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ABSTRACT 

Genetic diversity in Zea mays primary root growth rate, global gene transcript profile 

and proline content in response to osmotic stress and osmotic stress recovery 

 

Tina Wambach        Advisors: 

University of Guelph, 2015       Dr. Duane E. Falk 

          Dr. Lewis Lukens 

 

 This thesis is a study of genetic variation in Zea mays primary root traits in 

response to osmotic stress and stress recovery. Using a set of up to 25 maize inbred 

genotypes, chosen as representatives of modern, locally adapted inbred lines, genetic 

variation was tested in the three traits of root growth rate, global transcriptome profile, 

and proline content. A large-scale hydroponic growth system, developed in this 

investigation, allowed for concurrent, ongoing, and non-destructive root trait 

observation. The system yielded repeatable trait information where genotype explained 

up to 60% of the total variation in observed root growth rates. In response to stress, 

growth rate was reduced from 80 to 94%; in response to stress removal, growth rate 

recovered from 34 to 86% of pre-stress growth. Genotypes differed in relative root 

growth rate performance when compared before, during, and after the osmotic stress, 

indicative of genotype by growth environment interaction. Genotypes showed from 7.4 

to 17.4% of genes that were stress-responsive, or from 6.0 to 17.6% of genes that were 

recovery-responsive. Genotypes also differed in the percentage of stress-responsive 

genes whose transcript abundance change was reversed upon recovery, ranging from 



 
 

49.8 to 73.3%. In addition, the percentage of stress-responsive genes of opposite 

abundance change due to recovery showed positive correlation with percentage of 

growth rate restoration upon stress removal. Genetic variation in proline content was 

observed before, during, and after osmotic stress. Under osmotic stress, proline content 

was 1.6 to 3.5 times as high as before the stress; proline content observed during 

osmotic stress underwent a 60 to 90% reduction upon stress removal. Proline content 

under osmotic stress was positively correlated with root growth rate under osmotic 

stress. This study is the first to report genetic variation in each of the three traits in a set 

of elite maize inbreds. Availability of this genetically variable material, along with the 

large-scale hydroponic system, provides a powerful tool to further investigate the 

molecular basis of genotype differences in root growth and growth responses, and to 

further investigate the role of these traits and variation in seedling and plant stress 

tolerance. 
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CHAPTER 1. GENERAL INTRODUCTION 

Global crop yields suffer losses due to abiotic stress. To minimize losses, plant 

improvement efforts target the maintenance of growth rate under stress. Growth is an  

integral component of many stress response strategies which involve complex 

phenotypes. Complexity arises because phenotypes depend on multiple traits that 

interact with many factors in the environment. While component traits are largely under 

genetic control, and their value in genetic improvement has been shown, their study 

remains a challenge. A classical challenge arises from our inability to control the many 

variables that affect a trait of interest in a field environment. The resulting, unaccounted- 

for error variation often prevents us from performing hypothesis tests. 

This dilemma runs rampant in the study of root growth, due to the dependency of 

growth on soil characteristics and available resources, and further exacerbated by the 

difficulty of root observation. This case is of high relevance because roots are crucial to 

plant productivity under stress. In consideration of these factors and to overcome such 

difficulties, I developed a controlled-environment growth system to investigate the Zea 

mays L. primary root under osmotic stress, with particular emphasis on genetic effects 

that describe, and may be responsible for, genotype differences in root growth. Osmotic 

stress, a component stress in high-salt or water-limited environments, impedes root 

growth and function when whole-plant coping most depends on them. My study 

approach used of a set of maize inbred lines that I examined under a transient osmotic 

stress and tested for genetic variation in three root traits. Hypotheses underpinning this 

study were that the material harboured genetic variation, and that I could detect this 

variation using a newly developed, controlled-environment hydroponic growth system.  
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The three root traits examined were root growth rate, global gene transcript 

abundance, and proline content. Growth rate changes are indicative of growth 

maintenance, a mechanism of stress avoidance by means of ensuring access to water 

at greater depth. Gene transcript abundance has been shown to affect stress-response 

phenotype, and the concurrent study of phenotype and gene expression has proven to 

be useful to identify trait genetics. Stress-induced accumulation of proline is a 

conserved response to water-deficit. Its role in the stress response can relate to its 

functions of osmolyte, to aid water uptake; osmoprotectant, to protect cells; or energy 

source, to aid regeneration of metabolic and growth processes upon stress removal.  

To enable hypothesis testing on root traits, I performed experiments in a 

controlled-environment, hydroponic growth system. Scaled up, based on a previously 

reported system (Verslues et al., 1998), this new system enabled non-destructive root 

trait observation on a large number of seedlings. The objectives of part one of this study 

were to assess the validity of the particular root growth rate measurement chosen to 

describe growth and compare genotypes; to evaluate technical sources of variation in 

root growth rate; and to test for genetic effects on root growth rate. The objectives of 

part two of this study were to compare genotypes for their transcriptome response to 

osmotic stress and recovery; and to identify groups of stress-responsive genes that 

respond in a manner that is constant across genotypes, or unique to subset(s) of 

genotypes. The objectives of part three of this study were to describe the proline 

response under the temporary osmotic stress in our hydroponic system; to test for 

genetic variation in proline content before, during, and after osmotic stress; and to relate 

proline content to growth and expression levels for genes of the proline pathway.   
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CHAPTER 2. LITERATURE REVIEW 

2.1 INTRODUCTION 

 In this investigation, I used a hydroponic system to grow Zea mays seedlings 

under osmotic stress and recovery conditions and, in particular, to examine three Zea 

mays primary root traits before, during, and after the osmotic stress. Osmotic stress is a 

component of water-deficit stress in the field. Water deficit represents an abiotic stress 

that has detrimental effects on crop yields on a global scale. In the first of three sections 

that make up this literature review, I describe the implications of water deficit stress on 

agriculture and society. I review the function of water in the life of a maize plant and the 

adverse effects of water deficit on plant growth. The focus then shifts to the role of the 

plant root in managing plant water status and mitigating adverse effects of limited water 

on crop growth and yield. The central role of plant roots in existing and future 

approaches to plant improvement under abiotic stress conditions represents the 

rationale that motivates this investigation of the maize root. 

 In the second section, I summarize the technical challenges of studying plant 

roots under a transient, or temporary, abiotic stress. In particular, I discuss the 

challenge of growing, observing and assaying roots in thye specific case when multiple 

genotypes are to be compared and as is the case in this investigation. Hydroponic 

growth systems, as employed in this investigation, are a particularly promising research 

methodology. In my review of advantages and disadvantages of the hydroponic growth 

system approach, I discuss technical aspects of hydroponic experimental systems when 

compared to other indoor growth systems or outdoor experimentation, and I review 

technical aspects of hydroponics growth systems.  
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 In the third and last section of this review, my attention turns to the three root 

traits that are examined in my research. In particular, I review aspects of (1) Zea mays 

primary root growth and the root growth response to osmotic stress and stress recovery, 

(2) Zea mays primary root transcript level responses across genes under a temporary 

abiotic stress, and (3) the role of the amino acid proline, its accumulation under abiotic 

stress, mechanisms of accumulation and relationship to growth.  

 

2.2 STUDY OF THE MAIZE ROOT UNDER WATER DEFICIT STRESS 

2.2.1 Effect of Water Scarcity on Agriculture and Society 

 Abiotic stress, such as imposed by environmental conditions of drought, excess 

salt, acidic soils, or extreme temperatures, routinely reduce crops yields by more than 

50% of crop genetic yield potential (Boyer, 1982). Among the stresses, drought is the 

single most significant stress in reducing crop yields globally (Budak et al., 2013). 

Drought affects 64% of the global land area (Cramer et al., 2011), including tropical 

environments (Singh et al., 2012) as well as temperate growing regions (Boyer et al., 

2013). "Drought" can be defined in meteorological, agricultural, or socio-economic 

contexts (FAO, 2013). In the context of this investigation, the term drought is defined as 

'a period of below normal precipitation that limits plant productivity in a natural or 

agricultural system' (Verslues et al., 2006). Also, I chose to use the terms drought and 

water deficit interchangeably. Drought stress in maize, stress defined as adverse effect 

on growth or development, can result in as much as a 81% and 76% grain yield loss in 

maize inbreds and hybrids, respectively (Cairns et al., 2012). Given these enormous 

yield losses and the status of maize as the globally leading crop in annual production 
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(Figure 1-1), the effect of drought on maize production poses high risks to social and 

economic stability and food safety on a global scale (FAO, 2013). 

 The risk posed by water shortages continues to increase due to factors that 

continue to reduce availability of and increase demands for water. Among these factors 

are changing precipitation patterns (Masuka et al., 2012) and more frequent, extreme 

weather events (Chen et al., 2012), increasing demands for water by a world population 

anticipated to grow to 9 billion people by the year 2050 (Reguera et al., 2012), 

increasing global demands for animal protein-rich diets and associated animal 

husbandry (Boyer et al., 2013), and increasing uses of maize in newly emerging 

bioenergy industry and non-food industrial manufacturing (Udelhoven et al., 2013). 

Continuous losses of lands due to salinization, compaction, and erosion (Campos et al., 

2004) further increases the demand for water to support yields on remaining lands 

(Upadhyaya et al., 2013). Already crippling effects of water deficit on plant productivity 

are further exacerbated by the increasingly frequent co-occurrence of other stresses 

(Humbert et al., 2013). While significant resources have been devoted to the 

improvement of cereals for adaptive capacity to drought, our future critically hinges on 

our success in breeding cultivars with increased yield capacity and yield stability under 

intermittent drought conditions (Bruce et al., 2002; Cairns et al., 2012). Even if 

agronomic intervention, such as managed irrigation, can be a complementary measure 

to reduce yield losses (Ali and Talukder, 2008), the major contribution must come from 

genetic crop improvement (Tardieu and Tuberosa, 2010). 
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Figure 1-1. Global maize, rice, wheat acreage (ha, top panel), or productivity 
(hg/ha, middle panel; tonnes, bottom  panel) in 2013 (FAOSTAT, 2015)  
[http://faostat3.fao.org/compare/E] 
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2.2.2 Role of Water in The Plant  

 Aqueous conditions are normally required to maintain conditions for enzyme 

activity and biochemical reactions. Water is a reactant in photosynthesis and serves as 

solute that allows photosynthetic metabolites to move from source to sink, or from site 

of photosynthesis to site of photosynthate use such as growing tissues (DaSilva et al., 

2013). The role of water in transport is crucial also in the distribution of signaling 

molecules such as plant hormones, required in the mediation of whole-plant responses 

to changing environments (Hsiao and Xu, 2000; Chaves and Oliveira, 2004). In the form 

of unidirectional water flow, as described by the concept of the soil-plant-atmosphere 

continuum, water moves from the soil into the roots, through the plant, and out through 

the stomata into the atmosphere (Goldsmith, 2013). In this process, mineral nutrients 

are absorbed and transported through the plant (Hsiao and Xu, 2000). Under conditions 

of high heat, the transpiration stream provides a cooling effect to leaves and the plant 

canopy (Ferguson, 1959). Furthermore, water renders plant tissues turgid by the 

establishment and maintenance of cell turgor or the pressure exerted by the cytoplasm 

against the cell wall. Turgor provides mechanical support to cell membranes whose 

integrity is crucial for the proper functioning of embedded proteins with enzymatic 

activity or proteins that serve as trans-membrane transporters of ions and water 

(Chaves and Oliveira, 2004), or signalling molecules and metabolites (Buchanan et al., 

2000). Turgor also provides the mechanical force that drives cell expansion for plant 

growth and development and is required to control the expansion of plant parts to 

modulate plant function under changing environments (Babu et al., 1999). For example, 
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an increase in guard cell turgor results in the opening of the stomatal pore as required 

for increased diffusion of carbon doxide (Yao et al., 2011). 

  

2.2.3 Effect of Water Deficit on Plant Growth and Development 

 Major reductions in crop productivity arise primarily from adverse effects of water 

deficit on plant growth. Reduction of growth, resulting from direct inhibition of cell 

division and expansion (Chaves and Oliveira, 2004), typically represents the first, and 

most sensitive, physiological water deficit response by the plant (Barriere et al., 2006). 

While limited shortage can physically limit the growth process, it has been hypothesized 

that the repsonse of growth reduction to limited water evolved as a feature of adaptation 

to allow for conservative water use and/or implement an altered resource allocation 

strategy to meet specific plant water demands under the changing environment (Chaves 

and Oliveira, 2004). While such adaptations serve to enhance survival in the natural 

environment, reduced growth and associated delays in maturation lessens the crop's 

value in the production setting where the growing season is typically of limited duration 

and the goal is to maximize reproductive output, or economic yield (Cattivelli et al., 

2008), made up of the harvestable portion of the crop (Verslues, 2010). Delayed growth 

and development of maize affect yield performance in different ways, depending on the 

timing and severity of the stress (Heiniger, 2001).  

 Water deficits at the time of germination and during the seedling stage can slow 

root growth and development as reflected in low emergence and poor crop stand 

establishment (Boyer et al., 2013). A non-uniform stand establishment, in particular, can 

greatly compromise the crop's later capacity to optimally intercept below-ground and 
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above-ground resources (Singh et al., 2012). During this very early period, if the plant 

does not outright die (DaSilva et al., 2013), water deficit can also limit the remobilization 

of stored reserves with long-lasting adverse effects on plant metabolism (Weitbrecht et 

al., 2011). During the vegetative phase, when the crop develops photosynthetic capacity 

in support of the subsequent reproductive stage and period of grain fill, the effects of 

water deficit on growth and development result in reduced leaf size, shorter internode 

length, and reduced overall size and biomass (Chen et al., 2012). In the study of Atteya 

(2003), tolerant and sensitive Egyptian corn genotypes showed 11.4% and 23.6% grain 

yield loss due to a drought stress applied at early time points during the period of 

vegetative development, respectively.  

 The greatest potential for yield loss due to limited water occurs during the 

transition from vegetative to reproductive stage and during the reproductive stage 

(Atteya, 2003). Here, water deficit reduces kernel set as reflected in  a lower number of 

grains per cob or a lower number of cobs per plant (Heiniger, 2001; Atteya, 2003). 

Reduced kernel set can result from a 'delay in inflorescence development, flowering 

asynchrony, tassel dehydration, reduction in pollen fertility and viability (possibly 

complete sterility), reduction in pistil receptivity (in some cases complete sterility) and 

abortion of embryos' (Spitko et al., 2014). Water deficit during the reproductive phase 

resulted in 47 % to 70 % yield loss in drought-tolerant versus drought-susceptible maize 

genotypes, respectively (Farooq et al., 2009). At flowering, water deficit often results in 

a two- to three times higher yield loss when compared to any other growth stage (Araus 

et al., 2012). At its worst, water deficit at flowering can result in 100% yield loss 

(Heiniger, 2001). During grain fill, also a growth process of cell division and expansion 
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(Cheikh and Jones, 1994), and in particular early grain fill (Bruce et al., 2002), water 

deficit results in an adverse effect on kernel growth due to reduced photosynthesis and 

available assimilate (Araus et al., 2008), causing as much as 80% yield loss (Farooq et 

al., 2009). In summary, water deficit can inhibit maize growth at all stages. 

  

2.2.4 Genotype Variation in Response to Water Deficit and Recovery 

 Maize genotypes differ in strategies by which they respond to water deficit. 

Differences in maize genotypes have resulted from selection of ancestral landraces to 

adapt them to stress conditions in their native environments (Zhu, 2002). During early 

maize improvement and in spite of bottleneck events that are thought to have occurred 

(Eyre-Walker et al., 1998) and generally led to a reduction in genetic diversity (Tanksley 

and McCouch, 1997), a number of the different 'adaptive alleles' were, in fact, 

transferred into breeding populations as represented in publicly available germplasm 

(Mdurumi and Ngowi, 1997) although scattered across populations (Prasanna, 2012). 

Further, breeding populations are commonly under selection for agronomic traits, 

against deleterious traits, and for increased resource use efficiency and increased 

stress tolerance (Edmeades et al. 1997). As a result, alleles for stress resistance are 

thought to persist in current elite breeding populations in high enough frequency to allow 

for further selection (Edmeades, 2013).  

 Genetic variation in genotype responses to abiotic stress was also reflected in 

the response to the removal of stress, as could be assessed by the response to 

recovery treatment in an experimental setting. In the context of crop production, 

recovery refers to the plant's ability to overcome adverse effects and exhibit high 
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economic yield in spite of prior stress events. Recovery requires rapid (Hayano-

Kanashiro et al., 2009; Lopes et al., 2011) and/or near-complete establishment of pre-

stress phenotype upon stress removal (Morgan, 1984). For a long time, the study of 

recovery processes was not a part of the study of stress. Recent support for a 

significant role of recovery in negating adverse effects of water deficit on productivity, 

however, has drawn considerable attention to this aspect of the stress response. 

Evidence stems from studies that contrasted genotypes of differing stress tolerance and 

where the distinguishing feature of the more tolerant genotypes was a superior recovery 

compared to the more sensitive genotypes. For example, Hayano-Kanashiro et al. 

(2009) contrasted two drought-tolerant Mexican maize landraces with one drought-

sensitive Mexican maize landrace and found that the most dramatically differing 

attribute between the two groups was the drought-tolerant genotypes' increased 

recovery in photosynthetic activity and stomatal conductance. Similarly, Nissanka et al. 

(1997) showed that a relatively new and stress-tolerant maize hybrid, when compared 

to an older less tolerant hybrid, showed greater canopy photosynthesis recovery.  

 The study of genetic variation in recovery capacity was motivated by the positive 

relationship of high stress coping capacity, which would result in low stress-induced 

injury, and high recovery capacity. The study of recovery capacity, associated 

physiological processes, and the genetic diversity in recovery capacity, and genetic 

diversity in associated physiological processes, provided information on the 

physiological transition into the stress, and genetic diversity in this physiological 

transition. For example, at high stress intensity or in sensitive genotypes where water 

deficit brings about tissue damage due to cellular dehydration (Araus et al., 2008), 
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recovery serves as indicator of the organism's ability to repair such damage (Chavez 

and Oliveira, 2004). Alternatively, a plant's capacity for full and quick recovery of pre-

stress phenotype can be indicative of the plant's ability to withstand stress-conditions 

unscathed in the first place. This, in turn, may have resulted from a plant's ability to 

rapidly and efficiently implement adaptive responses such as osmotic adjustment 

(Atteya, 2003) which support the maintenance of water status, cellular integrity under 

water deficit stress, and photosynthesis (Hayat et al., 2012).   

 

2.2.5 Role of Roots in Stress Resistance by Mechanism of Stress Avoidance 

 Plants that respond to stress in a manner to avoid permanent damage or to 

maintain yield under water limited conditions are referred to as stress resistant (Cattivelli 

et al., 2008). Although the terms 'stress resistance' and 'stress tolerance' have been 

used interchangeably (Oliveira et al., 2013), this is not the case in this review. Instead, 

the term 'resistance' is used here to include the concepts of 'stress avoidance' and 

'stress tolerance' both of which can result in stress resistance. While resistance results 

from stress avoidance by means of the plant's ability to sustain tissue hydration under 

drought, resistance results from stress tolerance by means of a plant's ability to sustain 

biological function when tissues are dehydrated (Araus et al., 2012).  

 Selection for stress resistance has resulted in improved lines from public and 

private breeding programs (Ashraf et al., 2010; Bruce et al., 2002). Genotypes from 

such selection are often described by their overall strategy to cope with stress. For 

example, they have been described as having improved water use efficiency 

(Edmeades, 2013), having increased stability of harvest index (the proportion of 
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biomass allocated to grain) (Edmeades, 2013), across environments (Edmeades et al., 

1997) or the improvement in ability to capture soil water (Araus et al., 2008) and the 

maintenance of cellular hydration (Blum, 2006). At the base of these improvements are 

several physiological traits which, in combination, are particularly well suited to the 

respective environment. Although several core physiological traits are well known, such 

as the stay-green trait, capacity for osmotic adjustment, improved rooting depth, etc. 

and as summarized in Cattivelli et al. (2008), the particular contribution of the traits in 

specific genotypes is often not studied in detail. This is particularly true for rooting traits 

as root study is technically very challenging (Trachsel et al., 2011). Without a doubt, 

however, root traits have been recognized as the pivotal trait in the majority of breeding 

successes (Farooq et al., 2009; Bruce et al., 2002).  

 The large role of the root system in stress tolerance relates to its role in water 

uptake under moisture limiting conditions as achieved by morphological changes that 

facilitate access to deeper soil layers. In maize under water stress, this is accomplished 

by a reduction of shoot size, resource reallocation for continued root growth, and 

increased distribution of roots to deeper soil layers (Comas et al., 2013). Maize root 

systems adapted to water-stress conditions have reduced crown and lateral roots 

(Bruce et al., 2002) and fewer roots in the top 50 cm of the soil (Bolanos and 

Edmeades, 1993). Several studies have reported differences in root depth among 

genotypes with varying degrees of performance under drought stress (Hund et al., 

2009; Vamerali et al., 2003; Lorens et al., 1987). Greater rooting depth is a strategy that 

achieves drought resistance by the mechanism of drought avoidance (Hund et al., 

2009) or the ability to sustain tissue hydration under drought (Araus et al., 2012). Stress 
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avoidance is of pivotal importance in cultivated crops which did not naturally evolve to 

sustain biological function when tissues are dehydrated, a mechanism referred to as 

drought tolerance (Araus et al., 2012) or physiological tolerance (DaSilva et al., 2013). 

While selection for drought tolerance, as achieved by selection for yield in permanently 

arid environments or in stressed environments, has resulted in improved lines (Araus et 

al., 2008), tolerance traits are rarely considered because they are often associated with 

reduced yield in stress-free environments (Araus et al., 2008). If future technical 

advances provide tools to use tolerance mechanisms in an inducible manner, however, 

as, for example, relating to antioxidant defenses (Farooq et al., 2009) and in view of 

reductions in cell damage and improved recovery ability, the exploitation of root 

tolerance traits could, in fact, contribute greatly to drought resistance (Blum, 2005). 

 

2.3 EXPERIMENTAL SYSTEMS TO STUDY ROOTS UNDER OSMOTIC STRESS 

2.3.1 Challenges of Root Study under Abiotic Stress and On Multiple Genotypes 

 Compared to our knowledge of above-ground processes, our knowledge of root 

form and function is relatively rudimentary owing in large part to the difficulty in 

accessing the root. The destructive nature of most current solid growth medium-based 

root observation techniques presents a particular challenge in the investigation of the 

effect of treatment responses where observations at multiple time points are required to 

assess the dynamics of the plant response (Dhondt et al., 2013). When the observation 

technique is destructive, one approach to obtaining observations at subsequent time 

points is to use different plants within a genotype. A drawback of this approach is the 

adverse effect of biological or within-genotype variation on the precision of 



15 
 

observations. In many cases, especially when the observation technique also limits the 

number of biological replicates that can be used, this aspect can greatly limit the 

statistical power in detecting treatment effects. This is a serious concern and limiting 

factor, for example, in genetic studies where a gene or genotype comprises the 

treatment factor whose effects can be small and are to be tested, and when the 

response variable relates to a physiological trait which changes at a small scale.  

