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ABSTRACT 

 

Leveraging genetic engineering to develop herbicide and pest tolerant crops has been tremendously 

successful and resulted in significant benefits to farmers since the first commercialized genes became 

available in the mid-1990s.  This technology led to the belief that step level changes were possible for 

highly quantitative traits such as yield and significant investment has followed.  However, commercial 

success of large-effect yield genes continues to remain elusive.  Early generation testing in transgenic 

programs has focused on event level and environmental variation. The transgene’s effect across 

different genetic background has been largely ignored until late stage evaluation.  Understanding and 

quantifying the importance of transgene by germplasm interactions and how to best evaluate these 

interactions early in a transgene development pipeline may help with identifying important yield genes 

both in transgenic and gene editing discovery programs. 

To quantify the transgene by germplasm interaction in maize, we developed ACS6 RNAi transgenic and 

non-transgenic paired lines in each heterotic group and crossed them to each other in a factorial 

crossing scheme that enabled comparisons of the transgene effect on average across all germplasm, 

within individual line pairs, and among transgenic lines when crossed to several non-transgenic lines, 

and among non-transgenic lines when crossed to several transgenic lines.  These hybrids were grown 

across a broad set of environments. For yield, there was an overall transgene effect across all hybrid sets 

and differences both among transgenic lines across non-transgenic line and among non-transgenic lines 

across transgenic lines. Genetic backgrounds had a significant impact on the estimated value of the 

transgene ranging from a yield reduction of .5 Mg ha-1 to an increases of 1.1 Mg ha-1.    

The impact of introducing a transgene that overexpressed ARGOS8 into a breeding program was also 

investigated to understand transgene by family interactions, the impact of event level variation, and the 

impact of the transgene on selection.  Overall, this transgene did not have a yield effect across locations 
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and families. However, there was a strong transgene by germplasm by location interaction.  Event level 

variation or interactions thereof were not detected for yield.  When locations were clustered by 

environment type, strong transgene by germplasm interactions were detected in three of the four 

clusters for yield.  Selection difference were impacted both by family and by environment class with 

enrichment of transgenic lines at the top yield end of the distribution within some families in certain 

environments, but the opposite case in other environment by family combinations. 

Even though transgene by germplasm interactions are important, evaluating transgenes across both 

environments and the germplasm early in the transgene evaluation pipeline would be cost prohibitive 

using the current isogenic testing approaches.  Development of new methods to enable early evaluation 

is critical to implementation of early transgene by germplasm evaluation.  In order to optimize the 

testing both from the perspective of yield trial plots required for testing and the demand on creating 

lines and hybrid seed for testing, three methods were investigated as an alternative to generating a 

significant number of isogenic lines.  Doubled haploids, F2:3 lines, and bulk F3 populations were 

compared to determine if the methods resulted in similar estimations of transgene effects for an 

overexpressed Zmm28 transcription factor across families and locations.  Overall, even with significant 

transgene by family interactions, all methods had similar estimates of the transgene effect.  Thus, we 

recommended using the F3 bulk method both for the simplicity of line creation, which could be 

accomplished within a year, along with the reduced number of yield trial plots required for testing, 

because it only requires a single set of paired plots per F3 family per location.       

The complexity of transgene evaluation for quantitative traits has resulted in few commercially 

successful genes.  We hypothesized that high transgene by germplasm interactions and lack of early 

testing for this interaction may be one reason for the lack of success.  We found consistent transgene by 

germplasm interaction across all three transgenes evaluated for yield, and suggest a new, cost-effective, 

approach to evaluate transgene by germplasm interactions leveraging bulk F3 lines.
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 CHAPTER 1 

INTRODUCTION 

 

Genetic diversity is the basis of all evolution and selection approaches.  Differential 

responses to similar external stimuli are the driving forces of natural selection and variations in 

fitness between varieties both within and among species.  Similarly, applying artificial selection 

pressure has shaped human behavior and enabled the domestication of wild crop species.  Over 

time, advances in both breeding and agronomic practices have enabled farmers to increase 

food production and feed more people per unit land area.  This intensification of agriculture 

was accompanied by additional challenges such as increases in pest pressure on farmland 

(Wilby and Thomas, 2002).  General pesticide use began as far back as 2000 years BCE and 

widespread pesticide use in agriculture began in the 1940s with the growth of synthetic 

pesticides (Fishel, 2013).  The practice of biotic control through chemical application was not 

limited to insects but also included weeds and diseases (Ennis and McClellan, 1964).  In the 

United States the pesticide expenditure for agricultural uses, when adjusted for inflation, 

continued to increase on a yearly basis until its peak in 1998 (Fernandez-Cornejo et al., 2014).   

The peak and subsequent reduction in pesticide expenditure parallels the 1996 

commercialization of early transgenes intended to convey herbicide and pest tolerance to 

crops.  These two genes, MON-810 and NK-603, began the rapid development and adoptions of 

transgenic varieties.  From 1996 to 2018, planted hectares of transgenic varieties increased 

from 1.7 million to 2.5 billion across 26 countries (ISAAA, 2018).  The use of transgenic varieties 

has successfully reduced the volume of active ingredient use by 671.2 million kilograms and 
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increased farmer income by $US 186.1 billion since 1996 driven mainly by yield gains and 

reduced input costs (Brookes and Barfoot, 2018).  However, in agriculture the constant battle 

between pests and resistance to pesticides or transgenes is an area of intense research.  

Modeling approaches to predict the development of resistance and management approaches, 

such as refuge, implemented to slow down this evolution have been critical to continued 

increases in crop productivity (Hurley et al., 1997).  Nonetheless many transgenes have been 

successfully commercialized to tackle pest challenges. 

Transgenes intending to combat pests and provide herbicide tolerance act via specific 

pathways to generate single protein targets that directly impact the crop’s ability to resist 

herbicides or produce Cry proteins (Forlani et al., 1992; Koziel et al. 1993).  This direct approach 

limits the possible interaction of the transgene with other genes or pathways allowing for highly 

consistent effects.  Modification of genes designed to enhance complex traits have not found 

the same commercialization and widespread adoption levels as pest and herbicide resistance 

traits.  Pathway complexity and interaction is a big challenge for gene discovery in crops and 

can have significant impacts on complex traits such as yield even for genes with insecticidal and 

herbicide resistance properties.   In fact, many of those genes were found to have pleiotropic 

effects on complex traits including, most notably, yield (Darmency, 2013; Elmore, 2001; Shi et 

al., 2013).  Nearly a quarter of a century after the first commercialized transgenic crop, single 

gene solutions to complex gene networks modulating yield in plants remain largely elusive.  

Only recently have transgenic products selected for yield enhancement started to be 

commercialized (Eisenstein, 2013).  However, the long-term success of these traits across years, 

geographies and commercial varieties is still a pending question. 
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Maize (Zea mays L.) is one of the dominant transgenic crops commercialized worldwide 

with over 58.9 million hectares planted in 2018 (ISAAA, 2018).  Yield in maize has increased at 

an average rate of 77 kg ha-1 yr-1 since the 1930s with gains attributed to both plant breeding 

and improved agronomic practices (Duvick, 2005).  To maximize yield production, maize 

breeding has historically exploited heterosis by crossing inbred lines from differing heterotic 

pools.  Synthetic stiff stalks (SSS) and non-stiff stalks (NSS) are two prevalent heterotic pools in 

maize.  Breeders often select lines independently within each heterotic pool by generating test 

crosses with a tester from the opposite heterotic pool and estimating combining ability.  The 

lines with high combining ability are then selected and recurrent selection occurs within 

heterotic pools.  To generate F1 hybrids for commercialization the best SSS inbred lines are 

crosses to the best NSS inbred lines.  This generates high heterozygosity across loci resulting in 

hybrid vigor.  Although this method has resulted in steady genetic gain, the current rate of gain 

through breeding will not be able to achieve the nearly doubling of yield needed within the next 

quarter century to sustain the growing world population (Ray, 2013).  Complementary 

approaches to breeding such as transgenesis will be required to speed up the rate of genetic 

gain.   

Drought tolerance is a critical trait worldwide and in the western US corn belt where 

many dryland and limited irrigation acres experience drought stress.  Since 1980 drought has 

been responsible for over $US 252 billion in damages with the 2012 drought itself contributing 

upwards of $US 34.2 billion in losses (NCEI, 2020).  Drought events are estimated to continue to 

increase in frequency and intensity in the future (Boyer et al., 2012) leading to a critical need to 

develop new drought tolerant hybrids that must perform well in both optimal and water limited 
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environments.  Breeding for drought tolerance is complex and requires multiple pieces to be 

successful.  To begin, it is critical to understand your target population of environment (TPE) for 

testing breeding lines and maximize successful product launches.  Next, the decision must be 

made as to where to evaluate germplasm on a yearly basis.  The set of environments defined 

for testing could either be directly in the environments in which the commercial varieties will 

be sowed or in managed environments that can mimic specific environmental conditions 

(Gaffney et al., 2015).  Although testing directly in the TPE is the best representation of the 

typical environment where crops may be sowed, they could yield no or atypical stress results 

due to unpredictable weather-related challenges. This drives the importance of managed-stress 

environments that can reliably produce results with a high level of repeatability as a 

complement to testing in the TPE (Cooper et al., 2014).  The additional benefit of managed 

stress locations is ability to specifically prescribe stress at a plant growth stage.  For instance, 

stress could be consistently targeted during the flowering period to drive anthesis-silking 

interval (ASI) and have significant implications on yield.  ASI has been estimated to account for 

as much as 80 percent of the yield variation at harvest in locations where stress at flowering 

was a factor (Edmeades et al., 2000).  Similarly, a post flowering stress could be implemented to 

impact grain filling.  Even under moderate stress levels grain filling stress can reduce yield by 20 

percent or more (Denmead and Shaw, 1960).  Additionally, hybrids that are highly tolerant to 

one type of stress are not necessarily the best for another (Fischer et al., 1989).  Being able to 

tease apart these factors ultimately leads to successfully commercialized products. 

Transgenes have been suggested as a complement to breeding for drought tolerant 

hybrids since transgenes became available widely in the 1990s (Cattivelli et al., 2008). Early 
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phases of transgene discovery and development have typically been independent of any 

breeding approaches and can be quite costly.  A survey of some of the biggest seed companies 

in the world estimated the cost of transgene development, deregulation and commercialization 

to be around US$136 million (McDougall, 2011). The cost presented in the survey was split into 

5 main stages from discovery to product launch.  The first stage was discovery with an 

estimated cost of US$31 million.  Discovery work is typically done in a model crop and focused 

on lab, growth chamber or greenhouse-based assays (ie. Jiang et al., 2013; Mao et al., 2016). 

The second stage, construct optimization and event selection, is the first introduction of a lead 

transgene that was selected in the discovery stages into the target crop specie.   During this 

stage transgenes are typically tested in a single transformation target, a background typically 

selected due to high transformation efficiency.  Once transformation is achieved and enough 

seed is produced, early testing can be done in small field experiments in limited environments.  

At this stage, testing is heavily focused on evaluating insertion sites (events) (ie. Chen et al. , 

2008; Visarada et al., 2009) in addition to different promoters, terminators and introns to 

maximize the gene’s intended effect (Koziel et al., 1996) while minimizing any unintended 

agronomic effects.  Each of these events is compared to a null comparator to determine if it is 

better or worse than its non-transgenic, near isogenic line.  In order to screen a significant 

number of events and due to transformation efficiency challenges, the number of varieties in 

which early testing is done is extremely limited and typically many events are only evaluated in 

few hybrid combination.  Events at this stage of testing typically show significant differences so 

culling the worst performers is important before additional investment is made in seed 

production for more advanced field testing (De Wolf et al., 2010).  As transgenes and their 
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respective lead events are selected, the transformation target is usually crossed to a few more 

testers and tested in a broader set of environments.  Most transgenes do not make it beyond 

this initial testing phase and could be culled due to poor performance having never been tested 

in additional genetic backgrounds.  The optimization and event selection stage was estimated 

to cost approximately US$41.9 million or approximately 31 percent of the total cost. 

Once the selected event of a transgene of interest has been well characterized under 

the aforementioned testing approach and the best gene is selected, it is backcrossed into a few 

new genetic backgrounds (conversions) (Mumm, 2013).  These new backgrounds are typically 

selected elite lines that are commercial products (Scott and Pollak, 2005).  However, by this 

time the transgene is also being submitted to regulatory agencies to begin the deregulation 

process.  As conversions become available for testing, they can be tested extensively across the 

target population of environments.  The introgression and additional testing stages cost 

developers an additional US$28 million or 21 percent of the total development cost.  

