII) photochemistry (FV/FM) was estimated 

from the chlorophyll fluorescence data according to Genty et al. (1989). Due to a lack of time and 

a high demand for the equipment for other studies, chlorophyll fluorescence of only cultivars DK-

245 R2 and AG-8025 PRO2 were measured.  

3.2.2.8.2 Chlorophyll content 

The chlorophyll content was recorded using a hand-held portable SPAD meter (SPAD-502, 

Minolta, Ramsey, NJ).   Preliminary measurements were taken one day before glyphosate was 

applied. Thereafter measurements were taken at 7, 14 and 21 DAA. Three measurements were 

taken on the leaf mesophyll tissue (avoiding the veins) on the middle part of the youngest fully 

unfolded leaf of one of the four plants in each pot.  
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3.2.2.8.3 Plant height 

Plant heights were recorded one day before glyphosate application as well as at 7, 14 and 21 

DAA, using a standard measuring tape. The heights of all four plants per pot were measured from 

soil surface to the tip of the youngest/highest leaf. 

3.2.2.9 Statistical analysis 

Statistical analyses were done similarly to that described in section 3.2.1.9.  

3.3 Results  

3.3.1 Potchefstroom trial 

3.3.1.1 ANOVA 

The significance of cultivar, dosage rates and time, as well as the interactions thereof for PITOTAL, 

chlorophyll content and plant height for both glyphosate and generic glyphosate applications are 

shown in Table 3-4. Cultivar had the greatest effect (F-values) on all the parameters measured.  

Table 3-4: ANOVA table indicating main effects and interactions regarding  the 

effect of glyphosate and generic glyphosate applied at different 

application rates (treatments) on the PITOTAL, chlorophyll content and 

plant height of different Roundup Ready® maize hybrids. P-values 

indicated in green indicate significant effects.  
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Table 3-5 also shows the significance of cultivar, application rates and the interactions thereof for 

root-, shoot- and total dry mass when glyphosate and generic glyphosate was applied. Cultivar 

had the greatest effect (F-values) on all the parameters measured. 

Table 3-5: ANOVA table indicating main effects and interactions regarding  the 

effect of glyphosate and generic glyphosate applied at different 

application rates (treatments) on the root-, shoot- and total mass of 

different Roundup Ready® maize hybrids 21 DAA. P-values indicated in 

green indicate significant effects. 

 

3.3.1.2 Chlorophyll fluorescence 

Differences between the cultivars’ responses to both glyphosate and generic glyphosate was 

observed (Table 3-4). The different application rates (treatments) at which glyphosate and generic 

glyphosate were applied had a significant effect on all cultivars except cultivar DKC78-35R when 

glyphosate was applied. Although the interaction between cultivars and time was significant, 

PITOTAL values tended to decrease across cultivars over time, erratic fluctuations were, however, 

recorded for some cultivars. To elucidate the fluctuations observed over time will need an in-depth 

physiological study that could not be covered in this glasshouse trials. 

Significant decreases in PITOTAL was observed in all of the cultivars when glyphosate was applied 

(Figure 3-3 A). Cultivar KKS4479R showed a greater sensitivity to glyphosate with decreases ≥ 

20% at the 0.75, 1.7, 2 and 4 l.ha-1 application rates. Across cultivars, glyphosate had the greatest 

effect on the PITOTAL when it was applied at 1.3 l.ha-1. A greatest decrease of 28% was recorded 

when glyphosate was applied to cultivar DKC73-76R at 1.3 l.ha-1. Cultivar DKC78-35R exhibited 

the highest tolerance with decreases in PITOTAL being lower than 10% and with no significant 

responses to different treatments. Similarly, Zobiole et al. (2010b) observed decreases in 

photosynthetic efficiency at all rates that glyphosate was applied at onto GR soybeans. However 

decreases in photosynthetic parameters were greater when glyphosate was applied at rates 

above 2.2 l.ha-1 (1200 g.a.e.ha-1). 
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Figure 3-3: The effect of glyphosate (A) and generic glyphosate (B) application across 

treatments on the performance index (PITOTAL) (% of control treatment) of 

maize plants from different Roundup Ready® cultivars.  

In general, cultivars showed less sensitivity to application of generic glyphosate (Figure 3-3 B). 