 In addition, a significant challenge in the study of effects of abiotic stress on roots 

results from the technical complexity of imposing a drought stress of sufficiently 

accurate and precise intensity as well as at controlled rate of development, and doing 

so in a repeatable manner. The complexity results directly from heterogeneity, and 

unpredictable and uncontrollable fluctuations, of soil and atmospheric factors that affect 

available water and plant water consumption (Boyer, 1985). Furthermore, while these 

aspects may be controlled to some extent by the use of indoor, controlled environment 

systems, there often remain constitutive genotype differences in growth, morphology, 

and ultimately water consumption rates, with effects that confound with effects of 

drought treatment on the response variable (Blum, 2014). In the context of field-based 

studies, the most sophisticated experimental approach to managing induced water 

stress makes use of resource- and cost-intensive managed stress nurseries in one of a 

few precipitation-free regions of the world (Edmeades et al., 2008). While such 

managed nurseries are not only poor at addressing the above mentioned technical 

complications, environmental differences between these specific areas and many 

regions of corn production can severely limit the inference from studies performed in 

such specialized areas (Tuberosa et al., 2014).  
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 In acknowledgment of the above discussed complexities, however, non-invasive, 

non-destructive, controlled-environment experimental systems have been identified as a 

core approach to study specific aspects of roots and root traits. While model growth 

systems, even if specialized in technique, are increasingly accepted as a method to 

complement rather than replace field experimentation (Hund et al., 2004), they are often 

technically too demanding to allow concurrent investigation of many genotypes. Yet, it is 

the comparison of multiple genotypes which has been advocated as a necessary 

approach to identify genetic variation in natural, or experimental, populations and to test 

for the genetic basis that underlies the variation (Bouchabke et al., 2008; Juenger, 

2013). Consequently, there continues to exist a demand for cost-efficient model 

systems that allow precise, accurate, repeatable administration of a drought stress and 

non-destructive trait observation on a large number of genotypes (Edmeades, 2013). 

 

2.3.2 Hydroponic Experimental System, Critique and Opportunities 

 In response to the challenges of studying roots under abiotic stress, 'single-

stress' experimental model systems have increasingly been adapted (Chapman et al., 

2012). In the development of such experimental systems, focus has been on the 

capacity for non-destructive observation of root growth (Hund et al., 2009b; Clark et al., 

2013) as made possible by the use of agar or liquid as a growth medium in a 

hydroponic system (Shavrukov et al., 2012). Both systems are suitable for the study of 

seedlings, allowing for the concurrent testing of a large number of plants (Tuberosa et 

al., 2002). While the homogeneity of growth solutions and conditions is considered one 

of the strongest advantages of a hydroponic experimental system (Munns et al., 2010), 
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liquid media also offer an advantage over an agar system for the practical reason that 

hydroponics allow the imposition and removal of the growth medium or the osmotic 

stress without manual handling of the individual seedlings and with minimal mechanical 

disturbance to the seedlings. Not only is the manipulation of individual roots time-

prohibitive in a large-scale screening system, mechanical stress to the root can affect 

root growth (Feldman, 1984) or cause root breakage which then allows for the 

undesired entry of the growth medium into the plant (Shavrukov et al., 2012) and 

possibly associated toxic side effects. Hydroponics offer a rapid and cost-effective 

approach to study of the maize root (Tuberosa et al., 2002). 

 By virtue of being a non-field based growth system, and along with other non-

field  based growth systems, the hydroponic experimental approach has not always 

been well-received, in large part due to it imposing an 'unnatural' growth environment 

and being too 'simplistic' (Araus et al., 2008; Hochholdinger and Tuberosa, 2009). In 

particular, roots under drought in the field typically encounter multiple stresses such as 

insufficient water uptake (Lopes  et al., 2011), mechanical stress due to hardening of 

the soil (Passioura, 1988), nutrient deprivation (Lopes et al., 2011), and/or concurrent 

heat stress impacting transpiration (Lopes et al., 2011; Chen et al., 2012). In addition, 

an individual abiotic stress in the field typically comprises multiple stress components, 

where individual components can adversely act on the plant individually and/or in 

combination. For example, water deficit in the field manifests itself in the form of an 

osmotic stress, described as a physical stress (Huang et al., 2012) that results from the 

lowering of the water potential outside the cell (Munns and Tester, 2008) and which 

disturbs plant-soil water relations, and an ionic stress, a chemical stress (Huang et al., 
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2012) that results from the accumulation of ions in a cell (Munns and Tester, 2008) and 

the associated ion imbalance and toxicity (Golldack et al., 2011). In contrast, water 

deficit treatments in the hydroponic approach typically 'only' address an individual 

component, such as the osmotic component.  

 The use of individual stress components, however, and/or the use of an 

individual stress, reflects the researcher's choice rather than the limitations of the 

hydroponic growth system approach. In fact, when effects of individual stress 

components are sufficiently understood and/or when the effects of combined individual 

stresses or stress components are of specific interest, hydroponic systems are easily 

adapted for the simultaneous application of various component stresses. For example, 

the study of concurrent osmotic and ionic stress can be implemented by the use of a 

chemical to lower the water potential of the hydroponic solution and the simultaneous 

use of a salt in solution which, while it also adds to the osmotic stress component, 

generates an ionic stress component (Munns and Tester, 2008). While the combination 

of applied stress components and abiotic stresses in a hydroponic system may never 

serve to realistically mimic field conditions, hydroponic approaches have enjoyed 

increasing recognition by allowing the study of stress components of traits of interest. 

The ability to apply stress components separately has led to a better understanding of 

the molecular, biochemical, and physiological mechanisms that underlie stress 

responses along with increased ability to detect genes involved in these responses 

(Humbert et al., 2013).  
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2.3.2.1 Treatment Implementation, Critique and Opportunities 

 Hydroponic experimental systems have been criticized for being unrealistic in 

regard to the often-chosen methodology of stress introduction and choice of stress 

intensity. While water deficit stress is often perceived as developing 'gradually' over time 

under natural conditions, resulting in descriptions such as 'gradual onset' (Bengough et 

al., 2006), water deficit stress introduction in experimental lab-based systems are 

sometimes perceived as unnecessarily sudden (Chapman et al., 2012). It is argued that 

the sudden introduction of a water deficit stress, along with the fact the stress severity 

and timing of introduction affect the dynamics of the  stress response, triggers 

responses that are of limited value for extrapolation to an applied setting (Bengough et 

al., 2006). Such discrepancy has been considered a possible cause for the failure of 

drought-responsive transgenes, when tested in model species under sudden stress, to 

show similar behavior in maize under more realistic drought conditions in the field  

(Campos et al., 2004). This generalized criticism may be too simplistic, however. For 

example, it has been pointed out that the dynamics of stress development, as acting on 

the plant, greatly depend on the particular growth substrate (Bengough et al., 2006). In 

sandy substrates, in particular, even small changes in water content can result in large 

changes in stress intensity (Passioura, 1988). Furthermore, roots that are grown in 

porous substrates at even seemingly high soil water, or at low stress intensity, can 

commonly be in direct contact with air pockets which would, in fact, reduce water 

availability to the plant. In contrast, roots in the hydroponic system are near-constantly 

surrounded by the aqueous growth medium. In fact, when subjected to the same water 

potential, roots in a hydroponic system may suffer a less intense stress than in a solid 
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growth medium (Chapman et al., 2012). For example, maize primary root growth was 

found to be more reduced under vermiculite than in a hydroponic system at the same 

water potential of -1.6M Pa (Verslues et al., 1998).   

 The specific argument of too quick, or too strong, of a stress introduction in 

hydroponic systems is further weakened upon closer consideration of the aspect of time 

scale. The time scale of drought stress development as perceived by experimenters in 

the field and when based on external, measurable, parameters, does not necessarily 

reflect the time scale at which the component stresses develop and present themselves 

to the plant. For example, while the osmotic stress component of a drought stress often 

develops rather quickly in the field, the ionic stress component typically takes a 

comparatively long time to develop (Munns and Tester, 2008). Therefore, while a rapid 

stress introduction of a salt stress may be called into question, the rapid introduction of 

an osmotic stress may be less controversial. In the study of growth, in particular, and 

seeing that osmotic stress plays the key role in bringing about the reduction in growth 

under water deficit (Munns and Tester, 2008), the use of an immediate osmotic stress to 

induce and study growth changes may therefore not be any less realistic, specifically as 

relating to the argument of too quick, too strong of a stress introduction, than stresses 

that reduce growth reductions in the field.  

 Finally, the method of stress introduction and stress severity are not the sole 

determinants of the stress response as measured at the time of observation and or 

tissue assay. With a gradual introduction and development of stress intensity, as can be 

implemented using a hydroponic approach, for example by using several osmotic 

solutions of increasingly negative water potential, additional time results in increased 
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stress intensity (Blum, 2014). With increasing time of stress exposure, however, there 

also exists the possibility that the stress responses becomes less severe as a function 

of ongoing adaptation to the stress (Golldack et al., 2014). Given the wide range of 

observations that may result from the application of a specific model system, a specific 

crop, growth stage, method of stress application, and trait of observation, I suggest that 

a resonable and best practice approach of initiating studies of a new experimental 

system, and as undertaken in this investigation, examines several stress intensities 

along with not only the reaction to stress but also the potential for recovery. Practical 

arguments, in particular as they relate to the plant's ability to recover fully or partially, 

can guide the assessment of stress intensity rather than technical-based only criteria as 

often used to define stress severity. This recommendation reflects the notion that 

published reports of effects of stress would benefit from not only reporting stress 

severity but from also reporting associated symptoms experienced by plants under 

stress (Hsiao, 1973).   

 

2.3.2.2 Polyethylene Glycol to Impose Osmotic Stress 

 Use of a hydroponic system requires the selection of an osmoticum or chemical 

which can be used to lower the water potential of the growth solution. Polyethylene 

glycol has been used for this purpose as early as 1961 (Lagerwerff et al., 1961) and 

remains one of the preferred osmotica to alternatives such as low-molecular weight 

compounds of sorbitol, mannitol (Hohl and Schopfer, 1991) or inorganic salts (Termaat 

and Munns, 1986) which may enter plant cells and can have toxic effects. Previously 

observed effects of PEG toxicity were attributed to chemical impurities (Lagerwerff et 
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al., 1961; Lawlor, 1970; Steuter et al., 1981) and can be avoided by the use of high-

grade PEG. Although PEG behaves as a metabolically inert substance in plant tissues 

(Mexal at el., 1975), the use of high-molecular-weight PEG of 6000 Da or more has 

been recommended to prevent entry into plant tissue through pores that are commonly 

crossed by substances such as sugar, salts, amino acids, or phytohormones (Carpita et 

al., 2012). To further prevent the possibility of PEG uptake into plant tissues, great care 

must be taken to prevent tissue damage; chance of uptake has also been linked to the 

duration of exposure with short exposure times considered to be of no concern 

(Verslues et al., 1998). Probability of PEG uptake is further reduced when used on 

maize seedlings grown in the dark, or non-transpiring seedlings with minimal 

transpiration stream (Verslues et al., 1998). Adverse effects of PEG, if taken up in 

significant amounts and accumulating in tissues where it may interfere with function, 

can be visually identified by symptoms of tissue necrosis, tissue dehydration, or 

browning of the above-soil plant parts (Lawlor, 1970).  

 As is a matter of concern in hydroponic experimental systems in general, 

continuous immersion of roots in liquid medium can limit diffusion of oxygen to roots and 

give rise to root hypoxia (Mexal et al., 1975). Hypoxia, in turn, can reduce maize primary 

root growth (Verslues et al., 1998). Traditionally, the problem of hypoxia has been 

addressed by continuous stirring and aeration of the growth solution with oxygen, where 

possible, or air (Shavrukov et al., 2012; Chapman et al., 2012). In the particular case of 

PEG solution, where increasing viscosity results from increasing PEG concentration, 

vigorous aeration has been recommended (Verslues et al., 1998). Vigorous aeration 
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and constant stirring can be achieved by the use of aeration stones and proper growth 

box design (Shavrukov et al., 2012).  

 To prevent mechanical damage to the roots by the solution and air movement, 

the use of growth guides has been shown to be useful in delimiting the lateral 

movement of roots (Verslues et al., 1998). Although effects of hypoxia on maize primary 

tip growth rates were shown by Verslues et al. (1998) when using aerated PEG solution, 

the potential for hypoxia-related growth reduction is not unique to hydroponics. In fact, 

solid-medium, pot-based systems can be subject to non-homogeneous water 

distribution that can result in conditions of hypoxia . Furthermore, roots show a degree 

of acclimation capacity to low oxygen pressure (Verslues et al., 1998). PEG is preferred 

over low-molecular weight compounds such as mannitol because it mimics soil drying 

by causing cytorrhisis rather than plasmolysis (Verslues, 2010). During plasmolysis, 

caused by osmolytes entering the cell and to be avoided in experiments of low water 

potential (Munns, 2002), the cell experiences 'a loss of water from and decrease in 

volume of the protoplast while the volume of the cell wall remains unchanged' (Verslues 

et al., 2006). During cytorrhisis, the cell wall shrinks with the protoplast, avoiding 

membrane damage and allowing for recovery (Munns, 2002).  

 

2.4 TRAITS OF INTEREST  

2.4.1 The Zea mays Primary Root  

 The radicle is the root that develops in the seed during embryogenesis. Once 

emerged from the seed, the radicle elongates through cell elongation to form the 

primary root (Bellini et al., 2014). Most of our knowledge of primary roots stems from 
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Arabidopsis studies (Bingham and Robinson, 2003). Arabidopsis and maize primary 

roots share many, but not all attributes. While this limits the extrapolation of Arabidopsis 

findings to maize, it highlights the value of the study of the maize root. As is the case for 

all roots, the organization of cells within the growing zone of the root is established in 

the meristem (Bingham and Robinson, 2003). The cellular organization of the apical 

meristem of Arabidopsis and maize share some conserved root anatomical features 

including the epidermis or dermal tissue, the cortex with endodermis and pericycle 

(together known as the ground tissue), and the phloem and xylem (together known as 

the vascular tissue) (Twyman, 2003). Arabidopsis and cereal root systems differ in the 

number of initial and quiescent centre cells, the number of cortical cell layers 

(Hochholdinger and Zimmermann, 2008), and the fate of the primary root.  

 In Arabidopsis, the primary root gives rise to the lateral roots before such lateral 

roots give rise to more lateral roots. The primary root stays functional and grows into the 

tap root which, together with the lateral roots, forms the main root system that is of 

greatest relevance throughout the life cycle (Atkinson et al., 2014). In contrast, the 

primary root in maize, along with a variable number of seminal roots that form at the 

scutellar node (Hochholdinger et al., 2004), form the embryonic root system. Embryonic 

roots give rise to lateral roots at about six to seven days after seed germination 

(Hochholdinger et al., 2004). During the first two weeks of maize seedling growth, the 

embryonic root system is of pivotal importance to seedling establishment (Andelkovic et 

al., 2012) when the soil surface can undergo rapid water loss (Ali and Talukder, 2008; 

Sharp et al., 1988) and roots must secure access to water before the event of shoot 

emergence (Sharp et al., 2004). Subsequent to the emergence of the embryonic root 
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system, maize then develops a post-embryonic root system from nodal shoot tissues. 

Post-embryonic roots located below-ground are called crown roots and are thought to 

be the dominant root type as early as two weeks after germination (Hochholdinger et al., 

2004). Post-embryonic roots located above-ground emerge much later and are called 

brace roots. Together, crown and brace roots make up the root system that sustains the 

adult maize plant.  

 In general, the embryonic roots are considered negligible in the acquisition of 

resources during vegetative growth and reproductive development (Fehrer et al., 2014; 

Lynch, 2013). While the embryonic root system has in fact been observed to remain 

functional throughout the plant's life cycle in some genotypes (McCully and Canny, 

1985), there have been reports of the atrophy of the embryonic roots after initiation of 

the post-embryonic roots (Feldman, 1994). This inconsistency reflects genotype 

differences (Hochholdinger, 2009). In one study of the loss-of-function maize mutant 

rtcs which is devoid of seminal roots, brace and crown roots, Hetz et al. (1996) 

demonstrated that primary roots alone can, in fact, support plants to reaching maturity 

and being fertile. While the primary root tip, or the growing zone, takes up water to 

support root growth, the uptake of water and nutrients destined for non-root growth is 

taken up several centimeters behind the root tip and where the root tissue has fully 

mature to support all vascular tissue types (Hochholdinger et al., 2004).  

 

2.4.1.1 Zea mays Primary Root Growth 

 Roots are tip-growing organs whose exploration of the soil (Twyman, 2003) is 

critical to optimal use of local resources. The growing zone of the Zea mays root tip, or 
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the region of the root where cell division and expansion occurs, measures 10 mm in 

length under stress-free growth conditions (Fan et al., 2006). Starting from the tip of the 

root, the first component of the growing zone comprises the apical meristem which 

measures 1mm in length and contains the quiescent centre around which cell division 

occurs. This region is followed by the zone of cell expansion which measures 10 mm in 

length (Spollen and Sharp, 1991; Sharp et al., 2004). The zone of cell expansion itself is 

divided into a first zone, closest to the root tip, that reaches up to 2.5 mm from the root 

tip and in which cells first undergo expansion; a second zone at a distance of 2.5 to 7 

mm from the root tip in which cell expansion rate is maximal; and a third zone at a 

distance of 7 to 11 mm from the root tip in which cell expansion decelerates (Yamaguchi 

and Sharp, 2010). While the newly divided cells per se do not significantly contribute to 

the elongation of the root prior to expansion, cell division does in fact greatly influence 

magnitude of elongation by determining the number of cells that subsequently undergo 

expansion (Bingham and Robinson, 2003). Under stable environmental conditions, the 

growing zone of the Zea mays primary root grows at a constant rate. It may take a few 

days after germination, however, until the growth zone has developed and the steady 

state is reached (Bingham and Robinson, 2003).  

 The physical force that drives cell expansion and growth is exerted by water, 

taken up by the roots from the external environment, which gives rise to turgor pressure 

inside the cell. At constant cell wall properties and increasing turgor, the cell would be 

expected to undergo increasing expansion. While this physical mechanism predicts a 

positive correlation of turgor pressure and cell expansion, such a simple relationship is 

not always observed. Instead, this relationship can exist in attenuated form along the 
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different regions in the growing root tip. For example, under stress-free conditions, 

turgor pressure is relatively uniform across the growing region while growth rate is not 

uniform across the growing region (Spollen and Sharp, 1991). The variation in the 

relative rate of root extension reflects variation in cell wall extensibility and yield 

threshold (Hsiao and Xu, 2000; Bingham and Robinson, 2003; Fan et al., 2006). In 

particular, cell wall extensibility (x), cell turgor (TAC), and yield threshold (TYT), the latter 

defined as minimum value of turgor below which the cell will not grow, relate to growth 

as stated by the Lockhart equation [x (TAC - TYT)] (Lockhart, 1965). According to the 

equation, at constant turgor pressure TAC, expansion can be increased by increasing 

cell wall extensibility x and/or by decreasing the yield threshold TYT (Bingham and 

Robinson, 2003). 

 In addition to turgor pressure and cell wall properties, Zea mays primary root 

growth depends on several core entities known to participate in the regulation of plant 

growth: There is the plant hormone abscisic acid (ABA) where exogenously applied 

ABA inhibits root growth of well-watered roots (Sharp et al., 2004); ethylene which is 

recognized as a growth inhibitor in cereals (Araus et al., 2008); auxin which, when 

exogenously applied, shortens the root growth zone (Ishikawa and Evans, 1993); and 

reactive oxygen species (ROS), in particular hydrogen peroxide (H2O2), which enhance 

growth in the Zea mays primary root under a water-deficit (Voothuluru and Sharp, 

2013).  
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2.4.1.2 Growth Response to Osmotic Stress 

 When Zea mays seedlings of a hybrid genotype were subjected to a vermiculite-

based water deficit, Sharp et al. (1988) observed continued primary root growth up to a 

water potential of -2 MPa. Growth rate was reduced from 3 mm per hr for unstressed 

roots to 1 mm per hr for stressed roots at -2.0 MPa. At -2 MPa, shoot growth had 

stopped. The  behaviour reflects a classical phenomenon of above-ground growth being 

more sensitive to low water potential than below-ground growth (Westgate and Boyer, 

1985). Detailed examination of the growing region of the root tip under stress yielded 

the observations that growth in the apical 2 mm was completely maintained relative to 

roots under stress-free growth conditions, that the region of cell expansion had 

shortened from 10 mm in stress-free roots to 6 mm in stressed roots, that the final 

length of root cells were shorter in stressed than non-stressed roots as suggestive of an 

earlier termination of expansion, and that roots under water deficit were thinner than 

stress-free roots in the apical 5 mm. Using vermiculite at -1.6 MPa on an inbred Zea 

mays genotype, Spollen et al. (2008) also observed growth maintenance at up to 3 mm 

and complete inhibition at 6 mm from the tip.  

 Spollen and Sharp (1991) subjected Zea mays primary root tips of a hybrid 

genotype to a vermiculite-imposed water potential of -1.6 MPa to concurrently study 

turgor change and growth rate. Turgor pressure ranged from 0.51 to 0.79 MPa in stress-

free roots grown at -0.02 MPa, and ranged from 0.18 to 0.46 MPa in stressed roots 

grown at -1.6 MPa. The observed variation in turgor reflected cell to cell variation rather 

than systematic variation along the longitudinal axis of the root. Yet, growth rates did 

show systematic variation along the longitudinal axis of the root where, in particular, 
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stressed roots showed higher growth rates in their apical 2mm compared to their more 

lateral regions. This observation points to attenuation of the relationship of turgor and 

growth rates in the stressed root. The mechanism underlying this attenuation was 

attributed to cell wall yielding attributes that vary along the growing region.  

 Using a hydroponic-, rather than a vermiculite-based system, Verslues et al. 

(1998) observed a growth reduction from 4 mm per hr in unstressed roots at -0.02 MPa 

to 1.3 mm per hr for stressed roots at -1.6 MPa in a Zea mays hybrid genotype. When 

compared to Voetberg and Sharp (1991), who used vermiculite in an otherwise 

comparable approach, Verslues et al. (1998) demonstrated that at equal low water 

potentials, with sufficient oxygenation of the hydroponic solution and regardless of the 

speed of the stress introduction, root growth was less inhibited in hydroponics than 

vermiculite. Similarly, in a PEG-based hydroponic system at a mild water stress of -0.5 

MPa, using an inbred Zea mays genotype, Fan et al. (2006) observed the maintenance 

of segmental elongation rate in the zone from 0 to 3 mm behind the root tip, a growth 

rate reduction of 57% at 3 mm to 6 mm behind the root tip, and a reduction of 93% at 6 

mm to 9 mm behind the root tip.  