At this point a significant investment of time and money (US$ 100 million) has already 

gone into the transgene selection program.  Deregulation and registration of the transgene are 

the only hurdles remaining for successful commercialization.  It will cost approximately US$17.5 

million or 13 percent each for both the regulatory trials and registration work.  Once a 

transgene has been deregulated and is ready for commercialization many more conversions are 

created and the transgene begins to be fully incorporated into elite lines through trait 

introgression programs (Peng et al., 2014).  With a total cost of developing a single transgene 

from discovery to commercialization estimated at over US$136 million there has been very little 

success around commercialization of major impact drought resistant transgenes (Nuccio et al., 
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2018).  In corn, the only current example of a commercialized drought transgene is 

DroughtGard (Castiglioni et al., 2008) which was commercialized in 2013.   

Introducing transgenes into highly heterozygous and hybrid crops such as maize, 

however, introduces yet another level of complexity.  When evaluating hybrids, the allelic 

interaction component of a transgene at a single locus can be important.  Complete dominance 

is desired as it provides the intended effect while only requiring a single transgenic allele to be 

present at the locus (ie. Fox et al., 2017).  However, for complex traits, completely dominant 

effects are not always observed (Halfhill et al., 2003).  If the transgene is homozygous at the 

locus, such as in inbred species, then there is no within locus interaction to consider.  

Alternatively, in hybrid crops, the transgene is often hemizygous allowing for interaction 

between transgenic and native alleles.  In addition to within locus interactions, between locus 

interaction (epistasis) could also have a substantial impact on the observed phenotype.  This 

would increase the complexity of estimating the effect of single gene effects with high 

confidence across complex pathways.  Finally, the effects of a transgene in one genetic 

background may differ in another, and hence, evaluation across a wide germplasm space is 

necessary to determine the value of the gene for commercial breeding applications (Evangelou 

et al., 2019; Gepts, 2002; Xue-Wen et al., 2008).  Use of diverse germplasm across heterotic 

pools must be used to estimate the differential downstream effects of single gene insertions 

and the stability of the gene effect across commercial hybrids.  This is not a novel idea as 

interaction of genetic background with genes for complex traits has also been mentioned in the 

literature in reference to quantitative trait loci (Beavis et al., 2001; Li et al., 2009; Wang et al., 

2014).  Yet, little work has been done to quantify this effect within the transgene discovery 
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pipeline or implement approaches to remedy the issue.  Quantifying the variation of transgene 

effects across the germplasm will aid in pipeline advancement decisions and drive an increased 

understanding of experimental design needs for determining the direct and pleiotropic effects 

of transgenes on complex traits.  A large variance of transgene effects is also conducive to 

forward breeding, applying selection approaches to a population of transgenic individuals, to 

accumulate alleles interacting favorably with the transgene and maximize the transgene’s 

overall value. 

Adding the complexity of drought to the already complicated landscape of epistatic 

gene interactions leads to significant challenges.  Drought modes of action are quite complex 

and different hybrids can have drastically different mechanisms used to adapt.  Some may be 

better at water conservation while others may have internal mechanisms to cope with lower 

soil moisture.  Still others may have mechanisms to avoid senescence when leaf water content 

is reduced and others may recover quickly at night (Gilbert and Medina, 2016).  Each of these 

mechanisms is an improvement compared to a non-adapted variety which can experience 

significant damage and yield loss even with relatively minor reductions in soil water content.  If 

a transgene is introduced to such a situation, its success will depend significantly on the mode 

of action of the transformed line and the intended effect of the transgene. For instance, if a 

variety is already capable to significantly increase root growth in the absence of soil moisture 

and a transgene has the same mode of action, the results transgene value could be low. On the 

other hand, the same transgene inserted into a non-adapted variety could drastically improve 

the drought tolerance potential of that line.    
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Some approaches such as early incorporation of transgenes into breeding programs has been 

suggested as a solution to the complex genetic architecture (Mumm et al., 2007; Zhong 2001) 

however, little work has been done to understand these processes from a product 

development standpoint. 
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CHAPTER 2 

Transgene by Germplasm Interactions Can Impact Transgene Evaluation  

By 

Julien F Linares, Nathan D Coles, Hua Mo, Jeff E Habben, Sabrina Humbert, Charlie Messina, Tom Tang, 

Mark Cooper, Carla Gho, Ricardo Carrasco, Javier Carter, Jillian Wicher Flounders, E Charles Brummer 

To be submitted to Crop Science 

Abstract 

Transgenes have been tremendously successful for qualitative insect and herbicide resistance traits. 

Evaluation of these transgenes used isogenic lines to quantify the value of the added gene.  However, 

genotype × transgene × environment interactions present for quantitative traits can make effective 

evaluation of transgene value difficult using the same testing approach.  Here we evaluate whether 

different genetic backgrounds would impact the estimated value of a transgene for grain yield, ear 

height, and anthesis-silking interval by testing many diverse pairs of transgenic and non-transgenic 

hybrids.  The majority of individual isogenic hybrid pairs evaluated had no transgene effect however, the 

transgene did increase yield by 0.2 Mg ha-1 overall.  However, across a series of non-transgenic lines, 

hybrids derived from different transgenic lines saw effects ranging from an increase of 0.8 Mg ha-1 in the 

NSS4 and SS7 transgenic lines to a reduction of 0.3 Mg ha-1 for the NSS5 transgenic line across all non-

transgenic lines.  Unlike yield, transgenic hybrids were often taller than the non-transgenic hybrids. 

Effects for both yield and plant height were consistent whether we compared the general combining 

ability of single transgenic lines across non-transgenic lines or compared among non-transgenic lines 

across transgenic lines confirming true genotype x transgene interactions rather than simply noise 

introduced in the isogenic line creation process.  Anthesis to silking interval was reduced by 4ᵒC overall 

but no interaction was detected among line pairs.  These results show the importance of testing across 

more hybrid pairs to improve the likelihood of identifying transgenes for quantitative traits with desired 



 

15 
 

effects and reduce the chance of advancing candidate genes that only have desired effects in the 

specific hybrid pair tested.   

Introduction 

Plant breeding programs have been highly successful improving yield and other characteristics 

of maize and other crops (Andorf et al., 2019). Since the mid-1990s, commercial maize hybrids 

containing transgenes to help protect against pests or be resistant to herbicides have been developed. 

These single genes had large effects by targeting a specific gene to directly produce the desired trait 

phenotype.  This approach has had tremendous commercial success, aiding farmers to deliver ever 

increasing yields on a yearly basis while maintaining profitability and minimizing environmental impact 

(Brookes and Barfoot, 2017).  However, using transgenes to improve complex traits, such as yield, has 

proven to be a challenging task.  For yield enhancement, the complexity of gene interactions across the 

genome has made successful transgene discovery and evaluation extremely difficult. Many studies have 

claimed to identify QTLs or transgenes that promised to significantly increase yield (Nelson et al. 2007; 

Chen et al., 2017), yet most single yield transgenes have not materialized into successful commercial 

products (Nuccio et al., 2018).  Part of the reason behind this phenomenon is the complex underlying 

genetic architecture influencing highly quantitative traits (gene × gene, genotype × transgene, and 

genotype × transgene × environment interactions). Although these interactions can also present 

challenges for pest and herbicide resistance transgenes (Elmore et al., 2001), the primary target of these 

transgenes produces a dominant and highly penetrant phenotype across germplasm. Of course, these 

mostly qualitative transgenes can also have pleiotropic effects on complex phenotypes like yield in the 

absence of the primary stressor (Xia et al., 2010; Darmency, 2013).   

Testing the effect of a single transgene or QTL on a quantitatively inherited trait phenotype is 

difficult when comparing lines from different genetic backgrounds. In order to minimize the impact of 

the genetic background, near-isogenic lines (NILs) are typically used for comparison.  But because NILs 
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typically require three or more generations of backcrossing to recover at minimum 95 percent for the 

recurrent parent (Frisch, 1999), the development of a diverse set of germplasm in which to evaluate a 

gene of interest is typically not time or cost effective, and hence, not done.  Forward breeding, whereby 

breeding populations in which the transgene has been integrated are developed and selected, could 

overcome some of these challenges, but given the current complex regulatory landscape, spending time 

developing populations with non-approved transgenic events that may never be deregulated is not an 

appealing endeavor (Mumm, 2007).   

Therefore, the challenge facing breeders is how to best evaluate transgenes to accurately 

quantify their average impact on complex traits across breeding populations. Without these data, 

optimum selection of genetic backgrounds that have a minimum yield drag or that maximize yield 

enhancement cannot be made. Consequently, some transgenes that may have significant benefits in 

certain genetic backgrounds may never be commercialized because the germplasm in which they were 

tested did not show an advantage.   

Ethylene, a volatile hormone, has a significant and diverse impact on plant growth and 

development.  From the induction of reproduction to biotic and abiotic stress responses, ethylene 

influences many processes within plants (Iqbal et al., 2017; Taiz and Zeiger, 2002).  With such a broad 

range of impact, altering ethylene synthesis can cause multiple non-targeted, secondary downstream 

effects.  The ethylene biosynthetic pathway is rather simple and reduction of ethylene evolution has 

been achieved in multiple ways from chemical applications to gene modifications (Shi et al,2016; Khan 

et al,2008; Jackson et al 1981). Ethylene is synthesized in plants from methionine.  This first step of the 

process consists of methionine being converted to S-adenosyl-L-methionine (SAM) by SAM synthase. 

SAM is then converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase (ACS), and 

finally, ethylene is synthesized from ACC by ACC oxidase (Yang and Hoffman, 1984).  The major rate 

limiting step to this pathway is the conversion of SAM to ACC by ACS. Manipulation of this rate limiting 
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step through the introduction of an ACS6 RNAi transgene has shown reduction of ethylene evolution by 

an average of 50% across many different transgene integration events and in a limited number of maize 

hybrids. The reduction in ethylene evolution increased grain yield under water limiting conditions 

(Habben et al., 2014).   

In this experiment, we evaluated a single event of the ACS6 RNAi transgene across multiple 

hybrids and their respective NILs. We hypothesized that measured phenotypic effects of a transgene 

depends on the genetic background of the selected hybrid. The objective of this experiment was to test 

this hypothesis in multiple backgrounds to further quantify the importance of testing diverse hybrids to 

determine the transgene effect on agronomically important phenotypes.   

Materials and Methods 

Germplasm 

Eleven non-transgenic inbred lines from the Corteva maize breeding program and their 

respective near-isogenic transgenic lines were used to generate hybrids for testing.  For ten of these 

inbred lines, we used standard backcrossing, using foreground and background selection with genetic 

markers, to introgress the event of interest with a minimum of three backcross generations in order to 

recover lines with a minimum of 95 percent of the recurrent parent.  After the final backcross, lines 

were self-pollinated to fix the region of interest.  The 11th transgenic inbred line was the result of direct 

transformation. Of the 11 inbred line pairs, five were from the Stiff Stalk (SS) heterotic group and six 

from the Non-Stiff Stalk (NSS) heterotic group.  

Each pair of lines from one heterotic group was crossed to the non-transgenic line from the 

complementary heterotic group.  This crossing scheme generated a ‘nest’ of three hybrids for any two 

inbred lines crossed (Table 2.1).  Of these three hybrids, two were hemizygous, with the transgene being 

delivered by one heterotic group or the other; and one was non-transgenic. Therefore, by crossing the 

five inbred line pairs (10 inbred lines total) from the first heterotic group with the six pairs (12 inbred 
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lines) from the complimentary heterotic group, we generated 90 hybrids. To increase the breadth of 

germplasm tested, an additional two SS and one NSS inbred lines were also used solely as non-

transgenic lines (they did not have transgenic versions) and were crossed to all transgenic lines from the 

opposite heterotic group, generating an additional 34 entries, for a total of 124 hybrids. In all hybrid 

combinations, the SS line was used as the female parent.  

Environments evaluated 

Field trials were conducted at eleven locations across the United States in 2017 and 2018 (Table 

2.2).  These locations included both fully irrigated conditions and managed water-stress environments. 