No significant decreases in PITOTAL were recorded for BG5685RR, DKC73-76R and KKS4479R. 

Cultivars DKC78-35R and DKC80-30R, however were sensitive to generic glyphosate 

applications with decreases of more than 10% recorded for both. Compared to the control 

treatment, the PITOTAL of cultivar DKC78-35R was significantly decreased when generic 

glyphosate was applied at 0.75 (18%) and 2 l.ha-1 (25%). With a decrease of > 10%, cultivar 

DKC80-30R was most sensitive to generic glyphosate when it was applied at 1.7 and 2.0 l.ha-1.  

Photosynthesis may indirectly be affected as glyphosate inhibits the biosynthesis of carotenoids, 

chlorophylls, or fatty acids (Fedtke & Duke, 2005). Glyphosate is also shown to affect the 

abundance of PSII proteins by disrupting aromatic amino acid biosynthesis, including tyrosine, a 

subunit of PSII proteins (Kern & Renger, 2007; Vivancos et al., 2011). This inhibition will cause a 

Maize cultivars 
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reduction in active PSII reaction centres and consequently a decrease in Elight absorbance, a 

major component of the PITOTAL (Horton et al., 1996; Smit et al., 2009). 

3.3.1.3 Chlorophyll content 

Cultivars responded differently with regard to chlorophyll content after application of both 

glyphosate products (glyphosate: F = 3.8, P = 0.005; generic glyphosate: F = 7.04, P = <0.001) 

(Table 3-4). Glyphosate applications had an overall degrading effect and caused a decrease of > 

5% in chlorophyll content for DKC80-30R and KKS4479R. Generic glyphosate, however, had a 

stimulating effect on most cultivars and caused an increase in chlorophyll content of > 10% for 

DKC73-76R, KKS4479 and some application rates for BG5685RR.  

A significant cultivar X treatment interaction was recorded for chlorophyll content when generic 

glyphosate was applied (F = 2.3, P = 0.002) (Table 3-4). KKS4479R showed the greatest increase 

(> 20%) in chlorophyll content when generic glyphosate was applied at 2 and 4 l.ha-1 (Figure 3-4 

B). In GR soybeans Reddy et al. (2001) also recorded increases in chlorophyll content of up to 

7% when glyphosate was applied at prescribed application rates. Decreases greater than 10% 

was, however, recorded where generic glyphosate was applied to DKC78-35R at 0.75 and 2 l.ha-

1. Generic glyphosate affected chlorophyll content of all cultivars the least when it was applied at 

1.3 l.ha-1. In previous dose response studies, GR cotton did not show any reduction in chlorophyll 

content, however, differential reduction in chlorophyll content was recorded between RR soybean 

hybrids (Nandula et al., 2007). In GR soybeans, Zobiole et al. (2010b) observed the greatest 

decreases in chlorophyll content when glyphosate was applied at rates ≥ 2.2 l.ha-1 (1200 g a.e.ha-

1). In another study conducted by Zobiole et al. (2010a), GR soybeans exposed to a single or 

sequential glyphosate applications frequently caused decreases in chlorophyll content when 

compared to untreated plants. 

As a strong chelator glyphosate may inhibit chlorophyll biosynthesis by reducing the Mg contents 

in leaves (Zobiole et al., 2011a; Huang et al., 2012). At the same time, chelating with Fe, 

glyphosate also may prevent the biosynthesis of δ-aminolevulinic acid (ALA), another component 

of the chlorophyll biosynthetic pathway (Marsh Jr et al., 1963; Gomes et al., 2014). 
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Figure 3-4: The effect of glyphosate (A) and generic glyphosate (B) on chlorophyll 

content when applied at different application rates on different Roundup 

Ready® maize cultivars.  

3.3.1.4 Plant height 

Cultivars had the greatest effect on plant height and differed significantly in their response to the 

application of glyphosate (F = 17.13, P = <.001) and generic glyphosate (F = 9.4, P = <.001) 

across treatments (Table 3-4). Compared to plants in control treatments, DKC73-76R showed an 

increase of greater than 3% across glyphosate and generic glyphosate treatments (data not 

shown).  Plant height of BG5685R slightly decreased (3%) when glyphosate was applied. DKC78-

Maize cultivars 
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35R also showed a slight decrease in plant height where both glyphosate (3%) and generic 

glyphosate (2%) was applied, respectively.  