 Hsiao and Jing (1987) demonstrated that Zea mays primary roots, when placed 

into a -0.42 MPa osmotic solution, rapidly stopped growing. Growth resumed, however, 

within a few minutes time, a result they attributed to the capacity for quick osmotic 

adjustment combined with a change in cell wall conditions. After 45 minutes, growth had 

recovered. Similarly, Munns (2002) allows for a quick growth reduction due to altered 

water relations upon change of the external environment; however, she also argues for 
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the possibility of a quick partial recovery as facilitated by osmotic adjustment and 

reaching a steady state in as little as thirty minutes (Munns, 2010).  
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2.4.2 Gene Transcript Abundance  

 Genes affect phenotype via the presence of mRNA and the regulation of mRNA 

abundance (Rathinasabapathi, 2012). The regulation of mRNA abundance at individual 

genes serves to integrate metabolic and physiological traits, along with underlying 

molecular and biochemical events, from the cell to tissue to whole plant levels as 

required to form a phenotype and respond to the environment (Maron et al., 2008; 

Singh et al., 2012). The large contribution of the transcriptome in forming phenotype is 

reflected in the fact that genotype differences in gene transcript abundance can give 

rise to phenotype differences. Transcriptome variation underlies phenotype variation 

shaped by natural selection that acts during evolutionary processes (Chen et al., 2005; 

Juenger et al., 2010), or shaped by artificial selection as acting during crop 

domestication and genetic improvement  (Marino et al., 2009; Koenig et al., 2013).  

 Studies of genome-wide transcript abundance have pursued various goals. In 

studies of overexpression or loss-of-function mutants, transcript abundance studies can 

help elucidate the molecular basis of traits and can demonstrate proof of concept to 

guide transgenic approaches to improving phenotype (Sanchez-Cabo et al., 2011). In 

linkage analysis, genotypes of different phenotypes are surveyed for gene expression 

variation to identify and map genes that underlie trait variation (Keurentjes et al., 2008). 

Alternatively, transcriptome surveys of distantly related material, or closely related 

material and as done in this current investigation, can describe transcriptome variation 

in view of questions about evolution (Koenig et al., 2013), the role of the transcriptome 

in phenotype (Stamatoyannopoulus, 2004; Sekhon et al., 2011), or in view of 

exploitation of transcriptome variation in future breeding efforts (Moumeni et al., 2011).  
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2.4.2.1 Transcript Abundance Variation and Phenotype Variation 

 Similar to the study of DNA sequence variation within species, several authors 

have described trends in the structure of gene transcript abundance variation. Koenig et 

al. (2013), in a study of expression variation across a cultivated tomato and related wild 

species, reported that expression variation is especially high at genes involved in stress 

responses, suggesting that patterns of expression variation have been strongly 

influenced by effects of past environmental conditions on selection. Patterns of variation 

can also vary by tissue type. For example, a molecular assay of leaf and root tissues of  

dehydration tolerant and sensitive wild emmer wheat genotypes showed different 

transcriptome responses to drought that were particularly pronounced in the root when 

compared to the leaf tissue (Ergen et al., 2009).  

 The study of Ergen et al. (2009) also showed that genotype differences in 

phenotype responses to environmental change can be reflected at the transcriptome 

level. For example, the drought-tolerant line of Ergen et al. (2009) was characterized by 

higher leaf water content under drought stress and a more rapid transcriptome response 

when compared to the drought-sensitive line (Ergen et al., 2009). Here, transcriptional 

responses in the stress-tolerant genotype supported an improved capacity for stress 

sensing and signalling as mediated, for example, by a faster induction of phospholipase 

C, of functional significance in sensing and signalling of water deficit, and faster 

induction of ABA synthesis enzymes. Similarly, in a comparison of shoot transcriptome 

responses to drought stress in a drought tolerant maize inbred line, Han21, versus a 

drought sensitive line, Ye478, by Zheng et al. (2010), the sensitive Ye478 showed a 

greater loss of physiological integrity and a larger number of stress-responsive genes. 
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Larger numbers of stress-responsive genes have been associated with increasing 

stress intensity or increasing duration of exposure to a stress (Blum, 2014). Also, while 

tolerant line Han21 did not display spontaneous leaf cell death and showed 3,642 

stress-responsive genes, Ye478 suffered spontaneous leaf cell death and showed 

4,361 stress-responsive genes. Higher seedling survival in tolerant line Han21 upon 

recovery irrigation was also indicated in the transcriptome response. In particular, a 

higher percentage of stress-responsive genes in the tolerant genotype Han21 showed 

an opposite transcript abundance change upon recovery irrigation and when compared 

to the sensitive genotype Ye478 (Zheng et al., 2010). 

 Studies of transcriptome variation among genotypes also demonstrated that 

patterns of genotype differences depend on the duration of the stress experienced at 

the time of genotype comparison, the type of stress that was imposed, and the traits 

used to define the genotype contrast. For example, in the comparison of an aluminum-

tolerant maize inbred line, C100-6, and aluminum-sensitive  line, L53, when subjected 

to an aluminum-stress, genotype differences in physiology and transcriptome were 

more pronounced at 24 hours into the stress period than at earlier time points (Maron et 

al., 2008). At early time points, genotypes exhibited a small difference in root growth 

rate suppression and the tolerant genotype showed a slightly higher number of stress-

responsive transcripts. At 24 hours, the sensitive genotype displayed a 50% root growth 

rate suppression compared to control growth while the tolerant genotype displayed only 

a 10% root growth rate suppression compared to control growth. At 24 hours into the 

stress, the sensitive genotype showed a much higher number of stress-responsive 

transcripts than the tolerant genotype. This particular example demonstrated that 
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genotypes can differ in the dynamics of the number of stress-responsive genes as a 

function of duration of stress exposure. In particular, while the number of stress-

responsive genes in the tolerant genotype over time was, in fact, constant, the number 

in the sensitive genotype increased dramatically over time. Finally, the transcriptome 

response was distinct in the two genotypes in the way in which they differed in 

processing the specific stress. In particular, the genotype difference was attributable to 

the aluminum-sensitive genotype's accumulation of aluminum and associated toxicity 

effects over time. In contrast, the aluminum-tolerant genotype was able to avoid the 

toxic effects and associated increased transcriptome activity by implementing an early 

response to allow aluminum-exclusion. This particular example of Maron et al. (2008) 

highlights the relative role played by primary versus secondary stress-responses which 

can differ for various types of stresses (Qing et al., 2009).   

 Contrary to the aforementioned examples, the sensitive genotype does not 

always have the stronger transcriptome response. Hayano-Kanashiro et al. (2009) 

compared two drought-tolerant maize inbred lines, M21 and CC, with a drought-

sensitive inbred line, 85-2, under mild and severe water deficit and recovery irrigation. 

The tolerant genotypes showed a faster reduction in photosynthesis and stomatal 

conductance under stress and a higher proline accumulation than the sensitive 

genotype. At the transcriptome level, the tolerant genotypes showed more genes that 

were stress-responsive to severe water stress than the sensitive line. In response to 

recovery irrigation, it was again the tolerant lines that showed a greater phenotypic 

recovery and more genes that were recovery-responsive than the sensitive genotype. 

This study showed that genotype differences in phenotype and transcriptome can be 
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common even among tolerant landraces. In particular, M21 exhibits stomatal 

hypersensitivity to stress while CC achieves tolerance by gradual reduction of 

photosynthesis; meanwhile under severe stress, M21 showed 1.5 times as many stress-

responsive transcripts compared to genotype CC. The study also showed that 

physiological responses that were shared among tolerant genotypes, such as the 

reduction in components of photosystems I and II that is common to drought stress and 

as observed by Hayano-Kanashiro et al. (2009), can be mediated by different stress-

responsive, photosynthesis-associated genes. This study indicates a large amount of 

genetic variation at the transcriptome level even among inbred lines of similar tolerance.  

 The study of transcriptome variation showed that genotype differences are not 

restricted to materials of widely differing genetic backgrounds. Moumeni et al. (2011) 

assayed rice root transcriptomes under drought in two pairs of near-isogenic rice lines 

of drought-tolerant and -sensitive phenotypes. While sensitive and tolerant genotypes 

showed lower divergence in transcriptome responses at higher stress intensity, several 

genes were stress-responsive in tolerant genotypes only. In spite of the high degree of 

common genetic background, such genes affected core mechanisms of the stress 

response such as cell growth, hormone biosynthesis, cellular transport systems, proline 

metabolism and ROS scavenging (Moumeni et al., 2011). Similarly, Marino et al. (2009) 

compared maize kernel transcriptomes of drought-susceptible and -tolerant maize RIL 

lines and found that as many as 68.5% of the stress-responsive genes were stress-

responsive in only one of four genotypes examined. The remaining 31.5% of stress-

responsive genes showed different responses in direction or magnitude of transcript 

abundance change among the four genotypes. 
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2.4.2.2 Mechanisms of Transcript Abundance Variation 

 Large genotype differences in transcriptome responses to abiotic stress, even in 

closely related material, can result from the hierarchical organization of molecular 

elements that, together, implement the gene transcript abundance responses (Alonso-

Blanco et al., 2005). In particular, genotype difference at a small number of genes with 

the ability to sense stress or participate in signal transduction, often well before stress 

symptoms are displayed (Calderon-Vasquez et al., 2008), can result in genotype 

differences at a large number of downstream genes  (Araus et al., 2008; Cramer et al., 

2011). Classical examples are stress-responsive genes in transcription factor families 

MYB or 'dehydration-responsive element binding' (DREB) involved in ABA-dependent 

(Fujita et al., 2011) and ABA-independent stress response pathways (Budak et al., 

2013), respectively. Overexpression studies of MYB and DREB transcription factors 

have powerfully demonstrated their role in increased tolerance to water deficit  stress 

(Ashraf, 2010; Budak et al. 2013), and natural variation in transcript abundance at a 

DREB gene, in response to stress, has, in fact, been identified and associated with 

increased drought tolerance in maize seedlings (Liu et al., 2013).  

 While studies of transcript abundance variation have demonstrated the 

contribution of transcriptome to phenotype variation, they also demonstrated numerous 

factors that contribute to the specific patterns of transcript variation. To better 

understand transcriptome variation in relation to phenotype, and to enable a test of 

genetic effects on phenotype, authors have argued for the application of transcriptomics 

to lines of contrasting phenotypes (Marino et al., 2009) as well as the use of large-scale 
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phenotyping systems that allow accurate, precise, and repeatable application of 

stresses and trait measurement (Araus et al., 2008; Clark et al., 2013).  

 

2.4.2.3 Role of Gene Transcript Abundance in Maize Root Growth 

 The phenomenon of growth, referring to an increase in size that results from cell 

division or enlargement, is a ubiquitous biological phenomenon that results from the 

coordinated interaction of many component processes. As indicated in the previous 

discussion, growth that is part of normal growth and development, or growth changes in 

response to a changing environment, heavily depend on transcript abundance levels or 

abundance level changes, respectively (Ramachandran et al., 1994; Bruce et al., 2002). 

Mechanisms by which transcription affects growth relate to effects of transcript 

abundance on component processes that underlie growth, or on the plant's ability to 

perceive and signal the stress across cells and tissues, and the plant's coordination of 

component processes across these levels of organization (Opitz et al., 2014).  

 In the case of the Zea mays primary roots, the strong involvement of the 

transcriptional response in root growth responses to water deficit stress has in large part 

emerged from studies that correlated aspects of tempo-spatial transcript abundance 

distribution with tempo-spatial attributes of root growth (Yamaguchi and Sharp, 2010). 

The value of this approach has been leveraged by the definition of two concepts, first 

the concept of  transcriptional responses that relate to the primary stress response and 

occur in the apical 3 mm of the root versus, second, the concept of transcriptional 

responses that relate to continued, albeit altered, processes of maturation and occur in 

the basal region of the primary root tip (Spollen et al., 2008). In the first category, 
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transcriptional events affect ROS metabolism, carbon metabolism, nitrogen metabolism, 

signalling molecules, membrane transport, transcription factors, and cell wall loosening 

proteins, all of which are considered of adaptive value to maintain root growth under 

water stress. In the second category, transcriptional events affect membrane transport, 

signalling molecules, transcription factors, DNA-binding proteins, carbon metabolism 

and lipid metabolism of adaptive value to support continued, although adjusted, cell 

elongation and maturation and which ultimately results in the reorganization and overall 

shortening of the root growth zone (Spollen et al., 2008).  

 Effects of transcriptional events on Zea mays primary root growth can be 

exemplified by ABA metabolic changes in relation to growth. In particular, a Zea mays 

primary root response to water deficit stress is the increase in transcript abundance of 

ABA-synthesis enzymes and associated accumulation of ABA (Sharp et al., 2004). In 

contrast to unstressed roots, where ABA inhibits growth (Farooq et al., 2009), the 

stressed root 'tolerates, and requires' ABA to maintain growth in the apical 3 mm 

(Yamaguchi and Sharp, 2010). The negation of the classical growth-inhibiting effect of 

ABA in the stressed root has, in part, been attributed to the down-regulation of the 

transcript for a CIPK-3 like protein, a protein kinase that mediates ABA-signaling 

pathways. Effectively, this transcriptional event disables growth inhibition and allows 

ABA accumulation where it is critical in the ABA-induction of molecules such as 

dehydrins that protect from stress-induced damage (Spollen et al., 2008), and is critical 

in preventing the accumulation of ethylene, the latter a growth-inhibiting factor (Spollen 

et al., 2000). In the region of the shortened elongation zone under stress, the ABA-

growth response, again, is attenuated to adapt to specific growth requirements of the 
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elongation zone, and is mediated by a transcriptional event. Here, however, the 

attenuation has been attributed to the up-regulation of a protein phosphatase-like 

protein (Spollen et al., 2008).  

 Additional core physiological processes have been acknowledged to be of central 

importance in regulating Zea mays primary root growth under osmotic stress and are 

controlled, in part, by events at the transcriptional level. These processes are osmotic 

adjustment and enhanced cell wall loosening (Sharp et al., 2004). Osmotic adjustment, 

or the 'net accumulation of solutes in a cell in response to a fall in the water potential of 

the cell’s environment' (Blum et al., 1996), requires the presence of trans-membrane 

proteins that facilitate osmolyte transport to the apical region of the root tip (Rentsch et 

al., 1996; Spollen et al., 2008; Hayat et al., 2012). Under conditions of water deficit 

stress, transcripts of genes that encode amino acid or sugar transporters are commonly 

seen to undergo abundance increases (Spollen et al., 2008). Similarly, osmotic 

adjustment relies on the accumulation of compatible solutes as mediated by transcript 

abundance increase of relevant biosynthetic genes and/or transcript abundance of 

relevant catabolic genes (Opitz et al., 2014). In the case of enhanced cell wall 

loosening, a process required to allow for continued cell expansion in spite of a 

reduction of turgor pressure, the relevance of transcriptional processes is indicated by 

the rapid transcript abundance increase at genes that encode expansin proteins in the 

apical zone where growth is maintained under the osmotic stress (Wu et al., 2001; 

Spollen et al., 2008). Here, expansin proteins reside in the cell membrane and promote 

acid-induced cell wall expansion under conditions of osmotic stress (Wu et al., 1996). In 

contrast, in the basal area of the root tip where growth is reduced under osmotic stress, 
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expansin genes have been seen to undergo a transcript abundance decrease (Wu et 

al., 2001).  

 

2.4.3 Proline Accumulation 

 The accumulation of the amino acid proline in response to low water potential is 

a widespread phenomenon in plants, algae, and bacteria (Raymond and Smirnoff, 

2002). In the Zea mays primary root growth zone under a vermiculite system-imposed 

osmotic stress, the content of free proline increased by as much as three times in 

response to a mild stress (-0.2 MPa), or 10 times in response to a severe water deficit 

stress (-1.6 MPa) (Voetberg and Sharp, 1991). Free proline can serve as compatible 

solute, or chemical, that does not interfere with normal biochemical reactions (Yoshiba 

et al., 1997), that can accumulate to a high concentration without disturbing cellular 

metabolism (Mundree et al., 2002). Proline accumulation results in the lowering of the 

cell's solute potential (Oliver et al., 2010). The decrease in solute potential allows a 

decrease in cell water potential, or the sum of solute potential and turgor potential, at 

constant turgor pressure (Blum, 2011; Westgate and Boyer, 1985). While the decrease 

in the cell water potential serves the maintenance of the soil-plant water pressure 

gradient required for water uptake from the drying soil (Boyer, 1985), the maintenance 

of turgor pressure, considered an adaptive mechanism to prevent damage from 

drought, plays a key role in the maintenance of cell growth and cellular integrity (Singh 

et al., 2012). Proline has additional and varied functions, however, also valuable in the 

adaptation to drought stress (Sharma and Verslues, 2010). For example, it has been 

implicated in the protection of cellular structures (Lehman et al., 2011), in part due to its 
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ability to stabilize proteins (Abraham et al., 2010; Low, 1985), resulting in the negation 

of adverse effects of cellular dehydration. It has also been implicated in the regulation of 

cellular redox potential (Lehman et al., 2011). Upon removal of a water deficit stress, 

proline accumulation is reversed. The drop in proline content reflects the altered soil-

plant water relations  and the need for tight control of proline homeostasis (Mattioli et 

al., 2009). It has been suggested that the oxidation of proline in the mitochondria can 

provide electrons, or reducing potential, to the respiratory chain in support of the energy 

supply required for the recovery of growth  (Szabados and Savoure, 2009).  

 

2.4.3.1 Mechanisms of Proline Accumulation 

 Proline accumulation is among the largest metabolic changes in response to a 

water deficit (Sharma et al., 2011). The increase in proline concentration in the cell can 

be the result of several mechanisms. The first is an increase in proline concentration 

due to cellular shrinkage associated with water loss (Blum et al., 1996). This increase in 

proline concentration can be rapid, at the timescale at which osmotic stress exerts its 

effect on the plant tissue (Munns and Tester, 2008). However, proline content increase 

in tissues under stress is also seen to occur over longer periods of time (Abraham et al., 

2010; Low, 1985). This increase results from net deposition in a process described as 

osmotic adjustment (OA), or the net accumulation of solutes in the cell in response to a 

decrease in the external water potential (Babu et al., 1999). In the apical region of the 

Zea mays primary root under water deficit stress, proline deposition typically accounts 

for as much as 50% of the net deposition of osmolyte related to osmotic adjustment that 

takes place (Voetberg and Sharp, 1991). There are three sources of proline for this net 
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deposition. First, proline is transported from the seed into the root. Second, proline is 

synthesized in pathways that converts glutamate to proline. Third, proline can be 

synthesized from ornithine. The size of the free proline pool in the root tissue also 

depends on the catabolic pathway that converts proline to glutamate (Verslues and 

Sharma, 2010) as well as the rate of utilization of proline to support cellular energy 

requirements and/or to support growth as protein component (Hare and Cress, 1997). 

 

2.4.3.1.1 Proline Transport into the Root 

 Proline can be transported from the endosperm into the growing zone of the Zea 

mays primary root. The transport from the endosperm is thought necessary because of 

the root's limited proline biosynthetic capacity (Oaks and Beevers, 1964). Proline 

transport was indicated by Verslues and Sharp (1999), who made use of labeled proline 

substrates glutamate and ornithine, or made use of labeled proline, to demonstrate that 

the net-deposited proline, as observed in response to a hydroponic PEG-based osmotic 

stress at water potential of -1.6 MPa, primarily originates from the endosperm of maize 

seedlings. Similarly, but based on observations of seedlings with removed endosperm 

and/or based on observations of excised root tips, Raymond and Smirnoff (2002) 

suggested that the endosperm provides the majority of the root's proline pool. Once in 

the root, the size of the free proline pool is subsequently determined by the extent of 

proline oxidation (or catabolism) and protein synthesis. Although both Verslues and 

Sharp (1999) and Raymond and Smirnoff (2002), challenge the long-held view that 

proline accumulation in the maize primary root results from concurrent increased 

synthesis and decreased catabolism in the primary root of Zea mays under an osmotic 
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stress, both parties fully acknowledge the continuous involvement of biosynthetic and 

catabolic pathways, as well as the continued utilization of proline in support of the root's 

needs of energy and nitrogen. The  large contribution of proline transport, concurrently 

with regulated processes of biosynthesis and catabolism, speak for the role of proline as 

more than simply functioning as an osmoprotectant under stress, and emphasizes the 

likely significance of proline as a participant in primary metabolism, even under 

conditions of water deficit and reduced growth. A recent review of the evolution of 

proline biosynthesis acknowledges the multiple roles of proline as component of 

proteins, participant in physiological processes that underlie stress-resistance, as well 

as its role in cellular redox control (Fichman et al., 2014).  

 As implicit in the findings of proline transport by Verslues and Sharp (1999) and 

Raymond and Smirnoff (2002), the proline distribution in the plant, and associated 

changes in response to stress, result in an extensive need for long-distance proline 

transport within the plant (Hayat et al., 2012). Long-distance transport of proline can 

occur via the phloem sap (Girousse et al., 1996) and xylem sap (Bialczyk et al., 2004). 

Trans-plasma membrane transport of amino acids is commonly mediated by 

transporters of the 'amino acid  superfamily' (ATF) which contains the family of proline 

transporters (or proT). Two transporters of this class, protT1 and proT2, were isolated 

from Arabidopsis (Rentsch et al., 1996) and identified to mediate the transport of 

proline, glycine, and GABA (Fischer et al., 1998; Grallath et al., 2005). The expression 

of proT transporters has been associated with the increased expression, or 

accumulation, of proline (Rentsch et al., 1996; Bock et al., 2006; Lehman et al., 2011). 

In Arabidopsis, proT1 shows steady expression in phloem or phloem parenchyma 
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throughout the entire plant and is thought to be particularly important in the long-

distance transport of compatible solutes (Rentsch et al., 1996; Grallath et al., 2005). 

ProT2 is expressed in the leaf after wounding and shows high expression in the 

epidermis and cortex of roots in seedlings, as well as in mature Arabidopsis plants 

(Grallath et al., 2005). ProT2 was found to be water-stress and salt-stress responsive in 

Arabidopsis seedlings (Rentsch et al., 1996). It is thought to be particularly important in 

proline distribution under stress (Yoshiba et al., 1997), and the water-deficit-caused 

induction of ProT2 lagged slightly behind the induction of proline biosynthesis gene 

P5CS (Taylor, 1996).  

 

2.4.3.1.2 Proline Anabolic and Catabolic Pathways 

 Proline biosynthesis occurs via one anabolic pathway in which glutamate is 

converted to proline and a second anabolic pathway, sometimes referred to as 

'alternative pathway' for reason of it being less commonly used in plants, in which the 

amino acid ornithine is converted to proline (Fichman et al., 2014). Proline degradation, 

on the other hand, occurs in the form of only one catabolic pathway in which proline is 

converted to glutamate (Lehmann et al., 2010). Proline is an amino acid that is 

incorporated into proteins in organisms from across all kingdoms of life; due to the 

involvement of proline in primary metabolism (Szabados and Savoure, 2009), the 

pathways and participating enzymes show an exceptionally high degree of conservation 

and much has been learned from a wide range of studies (Fichman et al., 2014). In the 

case of plants, proline pathways have been studied, and participating genes identified, 

in maize, rice, tomato, the common bean, and Arabidopsis (Fichman et al., 2014). Much 
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of what is known, however, about responses of proline pathway genes due to water 

deficit comes from Arabidopsis. This reflects the role of Arabidopsis as a model system 

and its extensive genetic resources (Verslues and Sharma, 2010), including the 

availability of several mutants of enzymes in the  proline pathways (Fichman et al., 

2014).  

 In the anabolic pathway, in which glutamate is converted to proline, and in 

response to a water deficit, the rate-limiting enzyme delta-1-pyrroline-5-carboxylate 

synthase (P5CS) undergoes an abundance increase (Yoshiba et al., 1997). 