Other than the imposed water limitations, all environments followed standard agronomic practices for 

soil preparation and plant growth. All experimental plots consisted of 2-rows separated by 0.75 m and 

were 2.4 m long.  Border plots were planted around the outer edges of the experiment.  The target plant 

population for all plots was 95,000 plants per hectare.  The design used at all experiment locations was a 

split plot, where the main plot was the hybrid nest (e.g., the set of three hybrids derived from SS1 x 

NSS1) and the split plot included the three versions of that hybrid (i.e.,  +/-, -/+, and -/-) with two to four 

replications per location. Managed water-stress environment trials were conducted in Woodland, CA 

and Plainview, TX which had little to no rainfall during the growing season.  Water-stress for those 

locations was targeted at the flowering stage.  The managed water-stressed environments had yield 

reductions of 40-60% and an average increase in anthesis to silking interval (ASI) of 19.4 Celsius growing 

degree units (GDUs) compared to well-watered environments. 

Phenotypes collected 

Plant height was estimated from the average of four plants subsampled within each plot at R3 

and was measured from the ground surface to the node of the flag leaf.  Days to anthesis and silking 

were estimated based on the date when 50% of the plants in the plot had any anthers shedding or silks 
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extruded from the sheath, respectively.  Days to silking and anthesis were then converted to growing 

degree units (GDUs) for the analysis.  Anthesis to silking interval was calculated by taking the difference 

between GDUs to silking and GDUs to anthesis. All grain yield measurements were done with a standard 

plot combine and adjusted to 15.5% moisture. 

Statistical analysis 

For the purposes of analysis, the hybrid nests were considered “germplasm.”  The analysis 

considered the transgene effects both overall and by each heterotic group separately.   

Grain yield, ear height, and anthesis-silking interval were analyzed using mixed linear models. 

One model was used to predict effects of the transgene by non-transgenic (across transgenic lines) or 

transgenic lines (across non-transgenic lines) on hybrid performance; another was used to examine 

transgene x germplasm effects.  In order to predict line pair effects, the main effects of the transgene, 

the transgene’s effect among transgenic lines across non-transgenic lines, and among non-transgenic 

lines across transgenic lines were modeled as fixed effects, while the effects for environments, 

germplasm, and replication within an environment were modeled as random. The model also included 

transgene x environment, transgene across non-transgenic lines, transgene across transgenic lines, the 

interaction of the transgene effect across transgenic and across non-transgenic lines, transgene x 

germplasm, environment × germplasm, and transgene × germplasm x environment interactions. To 

model transgene x germplasm effects, we dropped the transgene’s effect among transgenic lines across 

non-transgenic lines, and among non-transgenic lines across transgenic lines terms in order to capture 

all the variance in the transgene x germplasm term.  

For all models, autoregressive spatial adjustments were performed for both rows and columns 

(Cadena et al., 2000).  We declared transgene × germplasm and transgene × germplasm × location 

interactions significant if the z-score for the random interaction effects was greater than 1.96.  The 

transgene effect was estimated as the Best Linear Unbiased Predictor (BLUP) difference of near-isogenic 
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non-transgenic and transgenic line pairs.  We evaluated results overall for the transgene, for the 

transgene by heterotic group (NSS and SS), among transgenic lines across non-transgenic lines, among 

non-transgenic lines across transgenic lines and by hybrid nest.  To predict the effects of the transgenic 

lines we averaged across all non-transgenic lines (e.g., the average effect of the line pairs of the NSS1 

transgenic line across the SS1, SS2, SS3, SS4, SS5, SS6, SS7 non-transgenic lines) while for predicting the 

impact of non-transgenic lines across transgenic lines we averaged across transgenic lines (e.g.,  the 

average effect of line pairs of the non-transgenic NSS1 across the SS1, SS2, SS5, SS6, SS7 transgenic 

lines). 

The ACS6 RNAi transgene was intended to improve yield in water-stressed environments 

without decreasing yield under well-watered conditions compared to existing elite hybrids.  Hence, we 

classified the environment as either water-stressed (5 environments) or well-watered (6 environments) 

prior to running our analyses (Table 2.2).  We analyzed all environments together and then split out 

separate analyses for water-stressed and well-watered environments if T x E or T x G x E interactions 

were present.  The analysis of yield and plant height showed T x G x E interactions, therefore, the water-

stressed and well-watered environments were analyzed as two separate groups for these traits.  

Mean separations were made using 95% confidence intervals.  All statistical significance was 

assessed at the 5% level. Statistical analysis was done using ASREML (Cadena et al., 2000). 

Results 

Across all genetic backgrounds 

Across all environments and germplasm, hybrids containing a transgene yielded 0.2 Mg ha-1 

more, measured 4 cm taller and had an estimated ASI of 4 ᵒC less than hybrids without a transgene.  

Results for yield and plant height varied by location and genetic background while the transgene’s effect 

on ASI was very penetrant with no interaction with either.  In well-watered environments, the transgene 

had no overall effect for yield but continued to increase plant height by 5 cm.  In stressed environments, 
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transgenic hybrids once again yielded 0.2 Mg ha-1 more and measured 3 cm taller than non-transgenic 

hybrids.  

By heterotic group donors 

Next, we evaluated hybrids with NSS and SS transgenic lines separately.  Hybrids with NSS 

transgenic lines yielded 0.2 Mg ha-1 more than non-transgenic hybrids while SS transgenic lines 

increased yield by 0.3 Mg ha-1 (Table 2.3) across all environments.  Within stress environments only the 

SS lines increased yield by an average of 0.4 Mg ha-1.  The well-watered environments did not show 

significant effects for either SS or NSS transgenic hybrids.   

Across all environments NSS transgenic hybrids were 4 cm taller and SS transgenic hybrids were 

3 cm taller than non-transgenic hybrids (Table 2.3). In both environments individually, the transgenic 

hybrids were taller than the non-transgenic hybrids. In stressed environments the transgenic hybrids of 

either heterotic group had an increased plant height compared to non-transgenic hybrids, but the 

heterotic groups did not differ.  Under well-watered environments plant height was taller in both NSS 

and SS transgenic hybrids than non-transgenic hybrids; NSS and SS transgenic hybrids also differed from 

one another with the SS transgenic hybrids measuring 4 cm taller while the NSS transgenic hybrids 

measured 6 cm taller than the non-transgenic hybrids (Table 2.3).   

By line pair results 

Although T x E was not significant for any trait, the T x G and T x G x E interactions were 

significant for both plant height and yield; hence, the transgene effect was estimated independently for 

each line pair by comparing the testcross hybrids for a given transgenic isogenic line with the respective 

hybrids from its corresponding non-transgenic isogenic line. For example, the transgenic hemizygous 

hybrids developed by crossing transgenic NSS1 to all the SS non-transgenic lines were compared to 
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hybrids from the non-transgenic NSS1 crossed to the same set of SS lines.  ASI showed no interactions 

and hence no additional results are presented below for this trait.   

Across all environments and averaged across non-transgenic lines of the opposite heterotic 

group, the transgenic isogenic line increased yield over the non-transgenic isogenic line for three of 

eleven line pairs (by 0.8 Mg ha-1 for NSS4 and SS7, and 0.3 Mg ha-1 for NSS2), and reduced yield by 0.3 

Mg ha-1 for NSS5 (Table 2.4). The transgenic and non-transgenic isolines were not different for seven line 

pairs (Table 2.4).  In stress environments, the transgene decreased yield for the NSS5 line pair, increased 

yield for the NSS2, NSS4, SS6, and SS7 line pairs, and did not affect yield for the other lines.  No 

differences were observed under non-stress environments. Comparison of the transgene effects among 

NSS line pair hybrids showed a range of 1.1 Mg ha-1 for yield across all environments, of 1.6 Mg ha-1 in 

stress environments, and no differences in well-watered environments. Among the hybrids of the SS 

lines, the range of effects of the transgene was 0.9 Mg ha-1 overall, 0.7 Mg ha-1 in water stressed 

environments, and not present in the well-watered environment grouping (Table 2.4). 

We also evaluated the average transgene effect observed when a given non-transgenic line was 

crossed to line pairs of the other heterotic group. Across all environments, five NSS and three SS non-

transgenic lines showed transgene effects across line pair hybrids (Table 2.5).  As for the lines pairs 

analysis (Table 2.4), large differences in the effect of the transgene was seen for both SS and NSS non-

transgenic lines (Table 2.5).  The NSS non-transgenic lines showed a transgene effect when crossed to SS 

line pairs ranging from 0.7 Mg ha-1 for NSS4, which was 0.6 Mg ha-1 more than the effect seen for NSS5. 

The transgene effect for the SS7 non-transgenic line was greater than for SS1, SS2, SS5, or SS6.  The two 

SS lines that did not have transgenic versions both showed a positive transgene effect when crossed to 

NSS line pairs.  In stress environments, NSS1, NSS3, NSS4, NSS6, NSS7 non-transgenic lines once again 

showed a transgene effect when crossed to SS line pairs. The transgene effect for the NSS4 non-

transgenic line was larger than all other NSS non-transgenic lines, at 1.0 Mg ha-1.  Among SS non-
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transgenic lines, only SS4, which was only included as a non-transgenic line, showed a transgene effect 

when crossed to NSS line pairs, with a difference of 0.5 Mg ha-1 between transgenic and non-transgenic 

hybrids. In the well-watered environments, no differences were detected for NSS or SS non-transgenic 

lines across transgenic line pairs.      

In several cases, both line pairs crossed to non-transgenic lines and the non-transgenic isoline 

crossed to line pairs showed similar transgene effects. For example, NSS4, when crossed to SS non-

transgenic lines, showed a large line pair effect for yield (Table 2.4) and the non-transgenic NSS4 showed 

a similarly large effect when crossed to SS line pairs (Table 2.5).  A similar pattern was observed for SS7, 

except that the non-transgenic line did not show an effect under stress (Table 2.5).  In some cases, a line 

pair showed no effect (e.g., NSS6) but the non-transgeninc isoline of the pair showed a large transgene 

effect when crossed to SS line pairs. In general, more differences were noted for non-transgenic lines 

than for line pairs.   

The transgene’s effect on plant height was more penetrant than yield yet continued to show 

variation among line pairs across non-transgenic lines (Table 2.4) and among non-transgenic lines across 

line pairs (Table 2.5). Across all environments, the transgenic line of a line pair produced taller hybrids 

than the non-transgenic line, when crossed to a non-transgenic line of the opposite heterotic group 

(Table 2.4), except for SS1 (no difference) and NSS5 (3 cm shorter). Among NSS line pairs, only NSS5 

differed from the others, with a negative transgene effect.  In both water stressed and fully irrigated 

environments, line pairs showed a similar effect, with a positive transgene effect on height, with several 

exceptions (Table 2.4).   

By hybrid results 

Most individual combinations of specific SS and NSS lines did not show differences in yield 

between transgenic and non-transgenic hybrid performance across all locations, in well-watered 

environments, or in stressed environments (Supp. Table 2.1). This is likely due to the small number of 
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data points for each combination. Spearman rank correlations of performance between the two 

environments was zero. More differences were noted for plant height, and the rank correlation for 

height between the two environments was 0.5. 

Discussion 

The evaluation of transgene effects is typically done on only one or a small subset of lines 

initially, even though we know from many studies that the effect of a gene controlling a quantitative 

trait (or of a QTL) changes depending on genetic backgrounds.  This approach has been widely successful 

for qualitative genes targeting pests and herbicide tolerance with over 400 events submitted in maize 

alone for deregulation sowed in over 190 million hectares worldwide (ISAAA, 2018).  In contrast, fewer 

than 10 events have been submitted for deregulation for abiotic stress tolerance, yield, or growth genes 

with a planted acreage of less than 1% of the total area (ISAAA, 2018). Through a review of Corteva’s 

biotech program intended to impact agronomic traits, including yield, transgene by germplasm 

interactions were often cited as significant (Simmons et al., 2021). To get a clearer picture of transgene x 

genetic background effects, we evaluated several traits possibly affected by a single transgene in 

multiple environments and in multiple genotypes.  We found that interactions among transgene and 

germplasm (T x G) and transgene, germplasm, and environment (T x G x E) were present for plant height 

in both stress and non-stress environments and for yield across all environments.  The transgene’s 

constitutive effect, reducing ethylene across all stages of plant development, is likely the reason we see 

effects on many traits including grain yield.  