The cultivar X treatment interaction was, however, significant for plant height where glyphosate 

(F = 3.11, P = <0.001) and generic glyphosate (F = 3.56, P = <0.001) was applied (Table 3-4). 

BG568RR and DKC78-35R showed a decrease in plant height over all the application rates at 

which glyphosate was applied (Figure 3-5 A). Plant height of BG5685RR was reduced by 6% 

when glyphosate was applied at 1.3 l.ha-1, while decreases of more than 5% was recorded where 

glyphosate was applied to DKC78-35R at 0.75 and 4 l.ha-1. 

 

Figure 3-5: The effect of different application rates of glyphosate (A) and generic 

glyphosate (B) on the plant height (% of control treatment) of different 

Roundup Ready® maize hybrids.  

Maize cultivars 
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DKC73-76R showed no sensitivity in any of the application rates where generic glyphosate was 

applied (Figure 3-5 B). Plant height was significantly reduced by 5 and 11% where generic 

glyphosate was applied to DKC78-35R at 0.75 and 2 l.ha-1, respectively. Plants of KKS4479R 

showed a significant reduction of 6% in height when generic glyphosate was applied at the highest 

application rate (4 l.ha-1). Similarly, plant heights of GR soybeans were also observed to decrease 

at increased glyphosate rates (Zobiole et al., 2010b). 

3.3.1.5 Dry mass 

Cultivars differed significantly in their response to glyphosate with regard to root- (F = 2.98, P = 

0.024), shoot- (F = 5.02, P = 0.001) and total dry mass (F = 3.64, P = 0.009). Significant 

differences were also recorded for root- (F = 9.65, P = <0.001) and total dry mass (F = 5.64, P = 

<0.001) of cultivars treated with generic glyphosate (Table 3-5). Treatments only significantly 

affected root mass when generic glyphosate was applied (F = 3.26, P = 0.01). In GR soybeans, 

differences in sensitivity to glyphosate, in terms of biomass, among different cultivars were also 

recorded (King et al., 2001). In a dose response study, glyphosate had no effect on the biomass 

of GR canola (Nandula et al., 2007). 

Plants of BG5685RR showed the lowest sensitivity to glyphosate applications (Figure 3-6 A) with 

regard to total dry mass. Glyphosate applications, however, reduced the root-, shoot- and total 

dry mass of DKC73-76R by 10, 11 and 7%, respectively. Reductions in root-, shoot- and total dry 

mass greater than 10% were also recorded for KKS4479R. Similar results with regard to total dry 

mass were observed for BG5685RR where generic glyphosate was applied (Figure 3-6 B). An 

increase in root-, shoot- and total mass of DKC80-30R were observed, indicating a stimulating 

effect. A significant reduction in root mass was recorded where generic glyphosate was applied 

with the greatest reduction of 15% was recorded for DKC73-76R. DKC78-35R was also sensitive 

to the application of generic glyphosate showing dry mass reductions greater than 5% in the roots, 

shoots and total mass.  

Considering treatment effects, root mass was reduced with more than 32% when generic 

glyphosate was applied at the higher recommended application rate of 2 l.ha-1 (data not shown). 

Similarly, in previous studies, the root mass of GR soybean also decreased as glyphosate rates 

increased (Zobiole et al., 2010b). 

Reductions in biomass may be contributed to long term effects that glyphosate has on the 

physiology of the plant as it is reported that glyphosate molecules can remain in plants until they 

are physiologically mature (Duke et al., 2003; Zobiole et al., 2010b). 
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Figure 3-6: The effect of glyphosate (A) and generic glyphosate (B) on the root-, 

shoot- and total mass of Roundup Ready® maize hybrids across 

treatments. Bars followed by the same letter(s) do not differ significantly 

at P=0.05 for each parameter. 

3.3.2 Florianópolis trial 

3.3.2.1 ANOVA 

The significance of cultivar, application rates and time, as well as the interactions thereof for both 

glyphosate and generic glyphosate applications are shown in Table 3-6. Cultivar had the greatest 

effect (F-values) on all the parameters measured.  

 

 

Maize cultivars 
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Table 3-6: ANOVA table indicating main effects and interactions regarding  the 

effect of glyphosate and generic glyphosate applied at different 

application rates (treatments) on the growth parameters of different 

Roundup Ready® maize hybrids. P-values indicated in green indicate 

significant effects. 