Transcriptional regulation of P5CS under dehydration has been observed in Arabidopsis 

within 2 hours of the start of treatment (Yoshiba et al., 1997). In response to stress 

removal, the rate-limiting enzyme P5CS undergoes a transcript abundance decrease 

and often returns to pre-stress conditions (Yoshiba et al., 1997). Moreover, observations 

in Arabidopsis suggest that the rate of P5CS mRNA loss is proportional to the drop in 

proline content (Yoshiba et al., 1997). Further, in the anabolic pathway from glutamate 

to proline and in response to a water deficit stress, the second enzyme delta-1-

pyrroline-5-carboxylate reductase (P5CR) does not undergo a transcript abundance 

change (Yoshiba et al., 1995; Verslues and Sharma, 2010). Because P5CR does not 

represent the rate-limiting step in the anabolic pathway of glutamate to proline, the lack 

of up-regulation does not adversely affect proline accumulation in Arabidopsis.  

 During proline accumulation, the specific behaviour of catabolic genes can 

depend on whether proline accumulation is developmentally-induced or stress-induced 

(Mattioli et al., 2009). In response to an osmotic stress, a transcript abundance 

decrease is often observed at the gene that encodes the enzyme proline 



46 
 

dehydrogenase (ProDH) (Verslues and Sharma, 2010). ProDH is a flavoprotein which 

catalyzes the first and rate-limiting step in the oxidization of proline to glutamate 

(Cecchini et al., 2011). Upon relief from the osmotic stress, and when proline is typically 

present in high amounts, the ProDH gene is strongly induced. The transcript abundance 

increase associates with an observed proline content decrease (Miller et al., 2005). The 

second step in the catabolic pathway is catalyzed by the enzyme delta-1-pyrroline-5-

carboxylate dehydrogenase (P5CDH). Contrary to expectations for conditions of water 

deficit stress, when a catabolic enzyme would be expected to undergo repression to 

allow for proline accumulation, the catabolic enzyme P5CDH has in fact been seen to 

undergo a transcript abundance increase under low water potential (Sharma and 

Verslues, 2010). Induction of P5CDH has also been seen in the presence of proline 

(Deuschle et al., 2004). Because the enzyme P5CDH does not comprise the rate-

limiting step in the degradation of proline to glutamate, this up-regulation is not seen to 

threaten the capacity for proline accumulation under water deficit.   

 Finally, concerning the alternative anabolic pathway of proline, where the amino 

acid ornithine serves as substrate, our understanding of the pathway response is largely 

based on the participating enzyme ornithine aminotransferase (OAT) (Fichman et al., 

2014). Under conditions of a water deficit stress, the Arabidopsis gene that encodes the 

OAT enzyme undergoes an abundance increase (Sharma and Verslues, 2010). The 

response of OAT to abiotic stress has been seen to be stress-specific, with a decrease 

in transcript abundance due to cold or salt (Sharma and Verslues, 2010). Until recently, 

it was thought that OAT converts ornithine into the proline intermediate P5C, which 

would subsequently be readily available for further reduction into proline (Lehmann et 
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al., 2010). The recent discovery that OAT is located and generates P5C in the 

mitochondria, however, while P5C is needed in the cytosol for further ready availability 

and reduction into proline, has recently prompted a re-investigation of the role of the 

ornithine-based pathway in proline metabolism. The resulting, currently popular model, 

suggests that the P5C intermediate generated in the mitochondria is first reduced to 

glutamate inside the mitochondria (Szabados and Savoure, 2009), and as in fact 

supported by the observed increase in transcript abundance of P5CDH under water 

deficit stress, and the glutamate then released, or transported, into the cytosol. Here, 

the glutamate can serve as a substrate for proline biosynthesis such that, ultimately, the 

activity of OAT can, in theory, add to proline accumulation, as observed in response to a 

water deficit. In fact, the ornithine pathway has been considered of importance in 

seedling development and in response to stresses (Roosens et al, 1998; Armengaud et 

al., 2004; Kleffmann et al., 2004). Even if this was the case, however, and while the 

alternative pathway has been observed to operate in maize (Delauney and Verma, 

1993), the action of OAT is not thought to contribute to proline accumulation that occurs 

in response to water deficit stress (Verslues and Sharp, 1999). It has been suggested 

that the OAT-facilitated synthesized glutamate, in fact, serves a purpose other than 

proline synthesis and accumulation, however, where this other purpose is critical to the 

plant root which continuously has to maintain redox balance for proper functioning as 

well as continue to demand energy and nitrogen for continued growth (Hare and Cress, 

1997; Sharma and Verslues, 2010). 
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2.4.3.2 Relationship between Proline and Growth 

 Because the accumulation of proline results in the lowering of the solute potential 

in the process of osmotic adjustment (OA), and because osmotic adjustment can act to 

maintain cell turgor which then can permit continued growth under an abiotic stress 

(Sharp et al., 1990), a common expectation has been that the increases in an osmolyte 

necessarily results in the maintenance of growth. The assumed positive relationship 

between OA and growth, however, is often not observed. For example, when turgor is 

maintained, growth has sometimes been seen to decrease, or when turgor increases, 

growth has been seen to decrease (Munns, 1988). In the case of the Zea mays primary 

root, an inconsistency between OA and growth can be explained by the interaction of 

OA and cell wall properties.  While turgor is required for growth, it can drive growth only 

as permitted by cell wall yielding attributes that restrict, or allow for, expansion (Sharp et 

al., 2004).  

 Nevertheless, research interest in the role of OA and proline on productivity and 

growth have remained strong. In the case of OA, the interest is sustained by the 

unabated evidence that genotype differences in productivity under abiotic stresses often 

relate to the capacity for OA (Lemcoff et al., 1998). In fact, OA has been described as 

the 'most addressed adaptive trait in applied breeding for drought resistance since the 

1980s' (Blum, 2014). In the interpretation of the relationship between OA and 

productivity, and in the investigation of underlying mechanisms, consideration is given 

to both the possibilities that OA is an adaptive response which enhances survival under 

stress by protecting cell integrity, or which contributes to growth regulation during the 

stress (Munns and Termaat, 1986). In the case of proline, the interest in its relation to 
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productivity and growth is sustained, in large part, by observations that mutants with 

altered proline responses to stress also show altered growth responses. For example, 

Arabidopsis knockdown mutants for biosynthetic enzyme P5CS show reduced proline 

accumulation in response to a salt and drought stress and also show reduced seedling 

root growth rate in response to salt stress (Szekely et al., 2008). In contrast, a 

transgenic tobacco mutant with increased proline accumulation show improved root 

growth under salt stress (Hong et al., 2000).   

 This approach taken, and observations made, are very promising but have 

provided only limited answers. First, the transgenic approach is of limited practical 

value. Transgenics often result in constitutive expression of the targeted gene which 

confers a disadvantage on the plant in the absence of stress (Kishor et al., 2005). 

Secondly, mutants or transgenics are often afflicted with grave metabolic abnormalities, 

limiting their value as representative of metabolism in the natural genetic background 

(Mir et al., 2012; Witcombe et al., 2008). When the use of transgenics leaves us with an 

oversimplified understanding of the organism, we may well run the risk of devising 

strategies of genetic improvement that do not make use of the full capacity of the 

organism. Consequently, instead of using genetic mutants, we wish to study naturally 

varying genotypes, and ideally, genotypes that differ not only in proline, and proline 

responses, but also quantitatively differ in growth, and growth responses. Here, I 

suggest the use of the Zea mays primary root as a model system.  
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CHAPTER 3. DEVELOPMENT OF A HIGH-THROUGHPUT HYDROPONIC GROWTH 

SYSTEM TO DETECT GENETIC VARIATION IN PRIMARY ROOT GROWTH RATE 

OF MAIZE (ZEA MAYS L.) UNDER OSMOTIC STRESS AND STRESS RECOVERY  
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3.1 ABSTRACT 

The root system of maize constitutes a key component in the plant’s ability to 

limit yield losses under water deficit. However, the study of roots is hampered by 

technical challenges associated with treatment application and root trait observation. To 

overcome such challenges, hydroponic growth systems can provide controlled growth 

environments and the opportunity for non-destructive trait observation. This study 

reports on the development and use of a large-scale hydroponic growth system. 

Custom-built to allow for the simultaneous observation of up to 540 maize (Zea mays L.) 

seedlings, I used this growth system and a set of maize inbred lines to study primary 

root growth rate (RGR) under a transient osmotic stress. In a series of three 

experiments, I tested for effects of technical system attributes on RGR; effects of 

osmotic stress introduction, taking into account stress intensity and recovery, on RGR; 

effects of genotype on RGR, taking into account the growth environments before, 

during, and after the osmotic stress. Results from individual experiments in this study 

agree on findings concerning the rapid of establishment of linear root growth by all 

genotypes, in all growth environments, and at all osmotic stress intensities; a frequently 

observed, statistically significant effect of growth box on RGR, but which only explains a 

small percentage of total variation; a consistently statistically significant effect of 

genotype on RGR, explaining an average 44% of observed RGR variation. Results of 

this study confirm earlier reports of a reduction in RGR due to osmotic stress. This study 

is the first to show, however, and to show with high degree of repeatability, that changes 

in RGR across a transient osmotic stress, occur in a genotype-specific manner.   
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3.2 INTRODUCTION 

Maize (Zea mays L.) global acreage (176,991,927 hectares; FAOSTAT, 2012) 

exceeds that of rice and makes up 80% that of wheat. Maize places first in harvest 

weight and global production (4.9 T/Ha and 875 Million T, respectively; FAO, 2015). 

Because maize growth is highly sensitive to water deficit (Welcker et al., 2007) and 

intermittent drought frequently occurs in maize production environments, yields suffer 

regular losses due to drought (Cairns et al., 2012). Research on maize productivity 

under drought has highlighted the role of the root system. Where maize lines have been 

found to differ in drought tolerance, often they also differ in root traits (Magalhaes et al., 

2012; Hund et al., 2009). Maintenance of yield can be achieved when the proper root 

system, matched to environmental conditions (Trachsel et al., 2011), is combined with 

additional key plant traits relating to water use efficiency (Hund et al., 2009). Root 

morphology has been implicated as a determinant of yield (Lopes et al., 2011). Of 

particular interest are traits that enable stress avoidance (Lopes et al., 2011).  

Progress in root genetics has been hampered by technical challenges of root trait 

study (Trachsel et al., 2011). Roots are difficult to access, root traits are difficult to 

measure and are affected by multiple factors (Bengough et al., 2006; Zobel et al., 2007, 

Chapman et al., 2012). Controlled-environment growth systems can provide the degree 

of environmental control required in hypothesis testing, which is often unattainable in 

the field (Chapman et al., 2012). When growth systems allow for continuous, non-

destructive root trait observation, they enable the real-time study of growth. This is a 

fundamental advantage over systems that are limited to a single, destructive 

observation which are informative only of prior, undocumented events (Zhu et al., 2006).  
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The premise of this study was that a hydroponic system could be built and 

operated at sufficiently large capacity, with small enough technical error variation, to 

allow for the identification of genetic variation in Zea mays primary root growth before, 

during, and after an application of osmotic stress. The primary root represents an 

excellent tissue to study. As part of the axile (Hund et al., 2009b) and embryonic 

(Hochholdinger, 2009) root system, primary roots contribute to maize seedling vigor 

(Hochholdinger and Tuberosa, 2009) and crop yield by means of contribution to 

seedling establishment (Sharp et al., 1988). Osmotic stress, a component of drought, 

salt, cold, and pathogen stress (Tippmann et al., 2006) affects plant water status (Aroca 

et al., 2012) and results in reduced primary root growth rate in maize upon stress 

introduction (Sharp et al., 1988).  

The general objective of this study was to implement a controlled-environment 

system that is large-scale and cost-efficient, for quick, non-invasive and non-destructive 

root growth assay. For this purpose, I scaled up a previously described liquid-medium 

hydroponic growth system (Verslues et al., 1998). This system was then used to assay 

root growth rates of genotypes before, during, and after imposing an osmotic stress. 

Using growth rate (cm/hr) for the purpose of genotype comparison, and a set of inbred 

maize lines chosen to represent a cross-section of Canadian germplasm, objectives of 

this part of the study were to quantify the contribution of technical versus genetic 

sources of variation to the total observed variation in RGR; to identify osmotic stress 

intensities best suited to test for genetic diversity in root growth under osmotic stress; 

and to test for genetic diversity in, and obtain estimates of primary RGRs before, during, 

and after experiencing an osmotic stress for a set maize inbred lines.   
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3.3 MATERIALS AND METHODS 

3.3.1 Growth System Setup 

 I undertook three experiments in this study, using a custom-built, high-throughput 

hydroponic growth system. The interior of a walk-in growth chamber (Conviron 

CMP3244, Winnipeg, Canada) was modified by the construction of a 0.5 m deep by 

0.75 m wide by 1.8 m high dark cell, positioned to attach to the inside of the chamber 

access door (Appendix A.1). Built from light-impermeable, black plastic tarp, the dark 

cell prevented ambient light from flooding into the chamber during entrance/exit, and 

helped maintain controlled temperature and humidity conditions. Further, the growth 

chamber was equipped with one small shelf used for seed preparation, and one larger 

shelf of three shelf levels to support the growth boxes that made up the basic unit of the 

hydroponic growth system. Plexiglass growth boxes (Appendix A.2), designed to hold 

30 maize seedlings for observation per box throughout an experiment, were designed 

and built. Box dimensions (35 cm x 27cm x 5 cm deep) allowed for the placement of six 

growth boxes on each of three shelf levels (Appendix A.3). At full capacity, the system 

accommodated 540 maize seedlings across a total of eighteen growth boxes.  

 Growth boxes were designed to hold seedlings in a fixed position throughout an 

experiment, with seed and hypocotyl exposed to the ambient air and the primary root 

immersed in liquid growth medium (Appendix A.2). Each growth box contained 30 

permanently mounted translucent plastic straws, of 6 mm diameter, that acted as root 

growth guides by restricting the root tips’ direction of growth. In addition, each box was 

equipped with a permanently mounted solution exchange tube. Solution exchanges 

were required to introduce or remove growth solutions between growth periods. To 
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counteract oxygen deficiency of roots, boxes were equipped with air supply tubing 

(Hagen Elite Air-Curtains, Baie d'Urfe, Canada) to continuously and vigorously aerate 

the growth solution. Air was brought into the chamber from an external location, and fed 

to individual growth boxes (Appendix A.4).   

 

3.3.2 Growth Medium 

The standard growth medium (Verslues et al., 1998) contained 5 mM 2-(N-

morpholino)ethanesulfonic acid (MES buffer, Fisher Scientific, Ottawa, Canada), 0.006 

mM boric acid (H3BO3, Fisher Scientific, Ottawa, Canada), and 0.5 mM calcium sulfate 

(CaSO4, Sigma-Aldrich, Oakville, Canada). To lower the solution water potential, the 

standard medium was supplemented with polyethylene glycol (PEG 8000, JT Baker, 

Center Valley, U.S.A.) in solution. To make the PEG solution, the PEG powder was 

added to water and the mix stirred constantly under medium heat (40 °C) until the 

powder was completely dissolved (approximately four hours). Basic growth solution and 

dissolved PEG were mixed in ratios to generate PEG concentrations of 15%, 20%, 

22.5%, 25%, or 27.5% (w/v) as required by the specific experiment. When at final 

volume, solutions were adjusted to a pH-value of 6.0 using 1 M sodium hydroxide 

(NaOH, Fisher Scientific, Ottawa, Canada). The large volume of growth solution needed 

for the growth system required preparation of solution in multiple, separate buckets (16 

L in volume). To eliminate technical error relating to random bucket-to-bucket 

differences in growth solution, final solutions were mixed across buckets. Buckets were 

covered to prevent solution contamination and moved to the growth chamber for 
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temperature equalization. Growth solutions were prepared up to four days before the 

start of an experiment and were not used for more than one growth period. 

 

3.3.3 Seed Germination and Seedling Treatments 

For each genotype, two to three times the number of seeds required in an 

experiment were imbibed in room-temperature tap water for two hours, surface-

sterilized in a 2.5% sodium hypochlorite solution for two minutes, and rinsed in tap 

water. The bleach and rinse steps were repeated a second time. The seed was then 

placed between two layers of paper towels, moistened with 250 ml of tap water and laid 

out in growth trays. Growth trays were kept in a walk-in growth chamber for 72 hours, at 

a temperature of 25 °C, relative humidity of 95 %, and continuous green light. At 36 

hours into the 72-hour germination period, 50 ml of water was added to remoisten the 

paper towels. The end of the germination period marked the start of the treatment, or 

t0h.  

At t0h, seed was visually inspected. Seedlings free of visible damage and whose 

primary roots were intact were selected. Seedlings were transferred into growth boxes 

containing growth solution, with great care taken to avoid contact between the root tip 

and a solid surface during the transfer. Placement of seed at specific positions in a 

growth box was done in accordance with the experimental designs of each of the three 

experiments in this study. At the time of seedling transfer, growth boxes contained 

growth solution to prevent seedlings from dehydrating. Seedlings remained at fixed 

position throughout each experiment.  
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 I performed three experiments. In experiment one, seedlings grew in the PEG-

free standard growth medium for the duration of one growth period only. In each 

experiment two and three, seedlings were grown over three consecutive growth periods: 

Growth period one (or pre-stress period) employed PEG-free solution. Growth period 

two (or osmotic stress period) employed PEG-supplemented solution. Growth period 

three (or recovery period) used PEG-free growth solution.  

 

3.3.4 Root Length Measurement 

 Root length of each seedling was measured as the trait of interest at several time 

points in each experiment. Positioning the measurement scale of a ruler flat against the 

outside surface of the growth box, root length was recorded to the nearest mm as the 

distance from the point of primary root emergence from the seed to the root tip. To 

eliminate bias in the measurement, the observer aligned his/her head to form a line of 

sight, from eye to root tip, that ran perpendicular to the growth box wall (Appendix A.5). 

Measurement of a root was permanently discontinued if any of the following was 

observed: The root had exited a straw by a straw aeration hole; the root failed to 

displace in a straight downward manner (e.g. spiraled or grew upward); the root exited 

the straw by the straw's bottom opening, i.e. the root had grown past the maximum 

measurable length of 20 cm. If excluded, the root’s most-recently recorded length was 

considered the final length for the respective growth period, and the growth rate (cm/hr) 

adjusted for the shortened time period over which the root elongation was observed.  

 

  



58 
 

3.3.5 Root Growth Rate Calculation 

Upon completion of an experiment, I plotted root length versus time to visualize 

the root elongation process (e.g. Figure 3-2). Roots whose growth stalled were 

excluded from data analysis in subsequent growth periods. Root growth rate (RGR) was 

computed as :  

RGR =  (RLE(cm) – RLS(cm))   /   (TE(hr) – TS(hr))             [formula 1] 

or the difference in root length (in units of cm) at the end (RLE) and start (RLS) of a 

measurement period, divided by the difference in time (hr) fom start (TS(hr)) to end (TE(hr)) 

of the measurement period.   

 

3.3.6 Experimental Design 

 Experient one used 25 inbred lines (Table 3-1) to determine if root growth is 

constant and linear in the absence of PEG, to determine if genotypes differ in RGR, and 

to test if genetic variation is a major source of variation relative to variation due to 

technical factors of growth box and shelf level. Genotypes included short-season yellow 

dent inbred lines of various heterotic patterns developed at the University of Guelph and 

referred to by genotype names starting with the letters GC; French, early-maturing flint 

lines F2 and F7 (Barriere et al., 2006) elite parents which have widely contributed to 

European hybrid germplasm (Cartea et al., 1999); white food-grade corn inbred lines 

SD79 and SD80 developed in South Dakota (Lee et al., 2009); and yellow dent inbred 

lines W22 and W23 developed at the University of Wisconsin (Godschalk and Lee, 

1990).  
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Table 3-1: Genotypes used in the development of the hydroponic system.

  Experiment 

Genotype 1 2 3 

A619 y y y 

CG24 y 
 

y 

CG33 y y y 

CG44 y y y 

CG57 y y y 

CG58 y 
 

y 

CG59 y y y 

CG60 y y y 

CG65 y 
 

y 

CG69 y 
 

** 

CG73 y 
 

y 

CG74 y y y 

CG76 y 
 

** 

CG80 y 
 

y 

CG81 ** 
 

** 

CG87 ** 
 

** 

CG102 y y y 

CG105 y y y 

CG108 y y y 

F2 y y y 

F7 y 
 

y 

SD79 y y y 

SD80 y y y 

W22 y 
  

W23 y y y 

** Genotypes excluded from statistical data analysis due to missing data 
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 In experiment one, seedlings were grown in PEG-free solution for one growth 

period of 50 hours in duration. The hydroponic system consisted of three shelf levels 

(top, middle bottom), six growth boxes per shelf level, with each genotype represented 

by one seedling in each the 18 boxes. Seedling position in a box was randomized. With 

the start of the experiment, denoted as t0h, root length of each seedling was measured 

a total of twelve times at times t0h, t2h, t8h, t18h, t22h, t26h, t30h, t34h, t38h, t42h, t46h, t50h.  

In three separate applications of model 1 below, the data from the six growth 

boxes on a shelf level were treated as an RCBD, with growth box representing a block, 

to test for effects of genotype and growth box on root growth rate (see Table 3-4):   

     Ygr = µ + αg +  βr + εgr                                                               [model 1] 

where growth rate Y of root of genotype g in growth box r is modeled as linear 

combination of the grand mean µ, genotype effect α, box effect β, and residual error εgr. 

Genotype and box were treated as fixed and random effects, respectively. In a fourth 

application, data from all of the 18 growth boxes were analyzed using model 1. 

 In a separate analysis and to allow for a shelf effect, data from the eighteen 

growth boxes were treated as an RCBD to test for the effect of shelf, box nested within 

shelf level, genotype, and shelf by genotype interaction (Table 3-4): 

Ygre = µ + ϒe + βr(ϒe) + αg + ϒeαg + εrge                                    [model 2] 

where growth rate Y  for root of genotype g in box r on shelf e is a linear combination of 

the grand mean µ, shelf effect ϒ, box effect nested within shelf  βr(ϒe), genotype effect 

α, the genotype by shelf interaction αgϒe, and error εrge. Genotype was treated as a 

fixed factor while growth box and shelf were treated as random effects.  
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 Experiment two incorporated the use of PEG to test if root growth is constant and 

linear in the presence of PEG as well as after the removal of PEG, allowing for various 

PEG concentrations used in growth period two. Experiment two served as first 

description of root growth responses to osmotic stress and recovery across genotypes, 

and as basis to chose the PEG concentration for future experiments.  

 In three subsequent treatment periods using stress-free, stress, and stress-free 

growth conditions, fourteen maize inbred lines (Table 3-1) were examined. The stress-

free condition (period one) was 16 hours in duration with root lengths measured at t0h, 

t4h, t8h, t12h, and t16h; growth under osmotic stress (period two) was 24 hours in duration 

with root lengths measured at t20h, t24h, t28h, t32h, t36h, and t40h; growth in recovery 

conditions (period three) was 24 hours in duration with root lengths measured at t44h, 

t48h, t52h, t56h, t60h, t64h, and t68h. Each of three shelf levels held six growth boxes, and 

each growth box held two seedlings per genotype placed at randomized positions within 

the box. RGRs of the two roots per genotype in a box were averaged before statistical 

analysis. To implement different stress intensities in growth period two, each of the six 

growth boxes on a shelf level were randomly assigned one of six PEG concentrations 

(0%, 15%, 20%, 22.5%, 25%, or 27.5% (w/v)).  