Maize grain yield is a highly complex trait and the effect of the transgene on yield varied across 

environments and hybrid background. When analyzing line pairs among non-transgenic lines across 

transgenic lines, or when evaluating lines pairs among transgenic lines across non-transgenic lines, 

substantial differences in the transgene effect were noted for yield and for plant height (Tables 2.4 and 

2.5). Large rank changes in transgene effects by hybrid were observed between our water-stressed and 
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well-watered environments for yield and plant height. The challenge here was that many individual 

hybrids were not different from the non-transgenic comparators hence, focusing on average effect of 

lines enable increased power to differentiate genotypes.  Another possibility would be to alter the 

experimental design and increase the number of locations or replications yet, here we tested across 11 

locations with an average of 3 replications per environment.  Increasing the number of replications or 

locations beyond this would most likely be cost prohibitive for early transgene evaluation.      

The differences in transgene effects across hybrids raise a conundrum for selecting candidate 

transgenes for commercial advancement: how to best evaluate a transgene’s value – and specifically a 

transgene for a quantitative trait – across the breadth of a breeding program’s germplasm and in a 

representative set of environments, given that many constructs (and transformation events) will likely 

need to be evaluated?  Our data demonstrate that a Type II error can occur even with many reps and 

locations dependent solely on the genetic background selected for testing.  

This significant range of effects can put into question the likelihood of properly estimating the 

value of the transgene based on performance of a single or even a few hybrids, especially if these 

hybrids always share a single transgenic line as a common parent. In this case, with a transgene that 

averaged a 0.2 Mg ha-1 advantage overall, nearly all of the hybrids we tested would yield a non-

significant difference when compared to the non-transgenic hybrid.  This means during early stage or 

advanced validation testing, this gene would have a high likelihood of being discarded for not having the 

desired effect on yield if only tested in a narrow set of hybrids. This transgene, in specific hybrid 

combinations, increased yields by up to 8 percent (.8 Mg ha-1).  By way of comparison, US corn yields 

have increased by 1 percent per year (USDA-NASS, 2021).  Even by looking at the general combining 

ability of transgenic lines with multiple non-transgenic lines and by non-transgenic line across multiple 

transgenic lines, we see a similar gaussian distribution among and across transgenic lines which 
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underscores the criticality of selecting an adequate number of transgenic and non-transgenic lines in 

which to evaluate transgenes affecting highly quantitative traits like yield. 

With such a range of effects across germplasm, it is apparent that a transgene’s value could be 

optimized using a forward breeding approach, introducing this gene early in population development 

and selecting individuals that have strong transgene combining ability. Both phenotypes with significant 

and non-significant T x G could benefit from such an approach for different reasons. For ASI, a 

phenotype with no significant T x G, the simple proposition of reducing ASI with a transgene has the 

potential to expand the breeding germplasm pool that might have otherwise been inappropriate for 

water-stressed environments.  This could increase genetic variance on which to make selections and 

ultimately increase the rate of genetic gain for yield under such water limited environments.   For 

phenotypes where the transgene effects have large T x G interaction components, selecting the best 

germplasm to combine with the transgene could significantly improve the chances of successful 

commercialization.  For instance, this dataset could be used to select lines and hybrid combinations that 

maximize the transgene effect for yield while minimizing the effect for plant height.  With additional 

research and proper experimental design these effects may become predictable, facilitating the 

selection of germplasm that best combines with the transgenes of interest.  

Unlike transgenes intended to impact quantitative traits which have highly repeatable effects 

across the germplasm (Lohn et al. 2020), the three traits presented here show that it is quite difficult to 

predict which interaction components will be important to estimate for any introduced transgene.  Yield 

and plant height had significant T x G and T x G x E components, while ASI showed no significant 

interactions.  While we hypothesize that this may be due to the directness of the impact from ethylene 

on ASI more work is needed to provide evidence for this assumption.  Overall, the T x G and T x G x E 

interactions would suggest that it is imperative to both test a variety of genotypes and environments 

when evaluating transgenes to get a sound estimate of value.  Selecting a limited set of hybrids 
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especially if originating from only a single isogenic pair during initial testing could drastically increase 

both type I and II errors during transgene evaluation and selection.     
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Tables and Figures 

Table 2.1 – Crossing scheme used to generate as hybrids for this study.  Hybrid combinations were 

generated by crossing stiff stalk (SS) inbred lines to non-stiff stalk inbred lines (NSS). Zygosity is depicted 

as “+-” for hemizygous varieties where the transgene donor was a SS, “-+” for hemizygous varieties 

where the transgene donor was a NSS, and “--” for nullizygous varieties.  “nc” indicates no hybrid seed 

was produced for that cross. 

†Indicates homozygous transgenic lines ‡Indicates nullizygous lines 

 
Table 2.2 - All Locations utilized in experimental testing. Soil type as indicated by the USDA Natural 

Resource Conservation Service. The last letter in the location name indicates whether a locations was 

considered water-stressed (‘S’) or well-watered (‘W’) in the environmental clusters.  

Location 
Name City, State Planting Date Harvest Date Soil Type 

WLD17IW Woodland, CA 05/03/2017 09/09/2017 Brentwood Silty Clay Loam 

WLD17JW Woodland, CA 05/02/2017 09/02/2017 Yolo Silt Loam 

WLD17JS Woodland, CA 05/24/2017 10/02/3017 Yolo Silt Loam 

WLD177S Woodland, CA 05/20/2017 09/18/2017 Yolo Silt Loam 

WLD177W Woodland, CA 05/20/2017 09/20/2017 Yolo Silt Loam 

JST184W Johnston, IA 04/27/2018 09/17/2018 Wiota Silty Clay Loam 

MRN182W Linn, IA 05/07/2018 10/03/2018 Franklin Silt Loam 

WLD189W Woodland, CA 04/30/2018 09/15/2018 Yolo Silt Loam 

WLD189S Woodland, CA 04/30/2018 09/06/2018 Yolo Silt Loam 

WLD18WS Esparto, CA 05/18/2018 09/20/2018 Brentwood Silty Clay Loam 

PVW181S Hale, TX 04/30/2018 09/02/2018 Pullman Clay Loam 

 

  SS1 SS2 SS3 SS4 SS5 SS6 SS7 

  (++)†  (--)‡ ++ -- ++ -- ++ -- ++ -- ++ -- ++ -- 

NSS1 
++ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ 
-- +- -- +- -- nc -- nc -- +- -- +- -- +- -- 

NSS2 
++ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ 
-- +- -- +- -- nc -- nc -- +- -- +- -- +- -- 

NSS3 
++ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ 
-- +- -- +- -- nc -- nc -- +- -- +- -- +- -- 

NSS4 
++ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ 
-- +- -- +- -- nc -- nc -- +- -- +- -- +- -- 

NSS5 
++ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ 
-- +- -- +- -- nc -- nc -- +- -- +- -- +- -- 

NSS6 
++ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ nc -+ 
-- +- -- +- -- nc -- nc -- +- -- +-  -- +- -- 

NSS7 
 ++ nc nc nc nc nc nc nc nc nc nc nc nc nc   nc 
-- +- -- +- -- nc nc nc nc +- -- +- -- +- -- 
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Table 2.3 – BLUP values for the non-transgenic, non-stiff stalk (NSS) transgenic and stiff-stalk (SS) 
transgenic lines for grain yield, plant height and ASI traits.  Results are broken down into environment 
classes including all locations (Overall), flowering stress (FS) and well-water (WW) clusters.    

 

Letters indicate Fisher’s protected LSD at p = .05 

 

Table 2.4 – Difference in yield and plant height between the transgenic and non-transgenic hybrids of 

each set of line pairs across non-transgenic lines.  Results are presented overall as well as for stressed 

(FS) and well-watered (WW) environment classes. 

 
Letters indicate Fisher's protected LSD test at p=.05.  Comparison are made within 
heterotic group only. “*” indicates significant difference between the transgenic and 
non-transgenic hybrids. 
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Table 2.5 – Measured effect of the transgene for yield and plant height of non-transgenic (NT) lines 

across line pairs.  Results presented across environment and in stressed (FS) and well-watered (WW) 

environment classes for yield and plant height.   

 
Letters indicate Fisher's protected LSD test at p=.05.  Comparison are made within 
heterotic group only. “*” indicates significant difference between the transgenic and 
non-transgenic hybrids. 
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Supplemental Tables and Figure 

Supplemental Table 2.1 – Transgene effects for each hybrid combination as measured by the difference 

between the transgenic and non-transgenic hybrids.  Number in parentheses indicates hybrid rank for 

within each environment subgroup.  The transgene donor (NSS or SS) is indicated for each hybrid hence 

each hybrid combination will have both a SS and NSS version when available.   Results are presented 

overall for yield and by stress (FS) and well-watered (WW) environment clusters independently for both 

traits. 

  YIELD (Mg ha-1) Plant Height (cm) 

Hybrid Overall WW FS FS WW 

SS1/NSS1 (NSS) 0.0 (65) 0.2 (40) 0.0 (71) 4* (11) 4 (54) 

SS1/NSS1 (SS) 0.1 (61) 0.1 (61) 0.2 (50) 2 (62) 3 (56) 

SS1/NSS2 (NSS) 0.0 (71) 0.0 (62) 0.1 (63) 2 (60) 6 (27) 

SS1/NSS2 (SS) 0.0 (66) -0.1 (73) 0.3 (36) 3 (54) 3 (58) 

SS1/NSS3 (NSS) 0.2 (39) 0.3 (12) 0.1 (60) 4* (28) 6 (36) 

SS1/NSS3 (SS) 0.3 (23) 0.2 (34) 0.3 (32) 1 (66) 6 (38) 

SS1/NSS4 (NSS) 0.3 (20) 0.0 (66) 0.4 (19) 4* (17) 8* (15) 

SS1/NSS4 (SS) 0.2 (37) -0.1 (74) 0.5* (5) 0 (75) 0 (74) 

SS1/NSS5 (NSS) 0.1 (58) 0.3 (13) -0.1 (74) 1 (68) 5 (45) 

SS1/NSS5 (SS) 0.0 (68) 0.2 (36) 0.1 (67) 1 (67) 3 (62) 

SS1/NSS6 (NSS) 0.2 (46) 0.2 (29) 0.2 (53) 3 (31) 6 (25) 

SS1/NSS6 (SS) 0.2 (38) 0.1 (55) 0.3 (27) 1 (64) 1 (72) 

SS1/NSS7 (SS) 0.1 (64) 0.0 (65) 0.2 (42) 1 (70) 1 (71) 

SS2/NSS1 (NSS) 0.1 (54) 0.1 (45) 0.2 (58) 4* (16) 4 (52) 

SS2/NSS1 (SS) 0.1 (53) 0.0 (64) 0.3 (31) 3 (51) 2 (67) 

SS2/NSS2 (NSS) 0.1 (55) 0.3 (17) 0.1 (68) 6* (1) 9* (7) 

SS2/NSS2 (SS) 0.2 (35) 0.1 (43) 0.2 (44) 4* (27) 6* (30) 

SS2/NSS3 (NSS) 0.3 (18) 0.4 (6) 0.3 (34) 3* (46) 8* (10) 

SS2/NSS3 (SS) 0.4 (9) 0.3 (21) 0.4 (13) 4* (23) 2 (68) 

SS2/NSS4 (NSS) 0.3 (21) -0.1 (72) 0.5 (10) 4* (25) 3 (61) 

SS2/NSS4 (SS) 0.1 (60) -0.2 (77) 0.6* (1) 2 (63) 2 (66) 

SS2/NSS5 (NSS) -0.4 (77) 0.1 (51) -0.4 (77) 1 (72) 2 (65) 

SS2/NSS5 (SS) -0.2 (76) 0.0 (69) -0.2 (76) 4* (18) 5* (43) 

SS2/NSS6 (NSS) 0.1 (57) 0.3 (11) 0.1 (69) 4* (24) 7* (20) 

SS2/NSS6 (SS) 0.3 (27) 0.2 (31) 0.2 (47) 3 (32) 5* (40) 

SS2/NSS7 (SS) 0.3 (26) 0.1 (60) 0.4 (12) 3 (58) 1 (70) 

SS3/NSS1 (NSS) 0.2 (44) 0.2 (27) 0.2 (57) 3 (40) 8* (11) 

SS3/NSS2 (NSS) 0.2 (47) 0.2 (38) 0.2 (49) 4* (10) 7* (19) 

SS3/NSS3 (NSS) 0.2 (43) 0.3 (18) 0.1 (59) 5* (3) 10* (2) 

SS3/NSS4 (NSS) 0.7* (2) 0.8* (1) 0.3 (26) 4* (12) 10* (5) 