 

3.3.2.2 Chlorophyll fluorescence 

The maximum quantum efficiency of photosystem II (PSII) was measured as the photochemistry 

FV/FM in the GR maize cultivars. This parameter was significantly affected by cultivar, treatment 

(application rate) and time after application for both glyphosate and generic glyphosate 

applications, respectively (Table 3-6). A significant cultivar X treatment interaction was, however, 

recorded where glyphosate was applied (F = 4.7, P = <0.001). Plants of cultivar DK245R2 showed 

the highest tolerance to glyphosate with no decrease recorded in the FV/FM, regardless of the 

application rate applied (Figure 3-7 A). However, plants of cultivar AG8025PRO2 was more 

sensitive to glyphosate application since FV/FM was decreased by more than 1% when glyphosate 

was applied at 4 l.ha-1. Similar results were obtained in GR soybeans where Zobiole et al. (2010b) 

recorded a decrease in FV/FM over all application rates of glyphosate applied. 

Generic glyphosate had no significant effect on the interaction between cultivar and treatment 

with regard to FV/FM. However, the response of the different cultivars after generic glyphosate 

was applied differed from responses after application of glyphosate (Figure 3-7 B). Plants of 

DK245R2 was generally more sensitive to generic glyphosate applied at 0.75 l.ha-1 with a 

decrease of 0.7% in FV/FM compared to plants in the control treatments. Plants of AG8025PRO2 

showed tolerance towards generic glyphosate applications. 
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The interaction of cultivar and time showed AG8025PRO2 to be the only cultivar to exhibit FV/FM 

sensitivity over time when glyphosate was applied (data not shown). This effect, however, needs 

to be addressed with further physiological studies to elucidate the effect of glyphosate on Fv/Fm 

in certain cultivars (as has been observed in the Potchefstroom glasshouse trial). 

A decrease in FV/FM could be linked to a decrease in the number of active PSII reaction centres 

(Horton et al., 1996). Glyphosate has been reported to affect the abundance of PSII proteins by 

disrupting aromatic amino acid biosynthesis, including tyrosine, a subunit of PSII proteins (Kern 

& Renger, 2007; Vivancos et al., 2011). This may cause a decrease in the number of active PSII 

action centres and consequently an increased excitation energy quenching in the PSII antennae. 

These increases are considered indicative of the downregulation of electron transport and 

consequently lower photosynthesis rates (Horton et al., 1996). 

 



55 

 

Figure 3-7: The effect of different application rates of glyphosate (A) and generic 

glyphosate (B) on the maximum quantum efficiency of photosystem II 

(PSII) photochemistry (FV/FM) (% of control treatment) of two Roundup 

Ready® maize cultivars. 

3.3.2.3 Chlorophyll content 

Although cultivar had the greatest effect on chlorophyll content, significant cultivar X treatment (F 

= 4.75, P = <0.001) and cultivar X time interactions (F = 3.09, P = <0.001) were recorded where 

both glyphosate and generic glyphosate were applied to GR maize cultivars, respectively (Table 

3-6). Plants of cultivar AG8025PRO2 was affected most, showing a decrease in chlorophyll 

content over all application rates where glyphosate was applied (Figure 3-8 A). Glyphosate had 

Application rates 
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a stimulating effect on the chlorophyll content of cultivar DK245R2 over all application rates 

applied 

Similarly, plants exposed to a single or sequential glyphosate applications also caused decreases 

in chlorophyll content in GR soybeans when compared to untreated plants (Zobiole et al., 2010a). 

Previous dose response studies did not record any reduction in chlorophyll content in GR cotton, 

however, differential reduction in chlorophyll content was recorded in a study with different GR 

soybean hybrids (Nandula et al., 2007). 

 

Figure 3-8: The effect of different application rates of glyphosate (A) and generic 

glyphosate (B) on the chlorophyll content (% of control treatment) of 

different Roundup Ready® maize cultivars. 