 RGR data from experiment two, growth period one was analyzed using models 1 

and model 2 (see Table 3-5). Raw RGR from across PEG levels within each period two 

and three could not be analyzed across PEG levels because RGR differed in scale, 

resulting in a violation of the assumption of heterogeneity of variance. Consequently, 

model I was applied to data of experiment two, growth period two, separately for PEG 

level (see Table 3-7); the same was done for data from period three (see Table 3-8).   
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 To overcome the challenge of unequal heterogeneity of variance, in order to test 

for an effect of PEG on growth rate, I index-transformed the RGR data. Transformation 

was done separately for growth periods two and three. In the transformation, raw RGR 

data was transformed into percentage growth rate, or PGR, by expressing the RGR of 

each root as percentage of the respective growth box’s average RGR, computed as 

   PGRbg =   [   ybg  /  [ (SUMg=1 
g=n(ybg )  / n ]  ] * 100                     [formula 2] 

where percent growth rate PGR of root bg in box b for genotype g (PGRbg) is obtained 

by division of raw RGR of root of genotype g in box b (ybg) by the average growth rate in 

the box [(SUMg=1 
g=n(ybg )/n] where n equals the number of genotypes in the box.  

 Using data from experiment two, growth periods two and three separately, 

transformed data was used to test for statistical significance of a PEG effect and its 

interaction with genotype, using model III (see Table 3-9):   

Ypg = µ + αp + βg + αpβg + εpg                                             [model 3] 

where Ypg, or the PGR at PEG level p of genotype g, was modeled as linear 

combination of the grand mean µ, PEG effect α, genotype effect β, and the PEG by 

genotype interaction αβ, plus the experimental error.  

 Experiment three used only one PEG level (25% w/v) in growth period two, and 

consisted of three consecutive growth periods one, two, and three. Experiment three 

used more genotypes than in experiment two (Table 3-1) and, most importantly, made 

use of an experimental replicate, i.e. made use of a repetition of the entire hydroponic 

experiment. Experimental replication was required in order to test for effect of 

experimental replicate on RGR and, ultimately, to take advantage of this increased 

replication to obtain precise estimates of genotype RGR.  
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 In each experimental replicate of experiment three, roots were treated with a 

stress-free growth period one of 20-hour duration with root lengths measured at t0h, t4h, 

t8h, t20h, subsequently treated with a subsequent 24-hour osmotic stress period two 

(25% PEG) with lengths measured at t24h, t28h, t32h, t44h, and a final 24-hour recovery 

period three with root lengths measured at t48h, t52h, t56h, t68h. Unlike experiment two, 

where different PEG concentrations were used, data transformation was not required in 

experiment three analysis because only one PEG level was employed.  

 Using RGR data from experiment three, and separately done for each growth 

period, a model was fitted to allow for effects of experimental replicate, shelf, box within 

shelf, genotype, and two-way as well as three-way interactions (see Table 3-6): 

Yesbg = µ + αe + δs + βb(δs) + ρg + 

                                (δs x ρg) + (αe x δs) + (αe x ρg) + (αe x δs x ρg) + εesb                     [model 4] 

where growth rate Yesbg in experimental replicate e, shelf s, growth box b, and genotype 

g, was modeled as linear combination of the grand mean µ, experimental replicate α, 

shelf δ, growth box nested in shelf β(δ), genotype effect ρ, interaction of shelf by 

genotype, replicate by shelf, replicate by genotype, replicate by shelf by genotype, and 

experimental error εesb. Last, upon removal of the shelf effect from model 4, the 

following model was fitted to each growth period of experiment three (see Table 3-10): 

                               Yebg = µ + αe + βb(αe) + ρg + (αe x ρg) + εesb                                      [model 5] 

where growth rate Yebg in experimental replicate e, growth box b, and genotype g, was 

modeled as linear combination of the grand mean µ, experimental replicate α, growth 

box nested in replicate β(α) , genotype effect ρ, replicate by genotype, and experimental 

error εesb.   
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3.3.7 Statistical Analyses 

 For individual roots, root length trajectories were graphed as root length over 

time. Root length trajectories were used to identify roots that met criteria for exclusion 

from further analyses, and used as first indicator of continuous, linear growth in the 

various growth periods, PEG level, and genotypes. 

 To quantitatively assess the degree of linearity in root growth, and compare 

degree of linearity across growth periods and genotypes, I used the coefficient of 

determination (R2 value) to assess the fit of a linear model to root length trajectories. A 

linear regression model (SAS Institute Inc., Cary, NC, U.S.A.) was fitted to individual 

root length in each growth period, resulting in one R2 value per root per growth period. 

Subsequently, I arithmetically averaged individual R2 values pertaining to a single 

genotype to obtain a genotype average R2 value. For example, to assess linearity in 

pre-stress growth using data from experiments one and two, I computed the average R2 

value for each genotype as arithmetic average of the R2 values from the genotype’s 

individual root R2 values. For experiment two growth period two and when different PEG 

levels were used, genotype average R2 were calculated separately for different PEG 

levels. For experiment two growth period three, RGR was also calculated by genotype 

separately for different PEG levels, considering the PEG level used in the prior osmotic 

stress growth period.  

Further, to examine the effect of PEG concentration on RGR during and after 

osmotic stress, I plotted RGR for increasing PEG concentration, by genotype.  
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 All linear models were fitted using PROC GLM (SAS Institute Inc., Cary, NC, 

U.S.A.) which implements ANOVA, and effects were deemed statistically significant at a 

type-I error rate of 0.05. Due to missing data, F-tests were based on type III sums of 

squares. Relative sizes of the sums of squares from ANOVA were used to compare the 

contributions of factors to the total variation. Genotype growth rate estimates were 

obtained as least squares means estimates (SAS Institute Inc., Cary, NC, U.S.A.).  

 Prior to ANOVA, and to examine the data for deviations from the statistical model 

assumptions concerning experimental error distribution (independent, normally 

distributed, with mean zero and equal variance), I performed residual analysis. In 

particular, the assumption of normality was assessed using plots of observed versus 

predicted residuals, or observed residuals versus quantiles as obtained in PROC 

UNIVARIATE (SAS Institute Inc., Cary, NC, U.S.A.). The assumption of homogeneity of 

variance was assessed using plots of residuals versus linear model term factor levels. 

When deemed necessary, as based on the visual examination of plots, deviations from 

normality or homeoscedasticity were tested using the Shapiro-Wilk (Shapiro and Wilk, 

1965) or Bartlett’s (1937) tests, respectively.  
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3.3.8 Biplots 

 To examine whether genotype RGR showed an interaction pattern across the  

multiple levels of a technical factor such as shelf level (top, middle, bottom) or PEG 

level (0%, 15%, etc.), I displayed RGR data using the visual plot technique of biplots 

(Gabriel, 1971). In the two-dimensional biplot graph, x-axis and y-axis represent first 

and second principal components, respectively, obtained from single-value 

decomposition of the data where genotype RGRs and technical factor levels are shown 

as points and vectors, respectively (Yan and Rajcan, 2002). In one way of interpreting a 

biplot, the location of the points (genotypes) relative to the vectors (levels of technical 

factor) provides information on the similairity and difference among genotypes relative 

to the different levels of the factor (Yan et al., 2000). This approach was used to assess 

the hypothesis that genotypes maintain their relative performance across (i.e. do not 

interact with) shelf levels, growth boxes, or experimental replicates. In an alternative 

approach of interpreting a biplot, the location of the vectors relative to each other 

provides information on the differences among factor levels in their differentiation of the 

genotypes RGR (Yan et al., 2000). This approach was used to assess the hypothesis 

that the different PEG concentrations in growth period two result in different relative 

genotype performances or led to distinct differentiation of genotypes. To implement 

biplots, RGR data in a genotype (row) by factor level (column) table was column-

centered using PROC STDIZE (SAS Institute Inc., Cary, NC, U.S.A.) and using 

standardization option 'std' to express RGR as distance from the mean in standard 

deviation units, followed by single-value decomposition and biplot graphing performed 

using the biplot.sas macro (Friendly, 2008).   
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3.4 RESULTS 

3.4.1 Roots Grow Continuously and Linearly Before, During, After Osmotic Stress 

 Genotypes were initially examined for continuous, linear root growth in the 

standard growth medium, using data from experiment one. Plots of root length versus 

time using bulk data, i.e. data from several roots at a time (Figure 3-1), showed a trend 

of continuous, steady-rate root length increase upon placement of roots into the 

hydroponic system. To numerically determine, for individual roots that had met the 

criteria for inclusion in data analysis, if roots show continuous and linear growth, a linear 

model was fit to individual roots' data (e.g. Figure 3-2). Here, I observed a high degree 

of linear model fit as reflected in high individual root coefficient of determination (R2) 

values and as reflected by summary statistics of R2 values from across individual roots 

and done separately for genotypes (Table 3-2). Average coefficient of determination 

values indicated that R2 values were high for genotypes of relatively low RGR (e.g. 

SD80 RGR = 0.086, R2 = 0.980, Table 3-2) or of relatively high RGR (e.g. CG60 RGR 

= 0.195, avg R2 = 0.982). Average R2 values were also high across all genotypes 

regardless of whether a genotype's plot of bulk root length data over time (Figure 3-1) 

displayed an increasing spread in root length measurements at increasing time (e.g. 

genotype W23, R2 = 0.983) or displayed a constant spread in root lengths at all time 

points (e.g. genotype CG87, R2 = 0.988). 
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Figure 3-1. Experiment one. Root length versus time.For each genotype (panel) and at each time point, a 
maximum of 18 measurements are shown from a maximum of 18 roots. Data from roots that had been exluded 
from statistical analysis, for reason of aberrant or stalled growth, not shown.  
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Figure 3-2. Experiment one. Root length versus time for subset of genotypes  
(SD80 and CG60), after fitting linear model to obtain coefficient of 
determination. Roots excluded from statistical analysis, for reason of aberrant 
growth, stalled growth, or because their root growth rate was identified as 
outlying (beyond mean growth rate +/- 1.96 * standard error of the mean), shown 
without regression line. 
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Table 3-2. Experiment one. Genotype root growth rate estimate, associated 
standared error, and average coefficient of determination.Root growth rate 
estimates and associated standard errors were obtained from linear model fitted 
to root growth rate data, separately for individual roots. Average coefficient of 
determination was obtained as average of the genotype's individual roots' 
coefficients of determination.  

 

Coefficient of 

Determination

Genotype
Number of 

Roots
Average

Standard 

Error
Average

SD80 13 0.086 0.007 0.980

CG74 13 0.128 0.013 0.981

F7 15 0.143 0.012 0.974

CG65 15 0.144 0.010 0.986

CG59 16 0.156 0.006 0.987

W22 16 0.160 0.009 0.974

CG76 15 0.162 0.010 0.960

CG44 17 0.162 0.011 0.977

CG57 18 0.162 0.008 0.983

CG102 17 0.165 0.010 0.986

F2 14 0.170 0.013 0.981

CG24 18 0.170 0.005 0.981

CG33 17 0.174 0.005 0.991

CG108 18 0.174 0.012 0.982

CG69 15 0.178 0.010 0.977

SD79 15 0.182 0.006 0.987

W23 17 0.182 0.015 0.983

A619 18 0.184 0.006 0.988

CG81 8 0.185 0.012 0.985

CG105 16 0.186 0.012 0.982

CG87 8 0.189 0.007 0.988

CG80 17 0.189 0.007 0.991

CG73 15 0.189 0.007 0.989

CG58 17 0.192 0.007 0.985

CG60 17 0.195 0.008 0.982

0.168 0.009 0.982

0.086 0.005 0.960

0.195 0.015 0.991

Root Growth Rate (cm/hr)

Mean Value

Minimum

Maximum
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 Plots of root length versus time before, during, and after osmotic stress in 

experiment two (Figure 3-3) indicated that growth remained continuous and 

steady during and after osmotic stress. This was supported by high genotype 

average R2 values for growth in period two under osmotic stress at various PEG 

intensities, and in period three under recovery conditions (Table 3-3). In isolated 

cases when average R2 was found to be low (e.g. Table 3-3, growth period two, 

27.50% PEG, CG108: R2 = 0.370), visual  examination of the respective 

elongation plots (Appendix A.6) showed that roots in fact grew linearly, albeit at 

low rate and therefore not resulting in a high R2. Of high practical relevance in 

this examination of root growth behaviour, regression lines for individual root 

data were typically found to capture first and last root length data points in a 

given growth period (Figure 3-2), indicating that first and last data points are of 

sufficient information to compute root growth rate as described in formula [1].  

 To investigate if my method of choosing individual seedlings at the onset of the 

experiment, at the time of seedling placement into growth box, had an effect on 

observed root growth rates, in particular whether different seedlings’ root lengths at the 

start of the experiment (or t0h) had an effect on individual root growth rates, I plotted 

root growth rate versus root start length by genotype (Figure 3-4). The two variables 

were generally found to be independent as based on correlation coefficients that were 

not statistically significant in all but one genotype (Figure 3-4). This finding, also, is of 

practical relevance as it demonstrates that there is no need to practice a time-

consuming, and prohibitive, when done on a large scale, seedling selection process (as 

function of root start lengths) at the beginning of an individual experiment.   
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Figure 3-3. Experiment two. Root length versus time for subset of genotypes 
(CG105 and CG108). Symbols denote individual roots. Vertical lines delimit 
growth periods P1, P2, P3 (shown at top of figure). Panels, from top to bottom, 
refer to increasing PEG concentration as used in period 2 (shown on righ t 
border of each panel). Root length measurement discontinued at maximum 
measurable root length (20 cm).  
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Table 3-3. Experiment two. Genotype average coefficient of determination 
before, during, after osmotic stress.Average coefficient of determination (avgR2) 
obtained as arithmetic average of coefficient of determination values from a 
number (n) of individual roots. 

 
 

Geno-        

type
n avg R

2 n avg R
2 n avg R

2 n avg R
2 n avg R

2 n avg R
2 n avg R

2

A619 35 0.973 5 0.996 6 0.991 6 0.875 6 0.940 6 0.851 5 0.744

CG102 32 0.963 5 0.995 6 0.977 5 0.650 6 0.845 5 0.939 5 0.556

CG105 34 0.990 5 0.996 6 0.948 6 0.837 6 0.946 6 0.445 5 0.461

CG108 34 0.976 6 0.989 5 0.985 6 0.927 4 0.963 5 0.929 6 0.370

CG33 35 0.985 5 0.991 6 0.990 6 0.960 6 0.970 6 0.714 5 0.705

CG44 34 0.987 6 0.993 5 0.990 6 0.962 4 0.950 6 0.935 6 0.779

CG57 36 0.956 6 0.991 6 0.961 6 0.628 6 0.898 6 0.949 6 0.442

CG59 32 0.976 3 0.994 6 0.973 5 0.920 5 0.852 5 0.932 4 0.756

CG60 34 0.973 6 0.988 6 0.972 6 0.946 6 0.965 4 0.786 6 0.529

CG74 35 0.879 6 0.967 6 0.980 5 0.827 5 0.920 6 0.797 5 0.464

F2 34 0.959 6 0.991 5 0.993 5 0.787 6 0.949 6 0.975 6 0.634

SD79 35 0.992 6 0.997 6 0.947 6 0.967 5 0.941 6 0.814 6 0.484

SD80 31 0.970 6 0.984 4 0.955 6 0.942 5 0.948 4 0.686 6 0.518

W23 35 0.980 6 0.997 6 0.854 5 0.973 6 0.969 6 0.846 6 0.747

Geno-        

type n avg R
2

n avg R
2

n avg R
2

n avg R
2

n avg R
2

n avg R
2

A619 5 0.996 6 0.990 6 0.985 6 0.965 6 0.848 5 0.631

CG102 3 0.999 6 0.943 5 0.987 6 0.980 5 0.937 5 0.973

CG105 0 NA 4 0.877 6 0.936 6 0.926 6 0.808 5 0.969

CG108 5 0.986 4 0.977 6 0.918 4 0.818 5 0.904 6 0.982

CG33 5 0.983 6 0.953 6 0.872 6 0.855 6 0.878 5 0.961

CG44 6 0.990 5 0.985 6 0.921 5 0.776 6 0.815 6 0.889

CG57 5 0.992 6 0.934 6 0.660 6 0.951 6 0.864 6 0.913

CG59 3 0.990 5 0.982 5 0.959 5 0.883 5 0.925 4 0.926

CG60 5 0.985 6 0.993 6 0.945 6 0.916 4 0.898 6 0.937

CG74 6 0.936 6 0.990 4 0.937 5 0.912 6 0.728 5 0.935

F2 6 0.992 4 0.997 5 0.768 6 0.961 6 0.744 6 0.931

SD79 5 0.985 6 0.987 6 0.981 5 0.991 6 0.988 6 0.931

SD80 6 0.977 4 0.954 6 0.981 5 0.974 4 0.943 6 0.968

W23 6 0.992 6 0.930 5 0.973 6 0.911 6 0.745 6 0.921

PEG concentration during period 2

Roots recovering from PEG concentration as follows

Period 1

27.50%

Period 3

0% 15% 20% 22.50% 25%

Period 2

0% 15% 20% 22.50% 25% 27.50%
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Figure 3-4. Experiment one. Root growth rate versus root length at start of the experiment for different 
genotypes (different panels). Pearson correlation coefficient (r) and associated p-value (p) demonstrate 
independence of growth rate and root length at start.   
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3.4.2 Shelf Level, Growth Box Contribute Little Variation in RGR 

 Data from the experiments were used to determine whether technical factors of 

growth box and shelf level had effects on RGR. In experiment one, shelf level was 

found to be not statistically significant (p = 0.83, Table 3-4). Shelf effect remained not 

statistically significant in experiment two growth period one (p = 0.65, Table 3-5). In 

experiment three, shelf main effect was not statistically significant in growth periods one 

(p = 0.91), two (p = 0.96), and three (p = 0.58; Table 3-6). While the interaction term of 

shelf and experimental replicate was statistically significant in periods two (p < 0.01) and 

three (p < 0.01), the interaction terms explained only a very small percentage of the sum 

of squares (0.99% and 0.43%, respectively Table 3-6).  

 Although the contribution of shelf to the total variation was small in experiment 

three (Table 3-6), I used biplots to visually explore if shelf effect is of systematic nature, 

in particular whether a specific shelf level within experimental replicate stands out, and 

whether different shelf levels stand out in the two different experimental replicates. In 

experiment three growth period two, and observed for both experimental replicates 

(Figure 3-5), the bottom shelf stands out as slightly distinct, yet, it remains highly 

correlated with the two remaining shelf levels as indicated by the small angle between 

two respective pair of vectors. In experiment three growth period three, however, the 

bottom shelf did not consistently stand out (Figure 3-6); the most distinct shelf is the top 

shelf in experimental replicate one versus the middle shelf in experimental replicate two. 

Again, relative genotype RGRs from different shelves within experimental replicate were 

highly correlated, i.e. the shelves yield robust trends on relative genotype RGR.  
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Table 3-4. Experiment one. ANOVA to test for shelf, box, genotype effect.  

 
  

Data Used Source DF

Sum Of 

Squares 

Mean 

Square F Value p-value % S.S.

Model 83 0.272 0.00328 2.33 <0.01

Shelf 2 0.001 0.00046 0.19 0.83 0.13

Box(Shelf)
‡

15 0.041 0.00273 1.94 0.02 6.08
†

Gt
‡‡ ◊

22 0.187 0.00850 8.35 <0.01 27.72
†

Shelf*Gt 44 0.045 0.00102 0.72 0.91 6.64

Error 285 0.401 0.00141 59.42

Corrected Total 368 0.673

Model 39 0.228 0.00584 4.31 <0.01

Gt 22 0.184 0.00835 6.17 <0.01 27.42
†

Box 17 0.041 0.00239 1.76 0.03 6.05
†

Error 329 0.445 0.00135 66.52

Corrected Total 368 0.673

Model 27 0.080 0.00297 1.78 0.02

Gt 22 0.072 0.00327 1.96 0.01 28.68
†

Box 5 0.009 0.00180 1.08 0.38 3.59

Error 102 0.170 0.00167 67.73

Corrected Total 129 0.250

Model 27 0.091 0.00337 2.30 <0.01

Gt 22 0.068 0.00307 2.09 0.01 30.36
†

Box 5 0.019 0.00371 2.53 0.03 8.32
†

Error 93 0.137 0.00147 61.31

Corrected Total 120 0.228

Model 27 0.100 0.00371 3.54 <0.01

Gt 22 0.089 0.00404 3.86 <0.01 45.20
†

Box 5 0.013 0.00269 2.57 0.03 6.84
†

Error 90 0.094 0.00105 47.94

Corrected Total 117 0.194
†
 Statistically significant at alpha = 0.05

‡
 Box denotes growth box, 

‡‡ 
Gt denotes genotype

◊ Shelf*Gt mean squares used to compute F-value of genotype fixed effect

Top shelf    

(model 1)

Middle 

shelf 

(model 1)

Bottom 

shelf 

(model 1)

Data 

across 

shelves 

(model 2)

Data 

across 

shelves 

(model 1)
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Table 3-5. Experiment two, period one. ANOVA to test for shelf, box, genotype 
effect. 

 
  

Data Used Source DF

Sum Of 

Squares 

Mean 

Square F Value p-value % S.S.

Model 56 0.406 0.0072 4.84 <0.01

Shelf 2 0.005 0.0025 0.44 0.65 0.72

Box(Shelf)
‡

15 0.090 0.0060 4.00 <0.01 12.91
†

Gt
‡‡◊

13 0.278 0.0214 17.41 <0.01 40.03
†

Shelf*Gt 26 0.032 0.0012 0.82 0.72 4.59

Error 194 0.290 0.0015 41.73

Corrected Total 250 0.696

Model 30 0.374 0.0125 8.50 <0.01

Gt 13 0.279 0.0214 14.64 <0.01 40.08
†

Box 17 0.095 0.0056 3.80 <0.01 13.59
†

Error 220 0.322 0.0015 46.33

Corrected Total 250 0.696

Model 18 0.115 0.0064 4.48 <0.01

Gt 13 0.104 0.0080 5.59 <0.01 49.91
†

Box 5 0.011 0.0023 1.59 0.18 5.45

Error 65 0.093 0.0014 44.64

Corrected Total 83 0.208

Model 18 0.146 0.0081 6.75 <0.01

Gt 13 0.115 0.0088 7.37 <0.01 51.33
†

Box 5 0.031 0.0062 5.16 <0.01 13.83
†

Error 65 0.078 0.0012 34.84

Corrected Total 83 0.224

Model 18 0.139 0.0077 4.15 <0.01

Gt 13 0.092 0.0071 3.79 <0.01 34.52
†

Box 5 0.047 0.0095 5.09 <0.01 18.35
†

Error 64 0.119 0.0019 46.13

Corrected Total 82 0.258
†
 Statistically significant at alpha = 0.05

‡
 Box denotes growth box, 

‡‡ 
Gt denotes genotype

◊ Shelf*Gt mean squares used to compute F-value of genotype fixed effect

Bottom 

shelf 

(model 1)

Top shelf 

(model 1)

Middle 

shelf 

(model 1)

Data 

across 

shelves 

(model 2)

Data 

across 

shelves 

(model 1)
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Table 3-6. Experiment three, period one, two, three. ANOVA to test for 
experimental replicate, shelf, box, genotype effect. 