SS3/NSS5 (NSS) -0.2 (75) 0.1 (54) -0.1 (75) 0 (73) 4 (53) 

SS3/NSS6 (NSS) 0.4 (10) 0.5 (4) 0.2 (43) 5* (2) 11* (1) 

SS4/NSS1 (NSS) 0.2 (45) 0.3 (19) 0.1 (61) 5* (7) 7* (16) 

SS4/NSS2 (NSS) 0.8* (1) 0.7* (2) 0.4 (18) 5* (6) 10* (3) 
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SS4/NSS3 (NSS) 0.3 (28) 0.2 (28) 0.3 (33) 4* (15) 6* (31) 

SS4/NSS4 (NSS) 0.7* (3) 0.4 (8) 0.6* (3) 2 (59) 8* (13) 

SS4/NSS5 (NSS) 0.0 (69) 0.0 (70) 0.2 (52) 2 (61) 3 (60) 

SS4/NSS6 (NSS) 0.1 (59) 0.1 (49) 0.2 (51) 4* (26) 7* (17) 

SS5/NSS1 (NSS) 0.0 (72) 0.3 (23) 0.0 (72) 3 (41) 10* (4) 

SS5/NSS1 (SS) 0.1 (50) 0.1 (48) 0.1 (62) 3 (42) 8* (12) 

SS5/NSS2 (NSS) 0.2 (40) 0.3 (14) 0.2 (55) 3 (39) 3 (55) 

SS5/NSS2 (SS) 0.3 (22) 0.2 (39) 0.3 (29) 3 (45) 5 (41) 

SS5/NSS3 (NSS) 0.2 (33) 0.2 (32) 0.2 (45) 4* (21) 6 (32) 

SS5/NSS3 (SS) 0.2 (36) 0.1 (56) 0.4 (20) 4* (22) 6 (34) 

SS5/NSS4 (NSS) 0.4 (11) 0.2 (33) 0.4 (11) 3 (44) 6 (26) 

SS5/NSS4 (SS) 0.4 (12) 0.1 (57) 0.6* (2) 3 (49) 5 (42) 

SS5/NSS5 (NSS) 0.2 (41) 0.3 (20) 0.2 (56) -3 (77) - 

SS5/NSS5 (SS) 0.3 (30) 0.1 (46) 0.3 (30) 3 (57) 4 (46) 

SS5/NSS6 (NSS) 0.0 (67) 0.1 (44) 0.1 (66) 3 (48) 5 (39) 

SS5/NSS6 (SS) 0.1 (51) 0.0 (63) 0.2 (40) 4* (8) 6 (29) 

SS5/NSS7 (SS) 0.4 (13) 0.3 (15) 0.4 (22) 3* (29) 4 (49) 

SS6/NSS1 (NSS) 0.1 (63) 0.0 (67) 0.2 (38) 3 (56) 7* (21) 

SS6/NSS1 (SS) 0.1 (48) -0.1 (75) 0.4 (15) 1 (65) 6* (35) 

SS6/NSS2 (NSS) 0.2 (34) 0 (71) 0.3 (25) 3 (30) 9* (8) 

SS6/NSS2 (SS) 0.1 (56) -0.2 (76) 0.5 (9) 3 (50) 6 (28) 

SS6/NSS3 (NSS) 0.1 (52) 0.3 (22) 0.1 (70) 4* (13) 7 (22) 

SS6/NSS3 (SS) 0.1 (49) 0.1 (47) 0.2 (48) 3 (35) 4 (48) 

SS6/NSS4 (NSS) 0.5 (6) 0.2 (26) 0.4 (16) 3 (34) 7* (18) 

SS6/NSS4 (SS) 0.4 (14) 0.1 (53) 0.6* (4) 0 (74) 4 (47) 

SS6/NSS5 (NSS) -0.1 (74) 0.1 (50) -0.1 (73) 1 (69) 0 (73) 

SS6/NSS5 (SS) -0.1 (73) 0.0 (68) 0.1 (65) 1 (71) -1 (76) 

SS6/NSS6 (NSS) 0.1 (62) 0.3 (16) 0.1 (64) 3 (36) 9* (6) 

SS6/NSS6 (SS) 0.3 (19) 0.2 (42) 0.3 (37) 3 (55) 6 (37) 

SS6/NSS7 (SS) 0.2 (42) 0.2 (41) 0.2 (39) 3 (47) 7* (24) 

SS7/NSS1 (NSS) 0.5 (8) 0.6 (3) 0.3 (24) 5* (5) 5 (44) 

SS7/NSS1 (SS) 0.7* (4) 0.5 (5) 0.5 (8) 3 (43) -1 (75) 

SS7/NSS2 (NSS) 0.3 (25) 0.2 (25) 0.3 (35) 4* (9) 8* (9) 

SS7/NSS2 (SS) 0.3 (29) 0.1 (52) 0.4 (14) 3 (38) 7* (23) 

SS7/NSS3 (NSS) 0.2 (31) 0.2 (35) 0.2 (46) 3 (37) 8* (14) 

SS7/NSS3 (SS) 0.2 (32) 0.1 (58) 0.4 (21) 3 (52) 3 (57) 

SS7/NSS4 (NSS) 0.0 (70) 0.2 (37) 0.2 (54) 3 (53) 3 (59) 

SS7/NSS4 (SS) 0.3 (17) 0.1 (59) 0.3 (28) 4* (19) 2 (64) 

SS7/NSS5 (NSS) 0.3 (24) 0.3 (10) 0.4 (23) 0 (76) 2 (69) 

SS7/NSS5 (SS) 0.5* (7) 0.2 (30) 0.5* (7) 3* (33) 4 (51) 

SS7/NSS6 (NSS) 0.3 (16) 0.4 (7) 0.2 (41) 5* (4) 6* (33) 

SS7/NSS6 (SS) 0.4 (15) 0.2 (24) 0.4 (17) 4* (14) 3 (63) 

SS7/NSS7 (SS) 0.6* (5) 0.3 (9) 0.5 (6) 4* (20) 4 (50) 
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“*” indicates significant difference between the transgenic and non-transgenic 

hybrid 
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Abstract 

The goal of transgenesis is to make step change improvements in traits of interest. However, 

improvements of highly quantitative traits, such as yield, in Maize have been difficult. Traditionally, 

testing is done in a few isogenic lines and results are extrapolated to entire breeding populations. 

Testing in such limited germplasm space can make it difficult to get a good estimate of the transgene’s 

value.  Incorporating transgenes directly into breeding populations and making selections of transgenic 

and non-transgenic lines concurrently could help increase genetic variance and increase the rate of 

genetic gain over time.  Here, we use a transgene which significantly reduces ethylene as a case study 

and investigate event, transgene, family, environment effects and their interactions.  We also looked at 

whether introduction of transgenes into breeding population could increase the selection differential 

compared to comparable non-transgenic populations.  We found significant variation in transgene 

effects across environments and families for multiple traits including yield.  In our environmental cluster 

2, the transgenic lines yielded 0.4 Mg ha-1 more than non-transgenic lines in family KC22 yet, in family 

QY43, transgenic lines yielded 0.3 Mg ha-1 less.  Similarly, there were difference in selection differential 

in transgenic compared to non-transgenic families.   Within cluster 4, the QY43 family had an increased 

differential with preferential selection of transgenic line whereas YE41 and AY91 had a negative 

differential with non-transgenic lines being selected more frequently over transgenic ones.  These 

results indicate the critical importance of incorporating broad germplasm diversity early in the 
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transgene evaluation process and point to the potential of integrating transgenes, or other gene editing 

strategies, directly into breeding programs to select favorable haplotype combinations with the gene of 

interest. 

 

Introduction 

Maximizing the rate of genetic gain is a goal of all breeding programs. There are many ways to 

increase gain and some are more efficient than others (Cobb et al. 2019). Increasing the selection 

intensity is one approach that has been commonly practiced by either increasing the number of 

breeding individuals evaluated in a breeding program or reducing the number of individuals selected. 

Increasing the size of the breeding populations results in increasingly diminished returns on investment 

and is not economically viable over the long term, even with the widespread use of tools like genomic 

selection (Cobb et al. 2019). Similarly, by selecting too few individuals, the risk is high that genetic 

variance will be dramatically reduced, impeding genetic gain after a few generations (Rumball and Rae, 

1968). Decreasing the breeding cycle time is another way to increase the rate of genetic gain. 

Transgenes have been successfully introduced into both perennial and annual crops to reduce the 

generation interval (e.g., Flachowsky et al., 2011; McCaw et al., 2016); however, the value of these 

approaches is reduced in annual crops that already have the potential to have multiple generations per 

year. Incorporating novel genetic diversity from outside of the elite breeding pool could also improve 

gain, but it is seen as a non-viable approach due to negative phenotypes associated with this type of 

germplasm, with little guarantee of regaining acceptable, let alone superior, progenies (Cowling et al., 

2009). Transgenesis or gene editing could be used as a diversity tool in breeding populations to increase 

genetic variance incrementally and directionally.  Incorporating these genes into breeding populations 

can be tricky and very little work has been done to-date to show the potential efficacy of utilizing this 
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type of diversity in a selection program, owing largely to the complex and generally restrictive regulatory 

policies surrounding transgenes in many markets globally.  

Genetic diversity in maize is critical to enable progress from selection for increased biotic and 

abiotic stress tolerance. Breeders select germplasm that can withstand stresses, such as water-limited 

conditions, yet still yield well under optimal conditions. The last significant drought in the United States 

in 2012 caused large reductions in maize yield across most of the US Corn Belt. The average yield in 2012 

was 7.7 Mg ha-1 considerably lower than the 10.4 Mg ha-1 predicted by the USDA (Rippey, 2015). 

Drought tolerant hybrids have consistently shown improved yield in water-limited environments, but 

because droughts are increasing in frequency and intensity (Boyer et al., 2012), breeding efforts will 

need to be enhanced to continue to deliver new tolerant hybrids. To maintain current yield as drought 

becomes more significant and frequent, it will require a concerted use of multiple breeding tools and 

strategies. One potential solution to maximize the synergistic effects between novel genes and breeding 

populations is to breed with transgenes or edited genes that are incorporated into early stages of 

breeding population development. An integrated approach of simultaneously selecting both transgenic 

and non-transgenic varieties in breeding programs will become necessary to improve the rate of 

successful commercialization of transgenes for complex traits and could enable improvements in 

selection efficiency and ultimately increase the rate of genetic gain (Linares, Chapter 2, this thesis). 

Ethylene has been shown to play a role in abiotic stress tolerance (Khan et al., 2017). A 

transgene reducing ethylene evolution in maize via downregulation of ACC synthase increased yields 

across water-stressed environments (Habben et al., 2014) and overexpression of the gene ARGOS8 in 

maize and Arabidopsis reduced sensitivity to ethylene and likewise improved drought tolerance under 

both growth chamber and field water-stressed conditions using either transgenics (Shi et al., 2015) or 

CRISPR-Cas9 (Shi et al., 2017). Under field conditions, the CRISPR-Cas9 ethylene-insensitive variants 

significantly increased yield in water-stressed environments by 0.3 Mg ha-1 while maintaining yield parity 
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under well-watered conditions (Shi et al., 2017). These trials were done by comparing a single hybrid 

combination of multiple CRISPR-Cas9 variants to their wild type isogenic hybrid. Multiple events of the 

transgenic version of the ARGOS8 gene were also evaluated in field trials. Over a two-year period, the 

transgene overexpressing ARGOS8 improved yield over non-transgenic lines 0.28 to 0.42 Mg ha-1 in 

isogenic comparisons across three hybrids and eight events (Shi et al., 2015).  

In this experiment, to determine the potential value of a transgene within different breeding 

populations, we evaluated five events of a transgene with a ubiquitin promoter to overexpress maize 

ARGOS8 across six doubled haploid families. We investigated whether the transgene by family 

interaction was statistically significant and whether the presence of the transgene could impact 

selection of individual lines within and across families.  