Maize cultivars 
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Chlorophyll content of AG9045RR was significantly decreased by 13 and 19% where glyphosate 

was applied at 2 and 4 l.ha-1, respectively. Similarly, Zobiole et al. (2010b) observed the greatest 

decreases in chlorophyll content when glyphosate was applied at higher rates [≥ 2.2 l.ha-1 (1200 

g a.e.ha-1)]. Reddy et al. (2001), however, recorded an increase of up to 7% in chlorophyll content 

when glyphosate was applied in a dose-response experiment on GR soybeans. The chlorophyll 

content of Roundup Ready® maize cultivars were more affected when generic glyphosate was 

applied (Figure 3-8 B). Cultivars AG8025RR, AG9045PRO2 and DK245R2 were sensitive to all 

application rates where generic glyphosate was applied. Significant decreases of 10% and 

greater were observed where generic glyphosate was applied at 4 l.ha-1. Plants of cultivar 

AG8025PRO2 however, showed no significant decrease in chlorophyll content in any of the 

generic glyphosate treatments.  

As previously mentioned, decreases in chlorophyll content may be a result of glyphosate reducing 

the levels of Mg and Fe which are essential metals in the chlorophyll biosynthetic pathway (Marsh 

Jr et al., 1963; Gomes et al., 2014). 

3.3.2.4 Plant height 

A significant cultivar X treatment interaction with regard to plant height was recorded for both 

glyphosate (F = 7.37, P = <0.001) and generic glyphosate (F = 5.03, P = <0.001) applications 

(Table 3-6). In general, as well as over time, cultivar AG9045PRO2 was stunted most by 

glyphosate applications with a significant decrease of >5% in plant height (Figure 3-9 A). 

Glyphosate had the greatest stunting effect when it was applied at 4 l.ha-1 cultivar AG9045PRO2 

(9%) and AG9048RR (10%).  

Generic glyphosate, applied at different application rates, had no stunting effect on cultivar 

AG8025PRO2 (Figure 3-9 B). However, plant heights were decreased by >10% where generic 

glyphosate was applied at 4 l.ha-1 to cultivar AG9045PRO2 and DK245R2.  

The high reductions in plant height where both glyphosate and generic glyphosate was applied 

at a higher rate (4 l.ha-1) correlates with previous studies in GR soybeans, where plant height was 

also seen to decrease at increased rates of glyphosate application (Zobiole et al., 2010b). 
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Figure 3-9: The effect of different application rates of glyphosate (A) and generic 

glyphosate (B) on the plant height (% of control treatment) of different 

Roundup Ready® maize cultivars. 

3.4 Conclusion 

3.4.1 Potchefstroom trial 

Glyphosate (Roundup PowerMAXTM) and generic glyphosate (Slash Plus) can have negative 

effects on the photosynthesis and growth of GR maize. Significant reductions in PITOTAL, 

chlorophyll content, plant height and dry mass occurred due to glyphosate and generic glyphosate 

applications and was independent of the application rate applied. When glyphosate was applied, 

Maize cultivars 
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these negative effects were found to be more severe, compared to when generic glyphosate was 

applied. However, cultivars varied significantly in their responses to the application of glyphosate 

and generic glyphosate at various crop growth stages of GR maize. Cultivar KKS4479R was 

sensitive to glyphosate in all of the measured growth parameters with a significantly lower PITOTAL 

and plant dry mass, compared to the other cultivars.  

In one cultivar, plants differed in their response to the two different products that were applied. 

The PITOTAL of cultivar KKS4479R was reduced in all of the glyphosate treatments by more than 

10%. However, when generic glyphosate was applied, plants of the same cultivar showed 

tolerance with increases in PITOTAL of more than 10%. This variation in response may be due to 

the different formulation and composition of the two glyphosate products.  

3.4.2 Florianópolis trial 

This study demonstrated that glyphosate (Roundup® Original Herbicide) and generic glyphosate 

(ZAPP Qi®) can exert detrimental effects on the photosynthesis and growth of GR maize. 

However, when applied at label use rates, these effects were minimal. The greatest and more 

consistent reductions in photosynthesis, chlorophyll content and plant height were observed when 

glyphosate and generic glyphosate were applied above the recommended rate (4 l.ha-1). 

Chlorophyll content and plant height of GR maize plants were more sensitive to generic 

glyphosate applications than glyphosate applications.  

Physiological and growth responses differed between cultivars and showed large variation. While 

the photosynthesis of cultivar AG8025PRO25 was sensitive to glyphosate applications, this 

process was stimulated in cultivar DK245R2.  The greatest reductions in chlorophyll content was 

recorded for cultivar AG9045RR after glyphosate application. Cultivar AG9045PRO2, however 

showed the greatest reduction in plant height after generic glyphosate applications. Cultivar 

DK245R2 showed the highest tolerance in growth parameters when glyphosate was applied. 