 

Period Source DF

Sum Of 

Squares 

Mean 

Square F Value p-value % S.S.

Model 122 0.732 0.0060 8.17 <0.01

Rep
†† 1 0.028 0.0280 4.57 0.05 2.57

†

Shelf 2 0.000 0.0001 0.10 0.91 0.02

Box(Shelf)
‡ 15 0.020 0.0014 1.85 0.03 1.87

†

Gt
‡ ‡ ◊ 17 0.521 0.0301 34.71 <0.01 47.74

†

Shelf*Gt 34 0.018 0.0005 0.62 0.91 1.61

Rep*Shelf 2 0.001 0.0006 0.73 0.49 0.11

Rep*Gt 17 0.108 0.0064 7.69 <0.01 9.91
†

Rep*Shelf*Gt 34 0.028 0.0008 1.13 0.29 2.58

Error 499 0.367 0.0007 33.60

Corrected Total 621 1.099

Model 134 0.039 0.0003 4.38 <0.01

Rep 1 0.004 0.0040 6.39 0.05 5.37
†

Shelf 2 0.000 0.0000 0.04 0.96 0.05

Box(Shelf) 15 0.002 0.0002 2.42 <0.01 3.18
†

Gt 
◊ 19 0.022 0.0011 15.83 <0.01 28.79

†

Shelf*Gt 38 0.002 0.0001 0.99 0.51 2.57

Rep*Shelf 2 0.001 0.0004 7.25 <0.01 0.99
†

Rep*Gt 19 0.006 0.0003 6.05 <0.01 7.86
†

Rep*Shelf*Gt 38 0.002 0.0001 0.78 0.83 2.60

Error 553 0.036 0.0001 48.57

Corrected Total 687 0.075

Model 134 0.631 0.0047 8.1 <0.01

Rep 1 0.026 0.0261 5.2 0.05 2.80
†

Shelf 2 0.006 0.0029 0.58 0.58 0.62

Box(Shelf) 15 0.055 0.0037 6.36 <0.01 5.95
†

Gt 
◊ 19 0.418 0.0220 34.2 <0.01 44.86

†

Shelf*Gt 38 0.018 0.0005 0.82 0.73 1.88

Rep*Shelf 2 0.004 0.0020 3.59 0.04 0.43
†

Rep*Gt 19 0.068 0.0036 6.36 <0.01 7.30
†

Rep*Shelf*Gt 38 0.021 0.0006 0.97 0.53 2.30

Error 542 0.315 0.0006 33.84

Corrected Total 676 0.947
†
 Statistically significant at alpha = 0.05, 

††
 Rep denotes experimental replicate

‡
 Box denotes growth box, 

‡‡
 Gt denotes genotype

◊
 Pooled SS used to compute F-value of genotype fixed effect

1

2

3
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Figure 3-5. Experiment three, growth period two. Biplot of  genotype root growth 
rate relative to experimental replicate and shelf level.  Genotype designations are 
shown in blue. R1 and R2 denote experimental replicates one and two, respectively; 
P2 denotes growth period two; St, Sm, Sb denote top, middle, bottom shelf, 
respectively.  
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Figure 3-6. Experiment three, growth period three. Biplot of genotype root 
growth rate relative to experimental replicate and shelf level.  Genotype 
designations are shown in blue. R1 and R2 denote experimental replicates one and 
two, respectively; P3 denotes growth period three; St, Sm, Sb denote top, middle, 
bottom shelf, respectively.   
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 In contrast to shelf level, growth box frequently was of statistical significance in 

its effect on RGR. This was seen in experiment one and after the removal of the not 

significant shelf effect from the model (p = 0.03, Table 3-4). Growth box was also found 

to have a statistically significant effect on RGR in experiment two, growth period one (p 

< 0.0001, Table 3-5), growth period two in the absence of PEG and at 15% PEG (p = 

0.04 at 0% PEG, and p = 0.04 at 15% PEG, respectively, Table 3-7), and growth period 

three for roots recovering from 15%, 20%, and 27.5% PEG (p = 0.03, p = 0.01, p = 0.02, 

respectively, Table 3-8). In experiment three, the effect of growth box on RGR was 

statistically significant in periods one, two, and three (p = 0.03, p < 0.01, p < 0.01, 

respectively, Table 3-6). Although the effect of growth box was seen frequently, it 

contributed little to the total variation, explaining only 6.05% of variation in experiment 

one (Table 3-4), 13.59% in experiment two growth period one (Table 3-5), 11.8% in 

experiment two growth period two and when averaged across PEG levels at which the 

box factor was statistically significant (Table 3-7), 11.2% in experiment two growth 

period three and when averaged across PEG levels at which the box factor was 

statistically significant (Table 3-8), and 3.6% in experiment three when averaged across 

growth periods (Table 3-6). Biplots did not reveal a systematic positional effect of 

growth boxes in the hydroponic system which, if present, may render neighouring 

growth boxes more similar to each other than non-neighbouring growth boxes, and 

which may be at the root of the significant box effects. Such a systematic trend, 

however, was not indicated by biplots for experiment one (Figure 3-7) or experiment 

three growth period one (Figure 3-8), growth period two (Figure 3-9), or growth period 

three (Figure 3-10).  
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Table 3-7. Experiment two, period two, by PEG level. ANOVA to test for 
genotype, box effect.

 
  

PEG (%) 

in Period2 Source DF

Sum of 

Squares

Mean 

Square F Value p Value % S.S.

Model 15 0.0939 0.00626 2.67 0.01

Gt
 ‡‡

13 0.0762 0.00586 2.50 0.02 50.22
†

Box
 ‡

2 0.0170 0.00851 3.63 0.04 11.21
†

Error 25 0.0585 0.00234 38.56

Corrected Total 40 0.1524

Model 15 0.0338 0.00226 2.35 0.03

Gt 13 0.0266 0.00204 2.13 0.05 45.15
†

Box 2 0.0073 0.00364 3.79 0.04 12.38
†

Error 26 0.0250 0.00096 42.46

Corrected Total 41 0.0588

Model 15 0.0090 0.00060 1.05 0.44

Gt 13 0.0074 0.00057 1.00 0.48 31.09

Box 2 0.0016 0.00079 1.38 0.27 6.60

Error 26 0.0149 0.00057 62.32

Corrected Total 41 0.0239

Model 15 0.0035 0.00024 1.34 0.25

Gt 13 0.0031 0.00024 1.37 0.24 39.36

Box 2 0.0004 0.00021 1.19 0.32 5.28

Error 25 0.0044 0.00018 55.36

Corrected Total 40 0.0079

Model 15 0.0018 0.00012 1.86 0.08

Gt 13 0.0018 0.00014 2.13 0.05 51.37
†

Box 2 0.0000 0.00001 0.09 0.91 0.34

Error 26 0.0017 0.00006 48.29

Corrected Total 41 0.0035

Model 15 0.0005 0.00003 1.04 0.45

Gt 13 0.0004 0.00003 1.12 0.39 34.79

Box 2 0.0000 0.00002 0.57 0.57 2.75

Error 26 0.0008 0.00003 62.46

Corrected Total 41 0.0012

† Statistically significant at alpha = 0.05

‡ Box denotes growth box, ‡‡ Gt denotes genotype

27.5

0

15

20

22.5

25
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Table 3-8. Experiment two, period three, by PEG level. ANOVA to test for 
genotype, box effect. 

 
  

PEG (%) 

in Period2 Source DF

Sum of 

Squares

Mean 

Square F Value P Value % S.S.

Model 14 0.0607 0.0043 1.96 0.08

Gt
 ‡‡

12 0.0550 0.0046 2.07 0.07 50.77

Box
 ‡

2 0.0046 0.0023 1.05 0.37 4.29

Error 22 0.0487 0.0022 44.94

Corrected Total 36 0.1094

Model 15 0.1765 0.0118 5.48 <0.01

Gt 13 0.1595 0.0123 5.72 <0.01 68.70
†

Box 2 0.0169 0.0085 3.94 0.03 7.28
†

Error 26 0.0558 0.0021 24.01

Corrected Total 41 0.2322

Model 15 0.0838 0.0056 3.18 <0.01

Gt 13 0.0661 0.0051 2.89 0.01 51.01
†

Box 2 0.0178 0.0089 5.06 0.01 13.72
†

Error 26 0.0457 0.0018 35.26

Corrected Total 41 0.1295

Model 15 0.0485 0.0032 4.2 <0.01

Gt 13 0.0452 0.0035 4.52 <0.01 67.06
†

Box 2 0.0030 0.0015 1.93 0.17 4.40

Error 25 0.0192 0.0008 28.53

Corrected Total 40 0.0677

Model 15 0.0267 0.0018 2.69 0.01

Gt 13 0.0257 0.0020 2.98 <0.01 58.39
†

Box 2 0.0011 0.0005 0.79 0.46 2.39

Error 26 0.0173 0.0007 39.22

Corrected Total 41 0.0440

Model 15 0.0169 0.0011 3.20 <0.01

Gt 13 0.0136 0.0010 2.98 <0.01 52.35
†

Box 2 0.0033 0.0016 4.65 0.02 12.55
†

Error 26 0.0091 0.0004 35.10

Corrected Total 41 0.0260

† Statistically significant at alpha = 0.05

‡ Box denotes growth box, ‡‡ Gt denotes genotype

27.5

0

15

20

22.5

25
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Figure 3-7. Experiment one. Biplot of root growth rate relative to growth box 
position. Genotype designations are shown in blue. Ba through Bf describe the 
six growth box positions as facing the experimenter, from left to right ends of a 
shelf.  
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Figure 3-8. Experiment three. Growth period one. Biplot of genotype root growth 
rate relative to growth box position. Genotype designations are shown in blue. 
Ba through Bf describe the six growth box positions as facing the experimenter, 
from left to right ends of a shelf.   
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Figure 3-9. Experiment three. Growth period two. Biplot of genotype root growth 
rate relative to growth box position. Genotype designations are shown in blue. 
Ba through Bf describe the six growth box positions as facing the experimenter, from left 
to right ends of a shelf.   
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Figure 3-10. Experiment three. Growth period three. Biplot of genotype root 
growth rate relative to growth box position. Genotype designations are shown in 
blue. Ba through Bf describe the six growth box positions as facing the experimenter, 
from left to right ends of a shelf.   
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3.4.3 25% PEG is Optimal at Revealing Effect of Genotype on RGR 

 The specific objective of experiment two was to investigate effects of PEG on 

growth during and after osmotic stress, taking into account the factor of PEG intensity. 

While the presence of PEG resulted in decreased root growth relative to growth 

observed on day one (Figure 3-11), all genotypes displayed the trend of higher rates of 

root growth reduction at increasing PEG concentration (Figure 3-12). Growth reduction 

was seen even at the lowest PEG concentration of 15%, with an average 43% growth 

rate reduction (based on data in Figure 3-11). The highest degree of growth rate 

reduction was consistently observed at the highest PEG concentration of 27.5%, with an 

average 92% growth rate reduction. Osmotic stress removal resulted in an increase in 

root growth compared to growth under stress (Figure 3-11). The extent to which pre-

stress growth was restored upon stress removal depended on osmotic stress intensity 

(Figure 3-11) and genotype (Figure 3-13). On average, recovery from 15% PEG 

resulted in restoration of 82% of the pre-stress growth rate, and recovery from 25% 

PEG resulted in restoration of 31% of the pre-stress growth rate (Figure 3-11).  

 Genotypes showed more variation in their response to stress removal (Figure 3-

13) than in their response to stress where response curves shows more similar basic 

shape across all genotypes (Figure 3-12). For example, during stress recovery it was 

only some genotypes (e.g. CG59, CG44) that showed near-complete growth rate 

recovery from the 15% PEG osmotic stress (Figure 3-13). In another example, the 

generally observed trend whereby root growth rate restoration was higher for roots that 

recovered from lower stress intensity (e.g. CG102, SD80, Figure 3-13), this was not 

always observed to be the case (e.g. CG108, CG33, CG74, F2, Figure 3-13).  
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Figure 3-11. Experiment two. Boxplots of root growth rate versus growth period, for roots in different treatment 
courses. Boxplots depict mean value (diamond), first and third quartile (horizontal box sides), minimum and maximum 
(outside whiskers). Lines connect box plots' mean values to facilitate visual comparison of growth response profiles.. 
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Figure 3-12. Experiment two. Root growth rate during period two (P2), the 
osmotic stress period, versus PEG concentration as applied during period two 
(P2), shown for different genotypes (panels). Each boxplot is based on 
maximum of three roots. The diamond  represents the arithmetic growth rate 
average. 
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Figure 3-13. Experiment two. Root growth rate during period three (P3), the 
recovery period, versus PEG concentration as applied during period two (P2), 
shown for different genotypes (panels). Each boxplot is based on maximum of 
three roots. The diamond represents the arithmetic growth rate average.   
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 In view of the objective to identify a PEG concentration for further osmotic stress 

studies, ANOVA on index-transformed data was used to examine whether the factors of 

genotype, PEG, and their interaction were statistically significant. The statistical 

significance of all three factors was, in fact, consistently observed in growth periods two 

and three (Table 3-9). The statistical significance of the interaction term indicates that 

relative genotype performance can differ across PEG concentrations, as was indicated 

by biplots that depict relative genotype root growth rates during growth period two 

(Figure 3-14) and three (Figure 3-15). An example of such interaction is seen in 

genotype CG105 which, under osmotic stress (Figure 3-14), shows a below-average 

root growth rate at 25% PEG but shows an above-average performance at 20% PEG. 

Under osmotic stress at the 25% PEG level in particular, genotype had a statistically 

significant effect (p = 0.05, Table 3-7) and explained 51% of root growth rate variation. 

Under osmotic stress at the 15% PEG level, genotype was also statistically significant 

(p = 0.05, Table 3-7), however, explained slightly less of the total variation at 45%. This 

observation rendered the 25% PEG concentration the choice for future experiments. 

This choice was further supported by the two observations that genotype remained 

statistically significant under recovery from 25% PEG (p < 0.01, Table 3-8), again 

explaining a large part of the total variation at 58%. Last, but not least, use of biplots to 

compare relative genotype root growth rate across growth periods, for roots in a given 

stress-course (Figure 3-16 to 3-20), identified the 25% PEG level as treatment that 

resulted in the most drastic change in root growth rates across growth periods (Figure 

3-19) than the remaining PEG levels. At 25% PEG, in fact, relative genotype root growth 

rate was often opposite in periods two and three (Figure 3-19).  
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Table 3-9. Experiment two, periods two, three. ANOVA on index-transformed 
data to test for genotype, PEG effect.

 

  

Period Source DF

Sum of 

Squares

Mean 

Square F Value P Value % S.S.

Model 83 1.50 0.0180 24.59 <0.01

Gt 
‡

13 0.035 0.0027 2.24 0.02 2.17
†

PEG 5 1.36 0.2727 228.89 <0.01 85.40
†

Gt*PEG 65 0.077 0.0012 1.63 <0.01 4.85
†

Error 165 0.121 0.0007 7.57

Corrected Total 248 1.62

Model 83 1.05 0.0128 6.95 <0.01

Gt 13 0.117 0.0090 3.11 <0.01 11.40
†

PEG 5 0.723 0.1446 49.90 <0.01 70.51
†

Gt*PEG 65 0.185 0.0029 1.58 0.01 18.09
†

Error 165 0.301 0.0018 29.34

Corrected Total 248 1.35

† Statistically significant at alpha = 0.05

‡ Gt denotes genotype

2

3
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Figure 3-14. Experiment two, growth period two. Biplot of root growth rate 
relative to PEG level. Genotype designations are shown in blue. Peg0, Peg15, 
Peg22, Peg22_5, Peg25, Peg27_5 denote PEG levels of 0%, 15%, 22.5%, 25%, 
and 27.5% PEG.   
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Figure 3-15. Experiment two, growth period three. Biplot of root growth rate 
relative to PEG level used in osmotic stress period. Genotype designations are 
shown in blue. Peg0, Peg15, Peg22, Peg22_5, Peg25, Peg27_5 denote PEG 
levels of 0%, 15%, 22.5%, 25%, and 27.5% PEG as used to apply osmotic 
stress treatment. 
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Figure 3-16. Experiment two, 15% PEG stress-course. Biplot of root growth rate 
relative to periods one, two, and three. Genotype designations are shown in 
blue. P1, P2, P3 refer to growth periods one, two, three, respectively. 
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Figure 3-17. Experiment two, 20% PEG stress-course. Biplo of root growth rate 
relative to periods one, two, and three. Genotype designations are shown in 
blue. P1, P2, P3 refer to growth periods one, two, three, respectively. 
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Figure 3-18. Experiment two, 22.5% PEG stress-course. Biplot of root growth 
rate relative to periods one, two, and three. Genotype designations are shown in 
blue. P1, P2, P3 refer to growth periods one, two, three, respectively. 
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Figure 3-19. Experiment two, 25% PEG stress-course. Biplot of root growth rate 
relative to periods one, two, and three. Genotype designations are shown in 
blue. P1, P2, P3 refer to growth periods one, two, three, respectively. 
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Figure 3-20. Experiment two, 27.5% PEG stress-course. Biplot of root growth 
rate relative to periods one, two, and three. Genotype designations are shown in 
blue. P1, P2, P3 refer to growth periods one, two, three, respectively. 
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3.4.4 Experimental Replicates Demonstrate Repeatability of Genetic Effects 

 Experiment three allowed for the investigation of the relative contributions of 

experimental replicate, genotype, and their interaction to total RGR variation. Because 

previous analysis identified only a very small contribution of the shelf factor to total RGR 

variation in experiment three (Table 3-6) as discussed earlier (section 3.4.2), the data 

from experiment three were reanalyzed without allowing for the shelf effect (Table 3-

10). From the new analysis, the factor of experimental replicate was found to be 

statistically significant as main effect in growth period two (p < 0.01) and growth period 

three (p < 0.04, Table 3-10). In addition, the interaction factor of experimental replicate 

with genotype was statistically significant in growth periods one (p < 0.01), two (p < 

0.01), and three (p < 0.01, Table 3-10). While significant, the percentage of variation 

explained by replicate and replicate-by-genotype interaction was far smaller than 

explained by genotype. In particular, genotype explained 4.7, 2.2, and 4.4 times as 

much of the total variation than main and interaction effects combined in growth periods 

one, two, and three, respectively (Table 3-10). In spite of the relatively small 

contribution to the total variance, the interaction effect of replicate and genotype can, in 

theory, have the undesirable effect of giving rise to inconsistent relative genotype root 

growth rates when compared across replicates within growth period. A general trend 

toward this phenomenon was not supported, however. In boxplots of predicted RGRs, 

for genotypes included in the statistical analysis, relative RGR were generally consistent 

across replicates within period (Figure 3-21). Similarly, biplots constructed from data of 

all genotypes, in experiment three, showed that relative RGRs were highly consistent 

across replicates within period (Figure 3-22).  
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Table 3-10. Experiment three, periods one, two, three. ANOVA in absence of 
shelf effect, to test for effect of replicate, growth box, genotype.  

 

  

Period Source DF

Sum Of 

Squares 

Mean 

Square F Value p-value % S.S.

Model 69 0.712 0.0103 14.74 <0.01

Rep
†† 1 0.027 0.0275 3.87 0.06 2.52

Box(Rep)
‡

34 0.047 0.0014 1.99 <0.01 4.34
†

Gt
‡ ‡ ◊

17 0.520 0.0306 4.77 <0.01 47.70
†

Rep*Gt 17 0.109 0.0064 9.17 <0.01 10.01
†

Error 552 0.387 0.0007 35.43

Corrected Total 621 1.099

Model 73 0.037 0.0005 8.38 <0.01

Rep 1 0.004 0.0038 9.31 <0.01 5.13
†

Box(Rep) 34 0.006 0.0002 2.76 <0.01 7.70
†

Gt 19 0.022 0.0011 3.72 <0.01 28.98
†

Rep*Gt 19 0.006 0.0003 4.99 <0.01 7.78
†

Error 614 0.038 0.0001 50.41

Corrected Total 687 0.075

Model 73 0.620 0.0085 15.72 <0.04

Rep 1 0.027 0.0269 4.68 0.04 2.89
†

Box(Rep) 34 0.093 0.0027 5.07 <0.01 9.95
†

Gt 19 0.422 0.0222 6.19 <0.01 45.06
†

Rep*Gt 19 0.068 0.0036 6.63 <0.01 7.28
†

Error 603 0.326 0.0005 34.83

Corrected Total 676 0.947
†
 Statistically significant at alpha = 0.05, 

††
 Rep denotes experimental replicate

‡
 Box denotes growth box, 

‡‡
 Gt denotes genotype

◊ 
Interaction MS used to compute F-value of genotype fixed effect

1

2

3
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Figure 3-21. Experiment three. Root growth rate versus genotype (x-axis), by 
growth period and experimental replicate. Mean value shown as diamond, lower 
and upper quartile shown as lower and upper horizontal sides of the box, respectively, 
minimum and maximum data point shown as lower and upper whiskers, respectively.  
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Figure 3-22. Experiment three, 25% PEG stress-course. Biplot of root growth 
rate relative to growth period and experimental replicate. Genotype designations 
are shown in blue. P1, P2, P3 denote periods one, two, three; E1 and E2 denote 
experimental replicates one, two. 
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3.4.5 Genotype Responses to Osmotic Stress Reveal Growth Response Types 

  While experiments one through three showed consistent effect of genotype on 

RGR, experiment three provided the most extensive information to estimate RGRs. In 

growth period one, or in the absence of PEG, the ratio of highest to lowest RGR 

achieved by the different genotypes was 1.92 (Table 3-11). This ratio was 4.00 and 

3.52 for RGR under osmotic stress and recovery, respectively. Averaged across 

genotypes, roots maintained 14% of the pre-stress RGR while under osmotic stress, 

and recovered 55% of the pre-stress RGR upon stress removal (Table 3-11). 

Genotypes showed considerable variation around these averages, ranging from 6% to 

20% of RGR maintenance under osmotic stress, and ranging from 34% to 86% in RGR 

recovery upon stress removal (Table 3-11). While RGR of period one was negatively 

correlated with the percentage of growth maintained under osmotic stress (r = -0.57, p = 

0.01), i.e. genotypes of fast growing roots before the stress were least able to maintain 

this growth under osmotic stress, RGR of period one was not correlated with the 

percentage of growth recovery upon stress removal (r = -0.19, p = 0.46). In the 

interaction of relative genotype RGR and growth period, several distinct patterns were 

observed (Figure 3-23): In one pattern, genotypes showed average or below-average 

RGR in all three growth periods (CG74 or SD80); alternatively, genotypes showed 

above-average RGR in all three growth periods (CG65); or genotypes showed opposite 

performance in different growth periods. For example, opposites trends were observed 

such as in genotypes CG76 or CG24 versus genotype CG105, or in genotypes F7 and 

CG81 versus genotypes CG33 and CG73 and CG80. Overall, results suggest that some 

genotypes may be clustered by RGR response profiles across periods. 
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Table 3-11. Experiment three. Root growth rate estimates by genotype. Genotype RGR estimates (lsmeans) 
shown with standard error, upper and lower boundaries of the 95% confidence interval of the mean estimate. 
RGR estimates are also expressed for period two as percentage of RGR in period one, and for period three as 
percentage of RGR in period one.  