 

Material and Methods 

Germplasm 

Five transgenic events were previously produced in the same inbred line, RF57, from the non-stiff stalk 

heterotic group. The five transgenic isogenic lines and the untransformed control were each crossed to 6 

different non-stiff stalk inbred parents (Table 3.1). The non-donor parents were selected to represent a 

diverse set of elite mid-maturity (108 – 113 CRM) maize germplasm. Doubled haploid lines were created 

from F1 seed using standard procedures (Röber et al., 2005). A total of 888 doubled haploid inbred lines 

were generated (Table 3.1). Collectively, the progenies of a given non-donor parental line were referred 

to as a family. The number of transgenic lines per family ranged from 23 to 117 complemented by 45 to 

87 non-transgenic lines per family. The number of lines across the five events were not balanced and 

varied within and across families. Overall, across all families, 431 transgenic inbred lines and 457 non-

transgenic inbred lines were produced (Table 3.1).  
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To evaluate transgene effects, each of the 888 non-stiff stalk doubled haploid lines was crossed to the 

same stiff-stalk inbred line tester during Autumn 2015 to generate hybrid seed for this experiment.  

Environments 

Field trials were conducted in 2016 across 15 locations (Table 3.2). These locations were chosen to 

represent managed drought during the flowering interval, managed drought during the grain filling 

interval, or fully irrigated environments. At the flowering stress locations, the stress treatment of no 

irrigation began about a week prior to anthesis lasting until silks had been pollinated or anthesis was 

completed. These locations were characterized by large anthesis to silking intervals with an average 

yield reduction of 47 percent compared to fully irrigated locations. At the grain filling stress locations, 

stress treatment began immediately post flowering at the start of kernel development with stressed 

plots receiving no irrigation through the dough stage. Grain filling stress locations were characterized as 

having poor kernel fill, especially near the tip of the ear where kernel abortions were typical and had an 

average yield reduction of 31 percent compared to fully irrigated locations. Fully irrigated locations did 

not experience any water limitations at flowering or during the grain filling period. Other than water 

limitation in managed water-stressed locations, all locations followed standard agronomic practices for 

their environments. All experimental entries were planted as two-row plots with each row separated by 

0.75 m and measuring 4.9 m in length. All experimental plots were planted at 9 plants per square meter. 

A standard hybrid was planted around the entire experiment to minimize edge effects. All locations 

except for CAFS02 and CAFS03 were planted with one replication; CAFS02 and CAFS03 included 2 

replications. An augmented randomized complete block design was used for all experiments; replication 

was the blocking factor in the CAFS02 and CAFS03 locations.  
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Phenotypes 

Grain yield adjusted to 15.5% moisture, test weight and grain moisture were collected from all plots. Ear 

height and plant height were collected at CAWW01, CAFS02, and CAGF03. Ear height per plot was 

measured to the ear node and as the average of four randomly chosen plants within each plot excluding 

three plants at the edge of the plot. Plant height per plot was measured to the collar of the flag leaf and 

was taken as the average of the same four randomly selected plants as ear height. Growing degree days 

to anthesis and silking were collected only at CAFS02 across both replications. Anthesis to silking interval 

(ASI) was estimated as the difference between silking date and anthesis date, where a negative value 

indicated silking prior to anthesis. Only plots that both extruded silks and shed before re-watering was 

initiated were used to the analyze ASI.  

Analysis 

All statistical analyses were done using ASREML (Gilmour et al., 2015). Data were first analyzed by 

location. Outliers were detected and removed using ASREML outlier detection methods (Gilmour et al., 

2015) for all phenotypes except ASI. Outlier detection was not done for ASI due to the nature of the trait 

because very large ASIs are common for drought susceptible hybrids. Subsequently, data for all traits 

across locations were analyzed using mixed linear models, with transgene, location, and family as fixed 

effects and replication and transgene event as random effects. The replication within location, 

transgene × location (T × L), transgene × family (T × F), location × family, DH line within family, DH line 

within family × location, transgene × family × location (T × F × L), event × family, and event × family × 

location interactions were also included in the model. Auto-regressive spatial adjustments were applied 

for rows and columns within each location.  

Because most locations only contained a single replication of the experiment, we clustered 

environments with similar responses for subsequent analyses if traits showed significant location 
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interactions. Euclidean distance between environments based on the yield response of individual 

experimental entries was estimated using the dist function in base R (R core team, 2019) and the 

distances were then hierarchically clustered using the hclust function in R. We declared random effects 

and interactions with random terms significant if the z-scores for each model component were greater 

than 1.96. The main transgene, family, and location effects and any interactions of fixed effects were 

declared significant at the 5% probability level.  

If overall family level effects had an ANOVA test significant at the 5% level, then we analyzed 

differences among families. To approximate significance of the differences of transgene effects between 

any two families at the 5% level, the 84% confidence intervals were calculated. The 84% confidence 

intervals have been shown to more closely estimate significant differences at the 5% significance level as 

compared to the more conservative 95% confidence intervals (Payton et al., 2003; Goldstein and Healy, 

1995). Because the purpose of this study is to examine general differences rather than to provide 

conclusive evidence that a single comparison is significant, we feel the less conservative test is 

warranted.  

Selection differential figures 

We were interested in determining if a disproportionate number of transgene positive or negative lines 

would be selected under different selection intensities.  We first generated best linear unbiased 

predictions (BLUPs) for yield of each individual hybrid within each of the environmental clusters. The 

individual hybrids were then ranked based on yield, and a simulated selection exercise was 

implemented for different selection proportions, ranging from 5% to 100% of the hybrid lines selected. 

We then generated charts showing the proportion of transgenic and non-transgenic individuals that 

would be selected at each selection intensity. To aid with the visualization, all selection differentials 
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were centered at 0, which indicated no selection differences. Chi-squared tests were performed for each 

comparison at a 20% selection level and significance was determined at the 5% probability level.  

Results 

The five transgene events were never different from one another when tested as main effects 

and interactions of transgene events were not present either. Therefore, in all analyses presented here, 

the transgene effect is assessed across all events. In the overall analysis, families and locations differed 

for all traits, as expected (Table 3.3). The random effect of DH lines within family was also significant 

based on within family z-scores (data not shown).  An overall transgene effect was only observed for test 

weight and ASI; however, we noted the presence of T × L interactions for yield and test weight and T × L 

× F interactions for yield and moisture (Table 3.3).  The transgene did not affect plant height or ear 

height, and no interactions of the transgene with family, location, or family × location were present for 

these two traits. 

Overall, the transgene reduced test weight by 5.3 kg m-3 across all families and environments 

and ASI by 6 Celsius growing degree units (GDU) at the single location at which it was measured (Table 

3.4). A T × F interaction was present for ASI, however.  The transgene reduced Celsius GDU by 17 in the 

KC22 family but had no effect in the QY43 family (Table 3.6). 

Due to the presence of T × L and/or T × L × F interactions for yield, moisture, and test weight, we 

did further analyses to assess transgene effects by family and by location. Because locations were single 

replicate tests, we used a clustering procedure (see Materials & Methods) to identify four 

environmental clusters in which to assess transgene effects (Table 3.2). The clusters corresponded to 

environments  that were fully irrigated maximum yield potential (Cluster 1), that had flowering 

stress/severe stress (Cluster 2), that had mild grain filling stress (Cluster 3), and that included sandy soils 

across all stress types (Cluster 4) (Fig. 3.1). One location, TXGFS03, was not closely related to any other 
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environmental cluster, most likely due to its mild stress experienced throughout the season, and it was 

not included in any analyses conducted across or within the environment clusters.  

The transgene effects for yield ranged widely among families and environments (Table 3.6; 

Supp. Fig. 3.1). Across families, only Cluster 3 showed a transgene effect; however, a T × F interaction 

was present in clusters 2, 3, and 4 (Table 3.5). Therefore, we evaluated the transgene effect by family 

within each environmental cluster. Family KC22 showed a positive transgene effect in Clusters 2 and 3, 

family QY43 a negative transgene effect in Cluster 2, family YE41 had a negative effect in Cluster 4. In 

family AY91, the transgene had a positive effect in Cluster 1 and 3 but negative effect in Cluster 4. Other 

families did not show effects of the transgene in any cluster. (Table 3.6). 

Neither moisture nor test weight showed a T×F interaction in any Cluster. Although families 

differed from one another, no transgene effect was seen for moisture, although the transgene effect for 

test weight persisted in clusters 1, 2, and 4 and was negative across all families (data not shown).  

Differential Selection in Breeding Populations 

For each family in each environmental cluster, we assessed the relative proportion of transgenic 

vs. non-transgenic lines selected based solely on yield, with the proportion of hybrids selected ranging 

from 0 to 100%, with an expectation of zero if both transgenic and non-transgenic lines were selected 

equally (Fig. 3.2). Selecting the top 20% of hybrids as denoted in the figure shows that, depending on the 

environment and the family, transgene-containing hybrids were more likely, less likely, or equally likely 

to be selected as non-transgenic hybrids. Transgenic lines were more favorably selected in most families 

within Cluster 1, the flowering stress cluster, but in Cluster 4, the sandy soils cluster across all stress 

types, more non-transgenic lines would have been selected in most families. For a given family, the 

relative proportion of transgenic lines selected varied across environmental clusters; for example, the 
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transgene was clearly favorable in AY91 in Clusters 1 and 3, but in Cluster 4, the non-transgenic hybrids 

were more likely to be selected.   

Discussion 

The understanding of genotype by environment interactions has been critical to the continued 

successful development of novel commercial varieties (Cooper and DeLacy, 1994; Ceccarelli et al. 1994). 

Genetic markers unequivocally showed that the effect of individual alleles of genes (or gene clusters) 

controlling variation in quantitative traits, such as soluble solids in tomato, are affected by both the 

genotype in which the allele is present as well as the environment in which it’s grown (Tanksley and 

Hewitt, 1988). Despite this knowledge but mostly due to the cost and logistical challenges, most 

breeding programs focus on testing transgenes in a very narrow germplasm space across multiple 

environments. Although there are many examples of successfully commercialized transgenes for simple 

qualitative traits, the same success has not been achieved for complex quantitative traits. We assessed 

the extent to which genetic backgrounds could impact the estimate of the transgene’s effect and, hence, 

possibly be a factor in the low number of commercialized transgenes intended to impact complex traits 

such as yield.  

In this experiment, we assessed the effect of overexpressing maize ARGOS8 through a genomic 

transgene with a ubiquitin promoter, a gene known to be involved in drought response, on various traits 

in multiple maize genetic backgrounds. Genetic background has a significant impact on a transgene’s 

value (Evangelou, 2019; Kim et al. 2010). However, the predominant early testing methodology for 

transgenes used in the maize breeding industry is the comparison of a few isogenic lines, largely ignoring 

genetic background when estimating the transgene effect. Although the comparison within a single 

isogenic pair can provide value when seed numbers are limited in early testing, it is nearly impossible to 

predict how representative it is of the true effect of the transgene across more genetically diverse 

breeding populations.  
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The transgenic lines in this study were created by multiple transgene insertion events into a 

single inbred line. These nearly isogenic lines differing only in transgene insertion site were then crossed 

to six different non-transgenic inbred lines, from which doubled haploid lines were obtained. Therefore, 

all DH lines had one common parent, the transgene donor, and were on average 50% identical. The DH 

lines were then crossed to an unrelated inbred from a different heterotic group to generate hybrids for 

testing. Thus, if all inbreds were unrelated, the experimental hybrids on average were 75% identical. 

However, the independent inbred lines crossed to the transformed line were related. Based on an 

internal analysis of relatedness, we know that the relationships among the non-transgene donor 

parental lines ranged from a coefficient of co-ancestry of 0.7 for the KC22 and IV44 families to 0.3 for 

the AY91 and XV80 families (Supplemental Fig. 3.2).  

Across most traits, we detected significant interactions of transgene effects with locations 

and/or genetic backgrounds. Both the genetic background and the test environment had similar effects 

even though our environmental sampling was large compared to the germplasm space sampled. For 

yield, the transgene’s estimated effect ranged from -0.1 to 0.2 Mg ha-1 both across families by 

environment (Table 3.4) and across environments by family (Table 3.6). 

In current transgene evaluation programs, once genes have shown a certain level of efficacy, the 

transgenic construct will go through a process of optimization to fine-tune expression through the 

modification of promoter sequences (McDougall, 2011). Although this optimization process is critical 

when working with genes with high phytotoxicity potential, such as insecticidal proteins, the need may 

be reduced or difficult to measure effects when attempting to modify endogenous pathways for 

complex traits. For instance, previous research in white clover has shown that it is possible to modify the 

quantity of protein production directly influenced by a transgene through direct selection rather than 

via construct modification (Schmidt et al. 2004; Scott et al., 1998). These results hint that for complex 

traits, focusing solely on construct modification may only be relevant in the isogenic line in which 
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optimization was performed. Hence, to optimize the gene’s performance in the general breeding 

population, including a wider genetic base may be necessary because the transgene’s performance is 

conditional not only on environment but also on genetic background. In our case, the transgene seemed 

to be optimal in the KC22 family, increasing yield by 0.4 Mg ha-1 in environmental Cluster 2 and 0.6 Mg 

ha-1 in Cluster 3, while maintaining parity in clusters 1 and 4. However, the same transgene did not 

perform well in the QY43 family where it reduced yield or was at parity for all clusters. Generally, 

without including varied genetic backgrounds, the breeding team risks committing both type I and type 

II errors. 