In the same cultivar, responses to different products also varied. When glyphosate was applied, 

cultivar DK245R2 showed increases in chlorophyll content and plant height. However, when 

generic glyphosate was applied to the same cultivar, decreases of more than 10% were recorded 

in both parameters.   
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CHAPTER 4: SUMMARY 

In the field studies conducted during this study, glyphosate (Roundup PowerMax™) application 

resulted in a reduction in plant height, dry mass and yield when it was applied at different growth 

stages of GR maize. Tendencies, however, were not similar between seasons. Plant age is a 

contributing factor in the duration of glyphosate uptake and translocation in plants (Satichivi et al., 

2000; Monquero et al., 2004). Reductions in growth and yield parameters at different growth 

stages may therefore be attributed to a delay in the uptake and translocation of glyphosate in GR 

maize. Generic glyphosate (Slash Plus) had a greater effect on the different GR cultivars than the 

timing of application at different growth stages of maize. Different GR maize cultivars showed 

significant variation in reaction to glyphosate applications, indicating that some cultivars are more 

sensitive/tolerant to glyphosate than others. Cultivar BG5685RR and KSS4479R were more 

sensitive to glyphosate applications compared to other GR cultivars.  

In the dose response studies, glyphosate (Roundup PowerMAXTM and Roundup® Original 

Herbicide) and generic glyphosate (Slash Plus and ZAPP Qi®) applications reduced the 

photosynthetic efficiency, chlorophyll content, plant height and plant dry mass of some GR maize 

cultivars. Although application rates did not have a significant effect, negative effects were more 

prominent when glyphosate was applied above label rates. The severity of reductions in 

physiological and growth parameters differed between the different glyphosate products that were 

applied. Cultivar KKS4479R was sensitive to Roundup PowerMAXTM, while Slash Plus 

applications increased its PITOTAL. Big variance was found in the photosynthetic parameters. This 

may be because of glyphosate’s cite of action (the shikimate pathway), rather than photosynthesis 

itself. However, changes in fluorescence are associated with plants treated with herbicides such 

as glyphosate, which inhibits amino acid synthesis (Zobiole et al., 2010b). 

Inconsistent results across cultivars, time of glyphosate application and different products applied 

were obtained in this study indicating the complexity of interactions and effects on growth 

parameters of GR maize hybrids. Some cultivars were, however, more sensitive to glyphosate 

application with subsequent decreases in plant growth, the efficacy of physiological processes 

and yield. Differences in sensitivity between GR maize cultivars could lie in the genetic 

composition of these cultivars. Unfortunately screening of all commercially available cultivars are 

not considered due to the high turnover rate of new cultivars that are released.  

Reductions in growth parameters due to glyphosate application in GR soybeans have been 

reported to be as result of AMPA, a metabolite of degraded glyphosate (Duke et al., 2012a). 

However, AMPA has not yet been reported to occur in maize (Reddy et al., 2008; Duke, 2011).  

Considering the variation in effects caused by different glyphosate products, this study supports 
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the idea that glyphosate stress in GR maize may be caused by ingredients and components of 

glyphosate formulations rather than glyphosate alone (Reddy et al., 2004; Nandula et al., 2007; 

Bott et al., 2008). This study showed that the long-term effect of multiple glyphosate applications 

during a season can have a significant effect on growth and yield of GR hybrids that are sensitive 

to glyphosate. The study demonstrated the existence of sensitive GR maize hybrids in South 

Africa. 

Field trials were conducted in optimal growth conditions, prevailing until trails were harvested. 

The effect of multiple glyphosate applications at different growth stages may, however, be more 

evident when stress conditions, such as drought or diseases, are experienced. It could be 

possible that the latter may predispose sensitive GR hybrids even more, leading to reduced 

overall plant health.   

The effect of glyphosate on a physiological level was only superficially addressed in this study. 

Further in-depth investigation is needed to elucidate the consequent effects of glyphosate 

applications on the different components involved in the electron transport in PSII and PSI which 

all contribute to the overall photosynthetic plant performance index of PITOTAL.   
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