  

Genotype

Lower 

(cm/hr)

Upper 

(cm/hr)

Lower 

(cm/hr)

Upper 

(cm/hr)

Lower 

(cm/hr)

Upper 

(cm/hr)

CG74 0.106 0.097 0.115 0.014 0.011 0.016 0.062 0.054 0.070 12.77 58.07

CG44 0.114 0.105 0.123 0.022 0.020 0.025 0.049 0.041 0.057 19.56 42.56

CG24 0.117 0.108 0.126 0.024 0.022 0.027 0.043 0.035 0.051 20.89 36.71

SD80 0.124 0.114 0.133 0.017 0.014 0.020 0.070 0.062 0.079 13.89 56.88

A619 0.128 0.119 0.136 0.024 0.022 0.027 0.099 0.092 0.107 19.18 77.99

CG57 0.129 0.120 0.138 0.023 0.021 0.026 0.074 0.067 0.082 18.18 57.62

CG60 0.139 0.130 0.147 0.015 0.012 0.017 0.109 0.102 0.117 10.62 78.96

CG108 0.140 0.131 0.149 0.014 0.012 0.017 0.085 0.077 0.093 10.31 60.50

CG102 0.146 0.137 0.155 0.022 0.020 0.025 0.126 0.118 0.134 15.34 86.31

CG65 0.165 0.156 0.175 0.034 0.031 0.037 0.103 0.095 0.110 20.50 62.13

CG73 0.168 0.159 0.177 0.028 0.025 0.030 0.057 0.049 0.065 16.58 34.20

CG33 0.170 0.161 0.178 0.023 0.020 0.025 0.063 0.055 0.071 13.27 37.08

CG58 0.175 0.166 0.184 0.023 0.021 0.026 0.082 0.074 0.090 13.22 46.74

SD79 0.176 0.167 0.184 0.016 0.013 0.019 0.086 0.078 0.093 9.10 48.91

CG80 0.179 0.170 0.188 0.024 0.021 0.027 0.068 0.060 0.075 13.43 37.73

F2 0.190 0.181 0.199 0.019 0.017 0.022 0.116 0.108 0.124 10.23 61.11

W23 0.193 0.184 0.202 0.020 0.017 0.023 0.109 0.101 0.116 10.34 56.33

CG105 0.203 0.195 0.212 0.014 0.011 0.016 0.108 0.100 0.116 6.67 53.28

CG59 NA NA NA 0.022 0.019 0.025 0.036 0.027 0.044 NA NA

F7 NA NA NA 0.008 0.006 0.011 0.090 0.082 0.099 NA NA

Mean 0.153 0.020 0.082 14.12 55.17

Minimum 0.106 0.008 0.036 6.67 34.20

Maximum 0.203 0.034 0.126 20.89 86.31

Max/Min 1.92 4.00 3.52 3.13 2.52

RGR 

P2/P1 (%)

RGR 

P3/P1 (%)

95% CI 95% CI 95% CI

Period 1 Period 2 (25% PEG) Period 3

RGR 

Estimate 

(cm/hr)

RGR 

Estimate 

(cm/hr)

RGR 

Estimate 

(cm/hr)
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Figure 3-23. Experiment three, 25% PEG stress-course. Genotype root growth 
rate performance by growth period and experimental replicate, shown for 
different genotypes (panels). Relative root growth rate performance is shown in 
units of standard deviation from the grand (across genotypes) mean  for the 
respective combination of growth period and experimental replicate. P1, P2, P3 
denote growth periods one, two, three. E1 and E2 denote experimental 
replicates one, two.   
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3.5 DISCUSSION 

3.5.1 Key Findings 

 Using a series of three experiments, I demonstrated the value of the custom-

built, large-scale hydroponic system in the identification of variation in root growth. My 

evaluation of the system produced three key findings.  

 The first finding was the observation of linear root growth in all genotypes, growth 

periods and PEG levels, which allowed for the use of a quick and technically simple root 

length measure as a basis for phenotype assessment. Secondly, the determination of a 

PEG level that suppressed growth, yet allowed for growth recovery, in all genotypes. 

Third, the demonstrated ability to operate the growth system in a manner that minimizes 

technical variation in RGR, to enable the repeatable asessment of among-genotype 

differences. As a first report of genetic variation in Zea mays primary root growth under 

a transient osmotic stress, the study contributes two findings: 1) the detection of genetic 

variation before, during, and after the osmotic stress; 2) the detection of the change in 

genotype ranks across growth periods.  

 

3.5.2 A New System for Assaying Zea mays Primary Root Growth Rate 

 The hydroponic system consists of 18 growth boxes, each containing up to ninety 

seedlings, that are evenly distributed across three shelf levels, allowing for a total 

capacity of 540 roots for observation. With shelf level found to be not statistically 

significant in effect on RGR, the basic building block in this growth system is made up 

by the growth boxes. Contrary to shelf level, growth box was found to contribute to RGR 

variation, although to small extent: The growth box factor consistently explained less 
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than 10% of the total variation, and amounted to only about 20% of variation of the 

genotype main effect. Statistical significance of box effects were not restricted to 

specific shelf levels, PEG concentrations, or growth periods, suggesting the random 

nature of occurrence of the growth box effect on RGR. I can postulate as to how boxes 

differed, resulting in statistically significant growth box effects. Upon filling of an 

individual growth box with growth medium, as required at the beginning of each growth 

period, and with growth media differing in viscosity as function of PEG concentration, 

box air supply required readjustment. Air supply was manually adjusted to the maximum 

allowable level, i.e. to the level beyond which additional aeration would have caused 

seedling displacement due to excessive bubbling at the solution surface. This process 

may have resulted in random differences in aeration among boxes. Because changes in 

air and oxygen supply may affect root growth (Mexal et al., 1975), this air flow 

adjustment may have caused variation in RGR.  

 In the design of the system, I did consider a system with larger growth boxes. In  

the most extreme, the system could consist of one box per shelf level to reduce 

variation due to box. Boxes were kept at smaller size, however, for various reasons. 

First, in a set of initial experiments without roots (data not shown), comparison of growth 

boxes of various designs showed that larger boxes resulted in heterogeneous air flow 

within a box. In particular, larger growth boxes were more likely to show dead-air zones, 

or volumes of growth liquid that was subject to less vigorous aeration. This observation 

makes for a particularly strong argument for smaller boxes considering that among-

growth box effects can be removed  while within-growth box variation can not easily be 
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removed using linear models. An additional reason for smaller boxes is that the small 

size allows for more flexibility in the design of experiments.  

 To minimize mechanical disturbance of the roots and allow for non-invasive, 

continuous root length measurement, the growth system was designed to hold roots 

fixed in position throughout an experiment. This led to my choice of administration of the 

osmotic stress using a liquid medium, and the use of PEG. PEG, used as early as 1961 

(Lagerwerff et al., 1961) is often the preferred osmolyte (Janes, 1974) to alternatives 

such as sorbitol, mannitol (Hohl and Schopfer, 1991) or inorganic salts (Termaat and 

Munns 1986). It best simulates drying soil conditions by causing cytorrhisis, where 

water is withdrawn from protoplast and the cell wall as is typically the case during soil 

drying, rather than plasmolysis where the protoplast shrinks while the cell wall does not, 

often resulting in cellular damage (Verslues et al., 2006).  

 In my experiments, the osmotic effect of PEG on RGR is confounded with any 

potential chemical effect of PEG. There is some debate on the chemical effects of PEG 

on plant cells. PEG toxicity on roots has been described as causing necrosis, tissue 

desiccation, or browning of the above-soil parts of the plant (Lawlor, 1970). However, 

this toxicity has also been ascribed to chemical impurities present in PEG of low purity 

(Lagerwerff et al., 1961; Lawlor, 1970; Steuter et al., 1981). At high purity, studies have 

reported that PEG behaves as a metabolically inert substance (Mexal et al., 1975; 

Verslues and Bray, 2006). We used PEG of high-quality grade and large molecular size 

at 8000Da, where the size of 6000Da is reported not to enter some species through 

pores that can otherwise be crossed by sugar, salt, amino acids, or phytohormones 

(Carpita, 2012). We observed no necrosis, tissue desiccation, or browning. Overall, I 
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suggest that the effects of PEG on root growth seen in these experiments are due its 

osmotic effect.   

 The comparison of root growth across genotypes was significantly simplified by 

the observation of linear root growth. A simple statistic as computed in my data 

analysis, RGR was found to offer an accurate description of the root growth over time 

with only two root length measurements required during any growth period. Linear 

growth, observed for the timescales used in our experiments, may allow for a shortening 

of future periods without compromising the quality of the RGR estimate. This would be 

of special interest when working with treatments that allow for relatively high RGR, and 

where the maximum measurable root length of 20 cm in our system may otherwise 

represent a limiting factor for use of the hydroponic growth system.  

 In the growth system at full capacity, I found that root length measurements 

across 18 growth boxes took 90 minutes. For growth periods of 24 hours in duration, 

this leaves the experimenter with time to perform observations on additional traits 

and/or seedlings. With limited effort, and at no additional cost to run an experiment, the 

capacity of the growth system can be doubled while keeping constant the number of 

shelf levels and growth boxes. In particular, the large shelf which holds the growth 

boxes may be moved away from the wall of the growth chamber, into the centre of the 

chamber, for accessibility of the growth boxes from front and back. In case of such, or 

any, system modification, a re-evaluation of the relative roles of various technical and 

treatment sources of variation in the trait of interest would be suggested. This is also the 

case if the system was used, as is, for the study of a different plant species and/or 

different or additional traits.  
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3.5.3 Growth Characteristics in Consideration of Stress Treatment and Intensity 

The observed growth responses to osmotic stress conformed in large part to the 

expectations as based on the literature. One of these aspects concerned the quick 

establishment of steady-rate root growth as we observed in all genotypes. Although 

subject, in development and function, to physical and chemical conditions of the 

environment (McCully, 1995), the Zea mays primary root was previously described to 

establish steady growth rapidly (Frensch, 1997). Frensch and Hsiao (1994) observed 

maize genotype WF9xMo17 primary root growth at a steady rate of 1.2 mm/hr as early 

as 15 to 30 minutes after immersion in nutrient solution. Steady-rate growth in seedlings 

of genotype FR27 x FrMO17 was observed by Spollen and Sharp (1991) at a rate of 2.9 

mm/hr in well-watered vermiculate. Similarly, Fraser et al. (1990) reported a growth rate 

of 2.5 mm/hr for seedlings of genotype Wf9 x Mo17. Growth rates observed in our set of 

inbred lines fell well within the above-reported values. For growth before stress, we 

observed growth rates in the range from 1.06 to 2.03 mm/hr (Table 3-11).  

 Secondly, and in agreement with prior literature, we observed reduced root 

growth rates upon osmotic stress introduction. Zea mays is a known dehydration 

avoider. To maintain its internal water conditions within the narrow range that it can 

tolerate without permanent damage, Zea mays as other crops in this category, quickly, 

and in regulated fashion, react to water stress by the reduction in growth (Cramer et al., 

2011). In spite of decreased root growth, the maintained root growth actually reflects a 

shift of resources toward the root, relative to the shoot, as ultimately reflected in greater 

root:shoot ratios under such stresses (Cattivelly et al., 2008). At a water potential of -

0.9MPa in our osmotic stress at 25% PEG, we observed an average 85% of growth rate 
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reduction. Our number differs from a previously reported 50% growth reduction at 

similar water potential (Sharp et al., 1988). This difference may be due to their use of a 

vermiculite-based system which relies on a gradual, dry-down stress. My methodology 

of instantaneous stress introduction was consciously chosen, motivated by the fact that 

is technically more easily administered. This would result in increased repeatability and 

in higher power to detect genetic variation in RGR. Earlier reports judged the gradual 

development of water deficit stress as more representative of a natural environment 

than an instantaneously present stress (Chapman et al., 2012). This argument has lost 

traction, however, as it is now acknowledged that significant levels of water-deficit 

stress can accompany even small changes in available soil water (Bengough et al., 

2006). Therefore, our treatment is not necessarily considered 'unnatural'. We suspect 

that the instantaneous stress introduction, nonetheless, may have contributed to a 

relatively strong growth response compared to a gradual stress if implemented with the 

hydroponic system. When conceiving the treatment design and PEG concentration 

choice, the literature offered the suggestion that a water potential of -0.9MPa (or 25% 

PEG) can be considered of moderate intensity, based on the comparison with a water 

potential of -1.6 MPa at which Sharp et al. (2004) reported continued, albeit reduced, 

Zea mays root growth. The large effect of growth rate reduction, as observed in this 

study, suggests that stress intensity, as reflected in water potential of the PEG solution, 

may in fact combine with method of stress introduction, as done in instantaneous 

manner. 

Last, while root growth recovery upon osmotic stress removal in our study was 

common to all genotypes, we think this study represents the first report of this 
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observation for the specific trait. Growth recovery upon stress removal has been seen in 

leaves of maize (Acevedo et al., 1971) and roots of lentils (Kuzmanoof and Evans, 

1981). 

 In summary, the large-scale hydroponic system preserves the general response 

of the Zea mays primary root to osmotic stress and recovery, namely the reduction and 

recovery of root growth, respectively. The higher degree of growth reduction observed 

here compared to previous liquid-growth system literature confirms that even seemingly 

similar systems may differ in their specific effects on the plant and resulting growth.  

 To examine how results observed in this study relate to different controlled-

environment growth systems, a number of experiments would be suggested. 

Experiments could be performed using a small subset of genotypes which represent the 

most extreme growth responses, and growth rates in the various growth periods. At this 

point in time, there exist several known factors to possibly generate RGR differences 

between the liquid vs solid growth medium approaches: Mechanical impedance which 

may slow root growth in the solid medium; increased growth medium heterogeneity 

across the seedling root in the solid growth medium which may affect growth rate; 

increased oxygen in solid media which may increase RGR (Bengough et al., 2006), 

however, not necessarily so. Roots likely have an ability to acclimate to low tissue 

oxygen pressure (Verslues et al., 1998). This process is poorly understood in either 

liquid or solid systems, be they of experimental nature or under field conditions, but may 

occur differently in the two systems  
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3.5.4 Genotype Effects on RGR Within and Across Growth Conditions 

 In this study, genotype effects were consistently detected across shelf levels and 

across experimental replicates. For example, in experiment three, genotype main effect 

was the largest contributor to total variation (40%). The repeatability of genetic effect 

was high as reflected in the consistency of individual genotypes to occur at either 

extreme end of the observed RGR range. The second central feature that describes 

genetic effect in this study concerns the RGR by osmotic stress (or growth period) 

interaction, i.e. the reshuffling of the genotype relative RGR due to stress introduction 

and, again, upon stress removal. This feature implies that RGR under osmotic stress is 

not simply a function of RGR before the stress or a reflection of overall seedling vigor . 

This feature was also found to be repeatable across experimental replicates of 

experiment three.  

 The presence of genetic variation was expected, given the large amounts of 

variation found in maize, including root and seedling traits (Alonso-Blanco et al., 2009; 

Hund et al., 2009). In the case of Zea mays, native to a large range of geographically 

diverse environments, in many of which drought is a constraining factor to growth and 

reproduction (Hayano-Kanashiro et al., 2009), genetic variation in growth patterns under 

transient abiotic stresses would be a core prerequisite to allow for crop survival across a 

range of geographies and time. The genetic variation we observe here may have arisen 

in pre-domestication times, and been shaped by events that affect root growth as it 

relates to the survival of seedlings or the plant at a later developmental stage. Whether 

we, in fact, observe variation that derived from ancestral material and made it through 

the bottlenecks of domestication is unclear to us. It is plausible that selection during 
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domestication and/or  improvement may have resulted in different root growth types and 

genetic variation in related root traits. While modern breeding materials are thought to 

represent a low amount of diversity relative to wild material, genetic variation in regard 

to traits that interact with the environment exists in modern breeding material as shown 

by Tollenaar et al. (2004). In their study, they concluded that much of the yield 

improvement in recent breeding indirectly resulted from increased performance in 

resource-limited environments.  

Genetic variation in root growth after germination may reflect adaptation to 

various conditions that define the local growing environments. For example, faster root 

growth may confer an advantage in environments at risk for soil dry-down during 

germination, by ensuring access to deeper soil layers and therefore increased access to 

water. This would be especially relevant in short-season environments in which growth 

delays can not be made up at a later time, or in environments where continued water 

uptake may be required to counteract otherwise irreversible effects due to high heat. In 

the recovery phase, a fast root growth may again confer a particular advantage in the 

short season environment where time and heat units are prime limiting factors to 

maturity, dictating maximum growth at all points during the growth period. It is plausible, 

however, that high degree of maintenance of root growth may counteract survival in 

some specific situations. For example, exploration of the soil in search for water, when 

no such water is found at greater depth, may not be worthwhile. Alternatively, when the 

event of water deficit is of short duration, it may be more efficient for the plant to stall 

growth and associated processes as much as possible, and sit out the stress period 

instead of switching to and implementing an alternative growth response suited to 
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permit growth under sub-optimal environments. As seen in the above examples, the 

value of any particular RGR profile across the transient stress periods (before, during, 

after) would depend on many factors. To have available genetic variation in such 

profiles, however, is a first step in efforts to further study growth processes, and to 

examine implications of this genetic variation for survival in natural growing 

environments. 

As discussed previously, root growth, and root growth responses to treatments, 

can differ across growth systems. Such differences can affect genetic effect estimates, 

and may be observed if/when an experimenter will use the current set of maize inbred 

lines for evaluation in a different growth system. There exists a technical reason, in 

particular, for genetic effects that might differ across liquid- and solid-based systems. At 

a given developmental stage, different genotypes may differ in plant size, growth, 

morphology and interaction with the environment which can affect plant water 

consumption. In solid-based systems, where water deficit is typically generated using a 

dry-down procedure, genotype-specific effects of water consumption are confounded 

with the effects of the dry-down procedure on available soil water. While the confounded 

effect may very well be repeatable across experimental replicates, the disadvantage of 

the solid growth system is that the precise soil water status acting on the different 

genotypes is unknown. This is fundamentally different from the hydroponic system 

where the liquid growth environment is under the experimenter’s control and entirely 

independent from genotype-specific water consumption. This principal difference should 

be kept in mind when comparing genetic effects that were obtained in our liquid growth 

system with any solid-based medium growth system. 
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CHAPTER 4. GENETIC VARIATION IN MAIZE (ZEA MAYS L.) PRIMARY ROOT 

GENE TRANSCRIPT ABUNDANCE CHANGES IN RESPONSE TO OSMOTIC 

STRESS AND STRESS RECOVERY 
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4.1 ABSTRACT 

Abiotic stress limits the realization of field yield potential in Zea mays. Water 

scarcity, in particular, reduces maize yields globally. In the attempt to improve the 

genetic potential of crops and with the knowledge that phenotypic variation is caused, in 

part, by genotype differences at the gene transcript level, previous studies have 

combined  experimentally-induced stress treatments with genome-wide transcriptome 

assays. This approach is severely limited, however, when technical limitations do not 

permit direct, among-genotype comparisons. Here, we have overcome this limitation by 

using a large-scale hydroponic system to concurrently grow seven Zea mays genotypes 

and to assay gene transcript abundance responses in the primary root tip under a 24-

hour osmotic stress and 24-hour stress recovery. All genotypes showed strong 

transcript abundance responses to the stress and frequent reversal of the responses 

upon recovery. Genotypes differed greatly, however, in the number of treatment-

responsive genes and in the degree of transcriptome restoration. The degree of 

transcriptome restoration showed a positive correlation with genotype-specific growth 

recovery reported previously (chapter three). When genes were mapped onto maize 

pathways, the high degree of genotype-specificity in the treatment responses as seen at 

the gene level was not observed at the pathway level. Nevertheless, the seven inbreds 

showed considerable differences in the repertoire of pathways involved in the transient 

responses to treatment. Our detection of extensive genetic variation in the 

transcriptome response in the inbred lines along with detected correlation in growth 

recovery provides a powerful system for further study of the functional importance of the 

transcriptome on root growth, and transcriptome variation on root growth variation.  
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4.2 INTRODUCTION 

Limited soil water adversely affects plant growth (Juenger et al., 2010; Cramer et 

al., 2011). Reduced growth results in unrealized yield potential (Boyer et al., 2013) at 

high economic and social cost (Bouchabke et al., 2008). Growth reduction, however, is 

a vital plant stress response that ensures the maintenance of plant water status and 

functional integrity (Secenji et al., 2010; Cramer et al., 2011). This predicament defines 

the challenge in the genetic crop improvement for abiotic stress tolerance: To develop a 

crop that can best maintain growth under stress and/or recover quickly from growth 

reduction upon stress removal (Comas et al., 2013) without cost to functional integrity. 

To accomplish this goal, it is key to detect variation in growth responses, to identify 

underlying genetic determinants -- particularly those that explain genotype differences 

(Alonso-Blanco et al., 2005), and to understand their effects on metabolism and 

phenotype.  

It is particularly the genotype differences at the transcriptome level that have 

been linked to differences in abiotic stress responses (Bray, 2004; Alonso-Blanco, 

2005). For example, a mutant line of the Arabidopsis accession Columbia showed 

higher vegetative growth under salt stress than the Columbia accession, and the mutant 

showed constitutive expression in genes that are only stress-responsive in the 

Columbia accession (Chan et al., 2013). Variation in stress tolerance among wheat 

lines associates with a reshaping of transcriptional diversity during domestication (Ergen 

et al., 2009). Moumeni et al. (2011) showed that divergence in stress tolerance and 

response strategy as well as gene expression profiles can occur in even closely related 

lines. While such results show that genetic diversity in transcript responses may permit 
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or restrict crop improvement, we lack information on such processes in relatively closely 

related Zea mays lines that are representative of germplasm used in current breeding 

programs.  

 The work presented here is a first study of gene expression level diversity in 

primary root tips from across seven Zea mays inbred lines when subjected to a transient 

osmotic stress. Osmotic stress has a large impact on yields in maize production 

environments where osmotic stress is a core component of water stress (Lopes et al., 

2011) and salt stress (Munns and Tester, 2008). To survey genome-wide or global 

expression profiles from Zea mays primary root tips harvested before, during, and after 

the osmotic stress, this study made use of long-oligonucleotide microarray technology. 

The primary root tip, or the growing zone of the root, was chosen as candidate tissue in 

this study because root growth is known to have strong genetic components while root 

growth also associates with increased fitness or improved crop performance under 

stress (Campos et al., 2004) by allowing for continuous water access in deeper soil 

layers (Bengough et al., 2006). As genetic variation in root growth responses were 

present under the abiotic stress in the set of lines in this study (see chapter three), and 

if growth is linked to events at the transcriptome level, we expected to discover genetic 

diversity in the transcriptome response.  

While the application of microarray technology to the study of the transcriptome 

response to osmotic stress is not new, past studies typically did not include a study of 

the transcriptome upon stress removal as undertaken here. In addition, where past 

studies employed different genotypes, study results are not directly comparable for 

genotype differences because transcriptome changes are sensitive to several 
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environmental factors that typically vary in the course of an experiment. In the current 

study, we avoided these limitations by concurrently growing and subjecting all seven 

genotypes to the osmotic stress and recovery period. This was made possible by the 

availability of a hydroponic system developed for the purpose of applying osmotic stress 

treatments to a large number of plants in a repeatable and environmentally-controlled 

manner (chapter three).  