The transgenic events used here were identified after a round of selection in isogenic testing the 

year prior to this study. We found little variation among events in this study, suggesting that initial 

selection to remove poor events and select events with stable effects is sufficient. In our models, most 

of the variation in the measured transgene effect was due to location and family main effects and their 

interactions, not due to events. However, some families had low event level sample sizes, especially 

KC22 with a total of 23 positive lines across events, that would have limited our power to estimate event 

level differences (Table 3.1). Although some of the event-level sample sizes were small, comparisons of 

the transgenic vs. non-transgenic classes in each family were sufficient to enable appropriate 

comparisons to be made at the transgene level, even within family.  

 Our results have implications beyond transgenics. Gene editing techniques (e.g., CRISPR, TALEN, 

ZFN) will provide the opportunity to rapidly incorporate edited genes into breeding populations, as 

opposed to simply repeatedly converting inbred lines as is currently done with transgenes. The value of 

edited genes that control complex traits cannot be assessed in the same manner used for simpler traits. 

Our results suggest that the penalty for limiting the genetic space in which genes are evaluated is similar 

to, or possibly greater than, limiting the number of environments. Hence, to increase the likelihood of 

success in finding genes that will provide necessary advantages for yield or other traits, the genes will 
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need to be quickly incorporated across the germplasm and selected using breeding approaches to 

identify the best available gene by genetic background combinations for commercialization.  

 To evaluate the potential of breeding with transgenes (or edited genes) to complement isogenic 

evaluation, we investigated whether the transgene drove increased value of individuals at the top end of 

the yield distribution. To answer this question, we implemented selection for hybrids within families and 

environmental clusters across a range of selection intensities. Often, transgene-containing hybrids were 

preferentially selected at high selection intensities, reflecting an enrichment at the top of the 

distribution. However, this was not universally true, either for a given family in all environmental 

clusters or for a given environment in all families.  Nevertheless, our data also show that specific lines 

perform well across environments (data not shown). For instance, DH line 761 from the KC22 family 

produced the highest yielding hybrid on average across all environments. This transgenic line ranked in 

the top 40 of 876 lines in Clusters 1, 2 and 3 while ranking in the top 80 for Cluster 4, even though the 

KC22 family performed relatively poor in this Cluster.  

 Several issues require further research. Our results suggest the necessity of testing a transgene 

across genetic backgrounds and target environments but evaluating the persistence of the transgene 

value across generations will be necessary to ensure it has a positive effect on genetic gain. Further, 

because overall family effects are measured as the difference between the transgenic and non-

transgenic populations of lines, an adequate sample size of each population is critical to robust 

assessment.  Predicting a transgene’s effect across the germplasm can be streamlined using DHs, which 

are conducive to the generation of estimation sets that could enable genomic selection to predict 

haplotypes with the best combining ability with the transgene of interest. This study also used just a 

single tester to evaluate hybrid performance, and since it accounted for 50% of the genetics of each 

hybrid, it had a significant impact on the overall results. The tester used for this study was selected as it 

is representative of the commercial germplasm in our target population of environment but, just as 
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differences among families exist, using a different tester possibly could change the transgene’s 

estimated value and the interactions observed. Lastly, to make testing economically viable, new 

methods, such as new field testing approaches and genomic selection, must be designed that are cost-

conscious to incorporate large genetic diversity while minimizing the number of field plots and seed 

production costs.   
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Tables and Figures  

Table 3.1 – Number of individual doubled haploid lines resulting from the cross of six transformations of 
line RF57 with six non-transgenic lines 
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Table 3.3 – ANOVA p-values for fixed effects of the mixed linear model for the across all location 
analysis. ASIGDU results are only for the CAFS02 location.  

 
 “*” indicates significance of the model parameter 

Table 3.4 - Values presented are BLUP differences between the transgenic hybrids and WT for each trait 
by cluster and overall. 

 

“*” indicates significant difference between the transgenic and non-transgenic hybrids. 
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Table 3.5 – ANOVA p-values for fixed effects of the mixed linear model for the by cluster analyses.  

 
“*” indicates significance 

 
 

Table 3.6 – Transgene effects for all clusters where the ANOVA TxF interaction was significant.   

 
“*” indicates a significant difference between the transgenic and non-transgenic varieties. 
Significant classes indicate differences among families by Cluster. 
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Figure 3.1 - Hierarchical clustering of all locations where distance was estimated based on euclidean 
distance from yield of individual experimental entries within the locations. Clusters are grouped as 
shown and the cluster number is indicated at the bottom right of each grouping. Cluster 1 include all the 
fully irrigated high yielding locations, cluster 2 include flowering and severe stress locations, cluster 3 
are mild grain filling stress locations and cluster 4 are locations in sandy soils where nutrient availability 
appeared to limit yield. 
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Abstract 

Transgenes that improve quantitative traits have traditionally been evaluated in one or a few genetic 

backgrounds across multiple environments. However, testing across multiple genetic backgrounds can 

be equally important in order to accurately quantify the value of a transgene to a breeding program. 

Creating isogenic lines across a wide germplasm space, however, is costly and time consuming, which 

renders it impractical during early stages of testing. In this experiment, we evaluate three approaches to 

sample the genetic space while concurrently testing across locations. We created both transgenic and 

non-transgenic doubled haploid lines, F2:3 lines, and bulk F3 families to determine if all methods resulted 

in similar estimation of a transgenes value and to identify the number of yield trial plots from each line 

generation method necessary to obtain a stable estimate of the transgene value. With one exception, 

the three methods consistently estimated a similar effect of the transgene. We suggest that bulked F3 

lines topcrossed to a tester inbred is the most effective method to estimate the possible value of a 

transgenes across both genetic space and environments.     
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Introduction 

Quantitatively inherited traits are controlled by multiple quantitative trait loci (QTL). Generally, QTL for 

complex traits such as yield can have drastically different effects depending on the genetic background 

evaluated (Kramer, 2009; Cheng et al 2012). For instance, in maize, the detection and effect size 

estimates of QTL identified using two different tester inbreds showed considerable differences for grain 

yield but not for other traits such as plant height and grain moisture (Melchinger et al., 1998). In part 

because of the lack of a predictable response due to significant QTL × genetic background interactions, 

large effect QTLs for complex traits are frequently published but have rarely been effectively deployed in 

breeding programs to develop commercialized cultivars (Bernardo, 2008).  

For transgenes intended to target complex traits, the limited research to date points to similar 

complexities (Evangelou et al., 2019; Linares, Chapter 3, this thesis). These transgenes intended to affect 

quantitative traits are essentially large effect QTL, where the observed effect depends on the population 

in which it is evaluated. In the commercial seed industry, doubled haploids (DH) have become the 

primary method of line development over the past 20 years in maize (Prasanna et al. 2012). Transgene 

evaluation for commercial assessment is typically done by comparing one or a few isogenic lines, which, 

for efficacy of quantitative traits, may not provide a clear picture of the transgene effect across the 

breadth of a breeding program. To improve the accuracy of estimating the transgene’s true value on 

quantitative traits across the breeding germplasm would require expansion of transgene evaluation 

beyond simple isogenic testing. Breeders could randomly sample the entire breeding germplasm, 

develop DH inbred lines with and without the transgene, and determine the transgene value and 

stability of expression across those quantitative traits. However, this approach would require significant 

investment of time and resources. Hence, this traditional transgenic testing approach using DH lines is 

simply impractical early in the testing pipeline, especially when many potential transgenes targeting 

quantitative traits are being considered for commercialization. 
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Alternative testing methods could enable an assessment of the breeding potential of a 

quantitative trait transgene throughout the program’s germplasm while also optimizing time and testing 

resources. In this experiment, we evaluated the commonly used method of doubled haploid lines with 

F2:3 lines and F3 families. Although the DH pipeline is the quickest approach for inbred development, 

creating doubled haploids actually takes more time than simple F2:3 or F3 line generation methods, is 

resource intensive, and requires many test plots to evaluate both transgenic and non-transgenic 

individual lines across multiple environments. Although F2:3 lines are no longer widely used in 

commercial breeding programs and they are not fully homozygous, they would enable testing of 

population level transgene estimates within two inbreeding generations. Significant testing resources 

would still be needed to evaluate a set of both transgenic and non-transgenic F2:3 lines per family since 

isogenic line comparisons would not be possible. However, an alternative could be simply testing F3 

bulks with and without the transgene (Sebastian et al., 2010). Theoretically, all within population 

variance would be captured in a single plot and estimates of the transgene effect could be done across 

two plots, one having the quantitative trait transgene of interest and the other as the null comparator, 

facilitating the evaluation of many different genetic backgrounds reasonably fast and at low cost. 

In this study we evaluated whether using DH lines, F2:3 lines, and F3 bulks would produce the same 

results across multiple environments and genetic backgrounds. In the process, we also evaluated 

whether our transgene intended to affect quantitative traits produced different results across genetic 

backgrounds and testing locations.  
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Materials and Methods  

Germplasm 

Through transgenesis, we overexpressed a native maize gene, the Zmm28 transcription factor, as 

described previously (Wu et al. 2019). A single event of this transgene was subsequently backcrossed 

into Corteva proprietary Stiff Stalk (SS) and Non-Stiff Stalk (NSS) heterotic group inbred lines. Using this 

germplasm, we generated two SS and two NSS families. To create a family, we crossed the transgenic 

inbred to a different, non-transgenic inbred line within the same heterotic group, resulting in 

hemizygous F1 seed. We developed two families within each heterotic group by crossing the same 

transgenic inbred to two different, non-transgenic inbred lines. From these F1 seeds, doubled haploid 

lines, F2:3 lines, and F3 line bulks were generated (Table 4.1). The DH lines were induced directly from the 

F1 parents using standard procedures (Röber et al., 2005), after which DH lines positive and negative for 

the transgene were identified. To create the F2:3 lines, several F1 plants of a given cross were self-

pollinated and bulk harvested. The following growing season, F2 plants homozygous for the transgene or 

for the absence of the transgene were self-pollinated and individual ears were harvested, generating F2:3 

lines with and without the transgene. The F3 bulks were generated by compositing equal quantities of 

seed from the individual F2:3 lines from each family with and without the transgene. 

For evaluation, all lines were topcrossed to an inbred line tester from the opposite heterotic group. 

Twenty-five plants of each DH line (i.e., positive or negative for the transgene within each family) were 

used for topcrossing and their seed bulked for testing. For each F2:3 line, seed was planted in several 

rows, crossed to the inbred tester, and harvested in bulk. Twenty-five seeds from each F3 bulk were also 

planted, crossed to an inbred tester, and each plant was harvested individually. A balanced bulk of the 

seed from these plants was used for hybrid testing of the F3 bulk. Approximately the same number of 

transgenic and non-transgenic lines were tested for each family for the DH and F2:3 methods; for the F3 

bulks, a similar number of replicate plots was planted (Table 4.1). 
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 Environments 

Field trials were conducted in 2017 in Woodland and Madison, CA. The Madison trial (MA26W) and one 

trial in Woodland (WO53W) were fully irrigated. A second trial in Woodland (WO71G) had water 

limitations imposed during the grain filling stress period, resulting in a mild stress and a fifteen percent 

yield reduction compared to the average of the two other locations. Other than water stress, all 

locations were managed with standard agronomic practices for their environment. The SS and NSS 

families were grown in separate experiments, with five replications per trial at each location. All 

experimental entries were planted as two-row plots 4.9 m long with rows separated by 0.75 m. All 

experimental plots were planted at 94,000 plants per hectare. The entire plot area was bordered with 

maize to minimize edge effects. We used a randomized complete block design with replication as the 

blocking factor and all transgenic and non-transgenic lines regardless of line creation method completely 

randomized within replication.  

Phenotypes 

Grain yield adjusted to 15.5% moisture, grain test weight, grain moisture, plant height, and ear height 

phenotypes were measured across all locations. Ear height was measured to the ear node and as the 

average of four randomly chosen plants within each plot excluding the three edge plants on each side of 

the plot. Plant height was measured to the collar of the flag leaf and was taken as the average of the 

same four randomly selected plants as ear height. Ear height and plant height were only measured in 

two reps at each location. Yield, moisture, and test weight were measured using a standard plot 

combine. 

Analysis 

All analyses were done using the ASREML analysis tool (Gilmour et al. 2015). All traits were analyzed 

using a mixed linear model with the transgene presence/absence (T), family (F), location (L), and line 
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generation method (M) considered as fixed effects while the replications within locations and individual 

line effects within family were considered random effects. The T x M, T x F, T x L, M x F, M x L, F x L, T x 

M x F, T x M x L, L x M x F, T x F x L and T x F x L x M interaction terms were also included in the model. 

Three- and four-way interactions were largely non-significant, so the model was re-run without 

including them. Reduced models were evaluated to assess interactions as warranted. Auto-regressive 

spatial adjustments were done for rows and columns within each location. Significance of fixed effects 

were assessed at the five percent probability level.  

Variance Plots 

Best linear unbiased predictions (BLUPs) were generated for each entry across reps and locations. We 

then artificially selected between 1 and 11 hybrid pairs without replacement and estimated a transgene 

effect by taking the difference of the average yield of non-transgenic hybrids from the average yield of 

transgenic hybrids. For F3 hybrids we arbitrarily called different plots within replications separate entries 

even though they all came from the same F3 bulk. We sampled the DH, F2:3, and F3 hybrids 1000 times 

each for pairs 1 to 11 and estimated the resulting variance of the transgene effect across the 1000 

samples.  

Results 

Of the five traits evaluated in both heterotic groups, the transgene effect was significant for all traits 

except for plant height in the NSS families (Table 4.2). The line generation methods only differed for 

yield in both heterotic groups and for moisture and test weight for the SS heterotic group. The family 

effects were mostly significant with only SS families not showing a difference for yield and plant height. 

Location effects were present for all traits in both heterotic groups.  

We noted a T × F interaction for most traits except for test weight and plant height within the SS 

heterotic group. A T × L effect was present in both heterotic groups for yield, but otherwise, only for ear 
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height in the SS heterotic group. The only T × M interactions present was for test weight for the NSS 

families (Table 4.2) where the F3 derived transgenic hybrids were 4 kg m-3 lower than non-transgenic 

families, but no difference was present between transgenic and non-transgenic hybrids originating from 

DH lines. Interactions of M × F were not present; M × L interactions were present for NSS yield and for 

SS moisture, but absent otherwise (Table 4.2).  Most of the 3 and 4-way interactions in our analysis were 

not significant and are not discussed further. 

Overall, the transgene has a positive effect on yield, increasing it by 0.3 Mg ha-1 across both the 

NSS and SS families (data not shown). Moisture at harvest was higher for transgenic hybrids for both 

NSS, by 0.1 percentage points, and SS, by 0.3 percentage points, heterotic groups. Test weight in non-

transgenic hybrids was consistently higher by 2 kg m-3 in NSS families and 5 kg m-3 in SS families. 

Transgenic hybrids had ear heights averaging 3 cm taller in NSS and 6 cm taller in SS families compared 

to their non-transgenic comparators. Although no differences between transgenic and non-transgenic 

hybrids of NSS families were present for plant height, transgenic hybrids of SS families were on average 

4 cm taller than non-transgenic hybrids (data not shown).  

The effect of the transgene intended to affect quantitative traits varied among families for most 

traits (Table 4.3).  Across all evaluation methods, the quantitative trait transgene had a positive impact 

on yield in both the DB30, by 0.5 Mg ha-1, and WM45, by 0.7 Mg ha-1, families but no effect in families 

RO94 or JH61 (Table 4.3).  For moisture, the transgenic hybrids had higher moisture at harvest in both SS 

families but the increase in family WM45 was 0.2 percentage point more than family JH61. For the NSS 

families, there was no difference in grain moisture at harvest between transgenic and non-transgenic 

hybrids in family DB30. However, the transgenic hybrids in family RO94 had 0.2 percentage points more 

moisture than the non-transgenic hybrids. Transgenic hybrids in family RO94 were 3 cm shorter but ears 

were 2 cm higher than non-transgenic hybrids. Alternatively, in family DB30, transgenic hybrids were 2 

cm taller than non-transgenic hybrids and increased ear height by 2 cm more than in the RO94 family.  
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In the SS families, transgenic hybrids increased ear height by 5 cm the JH61 family and 6 cm in the 

WM45 family.    

Any given pair of DH or F2:3 lines with and without the transgene represent one possible 

comparison for the population of line pairs. Any given pair of lines is developed arbitrarily; they are not 

isogenic. Consequently, we were interested in assessing the variance among line pairs in their transgene 

effects to determine the number of line pairs that would need to be evaluated in order to get an 

accurate estimate of the transgene effect in the population.  We sampled from 1 to 11 hybrid pairs from 

the DH, F2:3 and F3 generations. Across all 4 families, the F3 hybrids consistently required fewer pairs to 

achieve a stable estimate of a transgene effect with even a single pair showing minimal variance (Figure 

4.1), as might be expected since every “pair” is a replicate of the same set of bulked lines. The DH and 

F2:3 generations consistently required more pairs to achieve the same low variance as a single pair of the 

F3 generation. For the NSS families we would need to sample an estimated 5 times more hybrid pairs for 

F2:3 and DH generations to achieve a stable estimate while we would need 3 times the number of hybrid 

pairs for SS families to achieve the same low variance as F3 hybrid pairs.  

Discussion 

We evaluated the hybrids in this experiment across five replications in each of three 

environments, giving us the precision to identify small differences as statistically significant, even if their 

biological relevance was limited. For yield, test weight, and moisture, significant differences were 

detectable on average at the transgene main effect level if they were equal to or larger than 0.1 Mg ha-1, 

1.3 kg m-3 and 0.1 percentage points. For plant height and ear height, which were both measured only 

on two of the five available replications, the detectable difference was 1 cm for each of the traits.  

The quantitative trait transgene’s main effect in this study was conditional to many other factors 

including locations and genetic background (family). These results reinforce previous studies that 
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showed the significant impact of both the genetic background and environments on the estimated 

effect of a transgene intended to affect quantitative traits (Linares, Chapter 2 and 3, this thesis).  

Consequently, because of the need to sample both environments and germplasm in order to properly 

assess the value of a transgene for a quantitative trait, our goal in this experiment was to determine the 

best type of family to develop in order to do this assessment both rapidly and at low cost. We 

hypothesized that different line generation methods would provide a similar ability to estimate a 

transgene’s value, and therefore, methods that have lower cost could be prioritized. In this experiment, 

we saw no interaction of method with family and only one interaction with transgene (see below). Thus, 

testing in DH, F2:3 or F3 hybrids all approximate the same transgenic value in this study. However, in 

order to assess the transgene effect on the population, F3 lines would require the fewest resources to 

evaluate because all within family variation is captured in a single plot and a pair of plots, one transgenic 

and one non-transgenic, for each population would suffice, whereas for the other methods, multiple 

positive and negative lines would need to be tested. 

The use of DH lines in most commercial maize breeding programs makes them an initially 

obvious choice in which to assess the value of a transgene intended to affect a quantitative trait. They 

have many advantages, including being homozygous, stable lines that can be repeatedly tested across 

years and directly incorporated into breeding programs. Use of DH lines can also permit the evaluation 

of the transgene’s effect on inbred line seed production. However, DH lines are costly and take time to 

be developed and evaluation of a transgenes effect will require testing multiple transgenic and non-

transgenic lines. To save time, F2:3 lines could be used as a proxy for DH lines, enabling estimations of 

within family variance without the extra time and expense necessary for DH line creation.   

Transgenes designed to impact qualitative genes are directed towards single protein targets and 

tend to be highly penetrant and have consistent effect across the germplasm for the targeted trait. In 
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contrast, transgenes for quantitative traits are more prone to transgene by family by environment 

interactions necessitating broader testing to assess their value.  Therefore, we argue that at the early 

stages of testing, using the older method of F2:3 lines and bulking them to form F3 positive and negative 

bulks offers the fastest way to determine whether a transgene has value for a given quantitative trait 

across the breadth of a breeding program’s germplasm.  

In one case, a significant interaction was observed between the transgene and the line 

generation method (T x M), for test weight in the NSS heterotic group. The DH method showed no 

transgene effect, compared to a 4 kg m-3 effect in the F3 hybrids. One possible explanation for this result 

could be the reduced number of recombinations in the F1 derived DH lines used in this study, which led 

to large linkage blocks (Sleper and Bernardo, 2016). Up to 25 percent of the phenotypic variation for test 

weight in maize could be attributed to five QTL (Ding et al., 2011) in a single population, which further 

reinforces the importance of recombination events if using DH lines for evaluation of transgenes. 

Interestingly this did not appear to be an issue for the SS heterotic group. 

The F3 bulking approach could have some drawbacks. Strong within plot competition could 

obscure a positive transgene effect in certain cases. For example, consider a phenotype such as reduced 

stature that increases yield. Shorter plants within a plot, although having high yield potential, could be 

disadvantaged in a bulked planting due to the competition of the taller plants within the same plot. 

Ultimately, the influence of environments and genetic backgrounds on a quantitative trait transgene’s 

(or a QTL’s) effect necessitate a diverse testing plan. Here, we’ve shown that different line generation 

methods will generally yield equivalent results when measuring the effect of a transgene across the 

breeding germplasm. Depending on the breeding goal, whether that is the assessment of a new 

transgenes value to the breeding program at large or a more narrowly tailored evaluation for a specific 

genetic background, will determine which method might be optimally used.  
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Tables and Figures 

Table 4.1. The number of transgenic and non-transgenic doubled haploid lines and F2:3 lines evaluated 
and the number of replicate F3 plots grown from two families in each of two heterotic groups.  
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Table 4.3 - Best linear unbiased predictions for four traits measured on transgenic and non-transgenic 
lines from two heterotic groups.  

  

“*” indicates significant difference between the transgenic and non-transgenic hybrids.  
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CHAPTER 5 

CONCLUSION 

In this thesis, we examined three independent transgenes across multiple years, environments, genetic 

backgrounds, and line development methods to show consistent transgene by germplasm interaction in 

maize.  First, we showed that the transgene effect on quantitative traits estimated through independent 

isogenic line comparisons are conditioned on the genetic background in which they were tested.  Thus, 

it is imperative to test a broad germplasm space early in the transgenic testing pipeline to accurately 

estimate the value of a transgene, intended to affect a quantitative trait, to a breeding program.  Next, 

we investigated whether lines containing transgenes that were incorporated into a breeding program 

would be preferentially selected over non-transgenic lines across different selection intensities. In some 

families and/or environments, the transgenic lines were less likely to be selected, but if the transgene 

had a positive effect in the family, transgenic lines were preferentially selected at most common 

selection differentials, meaning that the incorporation of a transgene into a breeding population has the 

potential to increase the rate of genetic gain.  Lastly, we tested ways to optimize transgene evaluation 

early in the pipeline and found that the use of F3 bulks, a rapid and low-cost method, reduced both seed 

production and yield trial plot needs relative to the use of doubled haploid lines, enabling quicker 

testing of more transgenes within an evaluation program.  Overall, we conclude that to be successful at 

selecting transgenes that are intended to alter quantitative traits, we need to consider testing them in a 

wide selection of breeding germplasm as an important criteria early in the evaluation program. 

Questions originating from this study warrant further evaluation.  First, we did not test across a broad 

representative set of germplasm to estimate the true transgene effect within an entire breeding 

population.  Hence, we were not able to compute an optimal number of lines required within both 

heterotic groups to get an accurate estimate of a transgene’s value across the germplasm.  Here, we 
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merely showed that the estimated effect of a transgene varies based on genetic background.  Second, 

we did not test whether the selection differential identified from a transgene in our doubled haploid 

families actually resulted in a response to selection.  Further testing must be done to understand 

whether the gain in selection is maintained the next generation following recombination.  Lastly, we 

hypothesized that transgenes which have very large agronomic impacts, as distinct from the smaller 

effects described for the transgenes in this experiment, may be better tested using doubled haploid 

lines rather than F3 bulks, but we did not test this hypothesis. While we assume that what has been 

shown here is transferable to all gene editing approaches, further research on these topics is warranted 

and could have a significant impact on future testing methodologies for gene edited lines. 

 