This study used the set of seven maize inbred lines to test for genetic variation in 

the transcriptome response to osmotic stress and stress recovery. Specific objectives 

were (i) to compare genotypes for the number of genes that undergo transcript 

abundance changes upon stress treatment and upon recovery treatment; (ii) to compare 

genotypes for the extent of transcriptome restoration upon stress removal as reflected in 

the number of genes whose stress-induced transcript abundance change is reversed 

upon recovery; (iii) to identify genotype relationships based on similarity of treatment 

response as reflected in the number of genes whose treatment-response is specific to a 

genotype, shared by some genotypes, or observed in all genotypes; (iv) to examine 

whether genotype relationships at the gene, enzyme, or pathway level reflect known 

genotype relationships; and (v) to put genotypic differences in the treatment responses 

in the context of previously observed genetic variation in growth responses due to 

osmotic stress and stress recovery. 
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4.3 MATERIALS AND METHODS 

4.3.1 Hydroponics Experiment 

4.3.1.1 Plant Material 

 Seven maize (Zea mays L.) inbred lines were used in the experiment: B73, F2, 

SD80, CG33, CG60, CG80, and CG102. All lines have been used in hybrid production, 

but are adapted to different growing regions. Yellow dent maize B73 is adapted to 

central and south-central Iowa (Russell, 1972) and has contributed substantially to 

current day North-American commercial germplasm (Troyer, 1999). Yellow flint line F2 

is relatively cold-tolerant, adapted to early, short-season environments (Barriere et al., 

2006) and has contributed substantially to European (Reif et al., 2005) commercial 

germplasm. SD80 is a white kernel inbred line, of food-grade kernel quality and adapted 

to Ontario (Lee et al., 2012). While white food grade maize was originally grown in the 

southern United States, SD80 has undergone adaptation to the more northern short 

growing season. The inbred lines whose names start with the letters CG are elite inbred 

breeding material from the University of Guelph corn breeding program. Adapted to a 

short-season of less than 2700 crop heat units or a temperate growing environment, 

these lines also represent the Northern Corn belt Dent heterotic pattern Stiff Stalk 

(CG102; Lee et al., 2001a), the Iodent group (CG60; Lee et al., 2001b), and the 

Lancaster group (CG80; Liz Lee, unpublished). This set of seven lines had been part of 

a previous study of inbred lines which demonstrated genetic variation in root growth 

rates before, during, and after osmotic stress. The set of seven lines was chosen to 

represent a range of growth rates in each growth period (chapter three).
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4.3.1.2 Seed Germination and Osmotic Stress Treatment 

Previously described methods were followed to germinate corn seed over a 72-

hour period before transfer of the germinated seed to a large-capacity hydroponic 

growth system (for procedures and hydroponic growth system, see thesis section 3.3.1). 

During germination and throughout the use of the hydroponic system, plant material 

remained inside a controlled-environment, walk-in growth chamber at 25 °C, 95% 

relative humidity, and green light (section 3.3.3). While in the hydroponic system, 

primary root growth was observed and root tissues sampled across three subsequent 

growth periods. Growth periods one to three represented  pre-stress, osmotic stress, 

and recovery growth conditions (or treatments), respectively, with each growth period of 

24 hours in duration. For growth in the pre-stress and recovery periods, a standard 

growth solution was employed (section 3.3.2). For growth in the osmotic stress period, 

the growth solution had been supplemented with 25 % w/v polyethylene glycol (or PEG) 

which resulted in a lowering of the solution water potential to -0.9 MPa (section 3.3.2). 

Osmotic stress at this water potential can be considered of intermediate to high intensity 

to maize seedlings whose roots have been shown capable of maintaining growth to a 

water potential of -1.6 MPa (Sharp et al., 1988). In my previous study, this particular 

PEG concentration and the resulting water potential, when introduced to the plants in 

the same manner as performed in the current experiment, had been identified to 

suppress root growth rate in genotypes yet allow for survival and at least partial growth 

recovery in all genotypes (chapter 3).  
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4.3.1.3 Tissue Sampling  

The hydroponic growth system was used at full capacity (chapter three). At six 

growth boxes (Appendix A.2) on each of three shelf levels (Appendix A.3), each of the 

18 growth boxes held a total of 90 seedlings from across three or four genotypes. 

Genotypes were randomly assigned to boxes. At the end of each growth period, and 

immediately following root length measurements, one-third of each genotype’s 

seedlings in a growth box was destructively sampled. In particular, roots from a specific 

genotype were manually removed from the growth box, five roots at a time, rinsed with 

water, the bottom 7 mm of the root tips cut off, pooled in one collection tube, flash-

frozen in liquid nitrogen and stored at -80 °C. This sampling procedure yielded multiple 

collection tubes per genotype at the end of each growth period. Next, the roots from 

each of three collection tubes of a genotype were pooled to obtain one biological tissue 

replicate. Pooling, to obtain a biological replicate, was required to meet tissue 

requirements for RNA extraction. The pooling process was repeated three times to 

result in a total of four biological tissue replicates per genotype per growth period, or a 

total of twelve biological replicates per genotype across the entire experiment. Done at 

the same time but done separately for the twelve biological tissue replicates from a 

given genotype, RNA was extracted from each tissue replicate and processed to 

generate ‘target’ (Phimister, 1999) for use in array hybridization.  
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4.3.2 Microarry Experiment 

4.3.2.1 Experimental Design 

The twelve biological replicates per genotype (four biological replicates times 

three growth periods) yielded twelve target preparations that were hybridized to a total 

of six arrays in what is called a loop design (Figure 4-1) (Kerr and Churchill, 2001). 

The Loop design makes particularly efficient use of arrays as it eliminates the need for a 

reference sample (Whitehead and Crawford, 2006). More specifically, in our application 

of the design we made use of a replicated loop (Altman and Hua, 2006). This particular 

aspect of replication is reflected in the use, as schematically represented, of two 

microarrays along each of the sides of the loop (Figure 4-1). Assignment of targets to 

microarrays fulfilled the condition that target from any one growth period and target from 

each other period were co-hybridized on two microarrays (Figure 4-1). The ability to 

co-hybridize two target preparations is a feature of the dual-colour microarray 

technology, where signal from the two targets on the same microarray are distinguished 

by means of two distinctly coloured fluorescent dyes that are applied to the target prior 

to hybridization to the array. Because dye colour is recognized to possibly affect signal 

intensity (Kerr, 2003), and to avoid potential confounding of effects of dye colour on 

treatment effects, we implemented the dye-swap design feature. Here, the assignment 

of dye and target from a growth period to the arrays is balanced. For example, the two 

slides that co-hybridize pre-stress and stress targets make use of one red-labeled and 

one green-labeled pre-stress target as well as one red-labeled and one green-labeled 

stress target. The co-hybridization of pre-stress and stress targets (shown as 

comparison A1 in Figure 4-1) form the basis for (i) statistical tests for the change in 
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gene transcript abundance due to stress treatment. The co-hybridization of stress and 

recovery targets (shown as comparison A2 in Figure 4-1) form the basis for (ii) 

statistical tests for the change in gene transcript abundance due to recovery treatment 

(comparison A2 in Figure 4-1). While the co-hybridization of pre-stress and recovery 

targets (shown as comparison in A3 in Figure 4-1) forms the basis test for the 

differences in transcript abundance before and after the stress, this comparison was not 

examined. Nevertheless, inclusion of these slides, as an attribute of the loop design, is 

justified to help improve the power to detect transcript abundance changes due to (i) 

stress or (ii) recovery treatment.  
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Figure 4-1. Replicated loop design of microarray experiment. Replicated loop design as implemented for each 
genotype. A total of six slides (shown as six rectangles) accommodate four biological replicates (abbreviated BR1 to BR4) 
from each of three treatments (before, during, and after osmotic stress). Targets are assigned to arrays as indicated by 
dashed arrows. Letters R or G describe the colour of the labeling dye used to prepared the respective target . 
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4.3.2.2 RNA Extraction  

 RNA extraction, target preparation, and microarray hybridization were performed 

in-house. Protocols are summarized below and are provided in detail in the Appendix 

(Appendix A.7 to A.11). To extract total RNA from frozen ground tissue, TRIzol reagent 

(Invitrogen, Burlington, Canada) was used to denature protein and to solubilize 

biological material, and chloroform was used to collect RNA in an aqueous phase 

(Appendix A.7). The extracted RNA was desalted, purified from enzymatic reactions 

such as DNase digestion, and concentrated using the Qiagen RNeasy MinElute 

Cleanup kit for small elution volumes (Qiagen, Toronto, Canada). The MinElute Cleanup 

relies on mRNA-selective binding of mRNA molecules greater than 200 nucleotides in 

length to a silica-membrane column from which high-quality mRNA is subsequently 

eluted in water. By avoiding the need for alcohol precipitation, this approach avoids the 

loss of mRNA to result in maximum yields. Purity of each RNA extract was ascertained 

by measuring the 260nm/280nm spectrophotometric absorbance ratio, obtained from 

optical density (OD) readings (ND-1000 spectrophotometer, Nanodrop, Wilmington, 

USA). When the absorbance ratio did not meet a minimum value of 2.0, cleanup and/or 

extraction and cleanup were repeated. 

 

4.3.2.3 Target Preparation  

Purified mRNA was converted into target, or dye-labeled amino-allyl modified 

antisense RNA, in a series of steps using an in-house adaptation of a protocol made 

available by the University of Arizona (Appendix A.8 and A.9), and using the Ambion 

Message Amp II kit (Ambion, Burlington, Canada): (i) mRNA was reverse-transcribed 
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into first-strand cDNA, (ii) the second strand cDNA synthesized, (iii) the double-stranded 

cDNA purified and used as template for in-vitro transcription (IVT) to generate amplified 

antisense RNA (or aRNA). A key attribute of the in-vitro transcription procedure was the 

incorporation of a modified nucleotide 5-(3-aminoallyl)-UTP (or aaUTP) into the aRNA, 

to result in the so-called amino-allyl modified aRNA.  Once purified, (iv) the modified 

aRNA is reacted with Cy3 or Cy5 dye (Amersham BioSciences, Piscataway, USA) to 

couple the amine reactive dyes with the amino-allyl modified UTP residues in the aRNA. 

Excess dye was removed using the Qiagen RNEasy Minelute column (Qiagen, Toronto, 

Canada) before hybridization of the dye-labeled aRNA to the array. The particular 

procedure to amplify RNA (Yue et al., 2001), as pursued by the Qiagen approach and 

described above, implements the protocol of Van Gelder (Van Gelder et al., 1990) 

which aims to optimize target preparation for array experiments. Optimization is 

achieved with the use of engineered reverse-transcriptase ArrayScript® in step (i) 

above, for ‘full conversion of even limited amounts of mRNA into full-length cDNA’, as 

well as the use of MEGAscript® technology in step (iii) above, for ‘maximum in-vitro 

transcriptional amplification and yield of aRNA’ for both ‘limited amounts of template 

DNA as well as synthesis of long transcripts’. High IVT yields are further achieved with 

the use of amino allyl-modified UTP (or aaUTP). As a positive side-effect, the use of 

aaUTP eliminates most of the dye-bias known from earlier methodologies. Throughout 

the implementation of the protocols as summarized above, OD readings (ND-1000 

spectrophotometer, Nanodrop, Wilmington, USA) were used to ascertain quantity and 

purity of cDNA, aRNA, and labeled aRNA or final target. 
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4.3.2.4 Hybridization of Target to Probes 

 Zea mays long-oligonucleotide microarrays (version 1.9, GEO platforms 

GPL5439 and GPL5440), a tool for genome-wide gene transcript abundance surveys 

(Seifert et al., 2012), were purchased from the University of Arizona (Gardiner et al., 

2005). Shipped microarray slides were received in dry (or non-hydrated) condition. In a 

first step, slides required probe immobilization and pre-hybridization (Appendix A.10) 

before target hybridization to the arrays, slide washes and scans to extract hybridization 

signal. Probe immobilization consisted of slide re-hydration, cross-linking of probes to 

the glass slides (180mJ UV-light, Stratalinker, Stratagene, LaJolla, USA), a slide wash 

in SDS, a dip in alcohol, and slide drying. Pre-hybridization entailed slide-immersion in 

buffer, a slide wash and rinse, and storage in ethanol for hybridization. To hybridize 

target to probes, or apply target preparation to the slides, the target for hybridization 

was mixed with hybridization buffer and applied to the slides in specially designed 

hybridization cassettes (ArrayIt, Sunnyvale, USA). The hybridization reaction of the 

targets to the array required overnight incubation. In the morning, slides were washed 

with SDS, SSC, dried by centrifugation and stored in the dark until signal extraction as 

described below. Signal extraction was always performed on the same day as 

completion of the hybridization procedure to prevent loss of signal over time, and to 

maintain consistency of the application of molecular protocols to the different loops or 

different genotypes.  
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4.3.2.5 Extraction of Hybridization Signal Intensity 

Slides were scanned at 10um resolution using an Axon 4000 dual-laser 

microarray scanner (Axon Instruments, Union City, CA). The laser at 532 nm excites 

cyanine Cy3 which then emits light at 570 nm shown as green on slide images; the 

laser at 635 nm excites Cy5 which then emits light at 670 nm shown as red on slide 

images. Laser power was held constant at 100%. Voltage of the photomultiplier tube, 

which detects the emitted light, was controlled to exploit the entire dynamic range for 

maximum signal resolution without oversaturating the image, to maximize the signal-to-

noise ratio based on signal from spots versus non-spot (or slide surface), and to 

equalize signal intensities from red and green channels (Wang and Carriedo, 2001). 

Dual-colour slide images were stored in tagged image file format (or TIFF files) and 

signal extracted from TIFF files using the software GenePix Pro 3.0 (Molecular Devices, 

Sunnyvale, USA) and  publicly available GenePix Array List files (or GAL files) to match 

signal strength data to respective array spots (YeZhai, 2001). Extracted raw signal 

intensities were stored in tab-delimited Gene Pix Results (or GPR) files (Molecular 

Devices, Sunnyvale, USA). Electronically stored images of the slides were visually 

examined to confirm that GenePix correctly identified the location of oligonucleotides 

against the slide surface background. 

 

4.3.2.6 Additional Quality Control Considerations 

 At a total of 84 samples that required conversion into target (twelve biological 

replicates for each of seven genotypes), at two weeks of laboratory work to process the 

loop of one genotype or 12 biological replicates, the wet-lab work spanned a time period 



133 
 

of four months. To minimize the possibility of technical error that contributes to sources 

of variation, in particular error that may affect the power to detect transcript abundance 

changes, wet-lab work was done one genotype at a time. Furthermore, water treated 

with diethylpyrocarbonate (DEPC), an RNase inhibitor, for use in the preparation of 

stock solutions and throughout the protocols was prepared ahead of time and tested for 

purity from RNA-degrading enzymes prior to the start of all lab-work. Testing was done 

using gel electrophoresis on total RNA (Appendix A.12). Last, the technique of speed-

vacuum centrifugation may not yield 100 % recovery of the input, however, this does not 

change the size distribution of RNA molecules (R. Sandoval, University of Arizona, 

personal communication). To ensure that the method of speed-vac centrifugation was 

applied correctly so as not to change the size distribution of RNAs, I performed 

Bioanalyzer (Agilent Technologies, SantaClara, USA) Analysis (Appendix A.13). A 

comparison of pre- versus post-speed vacuumed total RNA samples yielded 

overlapping size distributions (Appendix A.14). The comparison of pre- versus post-

speed vacuumed labeled aRNA also confirmed overlap of relative size distributions  

(Appendix A.15).  

 

4.3.3 Data Analysis  

4.3.3.1 Maize Array Probe Annotation 

A single microarray comprised two glass slides containing a total of 57,440 

synthesized, single-stranded, long-oligonucleotide DNA or ‘probes’ (Phimister, 1999). 

Per array, an additional 2,220 and 5,236 DNA segments represented replicated positive 

or negative control oligonucleotides, respectively. At the time of probe design, the maize 
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genome sequence was unavailable (Gardiner et al., 2005). Consequently, original probe 

design was based on various sources of publicly available Zea mays sequence 

information, most of which represented the ‘transcriptionally active portion of the 

genome’ (Gardiner et al., 2005) as reflected in the large number of EST-derived probes 

on the microarray. With the subsequent release, during the course of this project, of the 

maize genome sequence and sequence-associated gene models, we re-annotated the 

array. The goal of the annotation was to limit array oligonucleotides to a set of probes, 

subsequently referred to as gene-probes, for use in the analysis of gene expression 

changes. Gene-probes were defined as oligos i) that showed homology to, or mapped 

to, a gene model sequence, ii) that did not cross-hybridize i.e. map to more than one 

gene model sequence, iii) that were most suited to represent a gene model in cases 

when multiple oligonucleotides mapped to the same gene model, and iv) which showed 

evidence for transcript binding and/or statistically significant transcript abundance 

changes in at least one genotype.  

To perform the homology search, we used blastn to align probe sequences with 

53,673 predicted maize mRNAs that had been derived from 32,540 gene models 

(www.maizesequence.org release 3b.50). The criterion of homology was deemed met 

when a minimum 94 % identity was observed across a minimum 90 % of the probe 

sequence length. The 90 % cut-off value allows for a nucleotide mismatch at up to six 

positions, or for a mismatch at up to two amino acid (6 nt) indels. The relatively low 

percent identity cut-off was selected because transcript contigs were used in oligo 

design (Gardiner et al., 2005), and assembly of EST sequences into transcript contigs 

occurred only if the ESTs had 94 % identity (Quackenbush et al., 2001).  In the 
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definition of the criteria for cross-hybridization, it was considered that long 

oligonucleotides may weakly cross-hybridize with targets sharing greater than 85 % 

identity and may strongly cross-hybridize with targets sharing greater than 95 % identity 

(He et al., 2005). Also, a long stretch of identity between a probe and a target can result 

in cross-hybridization. For example, identity when observed across 35 nucleotides of a 

50-mer probe or across 50 nucleotides of a 70-mer probe resulted in approximately 

55% of the full-length perfect match signal (He et al., 2005). Consequently, a probe 

sequence was deemed to cross-hybridize with the gene model sequence when it 

yielded greater than 84% identity at a minimum 80% probe sequence length (or at 56 of 

70 nucleotide positions), or yielded greater than 94% identity at a minimum 59% probe 

sequence length (or 41 of 70 nucleotide positions). Further, while original probe design 

aimed to have each probe represent a unique maize gene, technical limits at the time 

allowed for some possibility that several ESTs were derived from the same gene such 

that some genes are represented by multiple probes. When this was found to be the 

case, the representative probe was chosen as the oligonucleotide with highest average 

signal strength or expression level, obtained as the average of expression levels across 

genotypes and slides.  

 

4.3.3.2 Test for Differential Transcript Abundance 

The hybridization signal data was analyzed, one loop or genotype at a time, 

using the linear model analysis of gene expression microarray data (LIMMA) package 

(Smyth, 2005) in the R software (R Development Core Team, 2007). In the first step, 

using the normexp plus offset function (Ritchie et al., 2007) and done separately for 
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green and red signal, raw foreground signal intensities were background-corrected to 

remove effects of non-specific binding. Next, the log-ratio statistic M was computed at 

individual array features as the log-base 2 value of the ratio of red to green signal, or M 

= log2(R) – log2(G). Using the printtiploess function (Smyth and Speed, 2003), M-values 

were normalized within slide to remove effects of print-tip dye-bias, intensity- and/or 

spatial position dependence. Subsequently, function lmFit (Smyth, 2004) was applied to 

the expression data to fit a linear model to the log-ratios (or M values) at individual 

oligonucleotide spots. In particular, and in agreement with LIMMA procedure (Smyth, 

2005), I defined a design matrix that contains two linear model terms; one that 

compares signal intensity from recovery and pre-stress periods (Rec/Ctl), and one that 

compares signal intensity from osmotic stress and pre-stress growth periods 

(Str/Control; Table 4-1). The two model terms were then assigned coefficients (0/-1/1), 

done on a slide-basis, on the condition that the resulting linear combinations of the 

model terms result in the treatment contrast that also results as a consequence of the 

two co-hybridized RNA targets, and as provided to R in the form of the Targets Frame 

(Appendix A.16). Function contrasts.fit  (Smyth, 2005) was then used to request 

estimates for the two treatment contrasts of interest, namely to estimate the effect of 

osmotic stress treatment on transcript abundance (contrast Str/Ctl) and to estimate the 

effect of recovery treatment on transcript abundance (contrast Rec/Str). To assess the 

statistical significance of these estimates, in consideration of the reduced robustness of 

the traditional t-statistic when the number of microarray slides is low, I relied on the 

eBayes function of LIMMA and a Bayesian approach to obtain a moderated t-statistics 

(Smyth, 2004). The moderated t-statistic benefits from a higher degree of freedom of 
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the standard error as it is based on a gene-specific variance as well as a common 

variance (Dunkler et al., 2011) obtained from information collected across array features 

(Smyth, 2004). Last, p-values associated with the moderated t-statistics were adjusted 

for multiple testing using the false discovery rate (FDR) function (Benjamini and 

Hochberg, 1995) to control the FDR or the ‘expected proportion of falsely rejected 

hypotheses’ (Dudoit et al., 2002). Finally, we retained probes with log2 fold changes 

between treatments of greater than 0.05. Thus, a treatment effect, or fold-change, was 

deemed meaningful at a gene probe if the log2-fold change estimate was greater than 

the value of 0.5 and when the t-statistic’s associated p-value was smaller than 0.15. 

 

 
Table 4-1. Design matrix in support of microarray experimental design.  Design 
matrix used to fit the linear model to the log-ratio intensity data pertaining to one loop or 
genotype, and treatment contrasts as implemented by the slide-specific linear 
combination of the linear model terms.  

 

 

 

  

Rec/Ctl Str/Ctl

1 0 -1 Ctl / Str

2 0 1 Str / Ctl

3 -1 1 Str / Rec

4 1 -1 Rec / Str

5 1 0 Rec / Ctl

6 -1 0 Ctl / Rec

Linear Model Terms

Contrast as implemented 

by the linear combination 

of Rec/Ctl and Str/Ctl

Design Matrix Provided to R

Array ID
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4.3.3.3 Counts that Describe the Treatment Responses 

 Gene probes that underwent a statistically significant abundance increase (ABI) 

in response to the osmotic stress or recovery treatment were designated stress-ABI or 

recovery-ABI, respectively. Gene probes that exhibited an abundance decrease (ABD) 

in response to stress or recovery treatment were designed stress-ABD or recovery-

ABD, respectively. Genotypes were evaluated for the number of genes in each of these 

treatment response categories as a measure of the scope of the transcriptome 

response. Done separately for the above response categories and using log-fold ratios 

of the treatment-responsive genes from across all genotypes, the NPARWAY1 

procedure in the SAS 9.3 software (SAS Institute Inc., Cary, NC, U.S.A.) implemented 

the nonparametric Kruskal-Wallis test (Kruskal and Wallis, 1952). This method tested 

for genotype differences in the median of the log-fold ratio distribution (Pappas and 

DePuy, 2004). If the medians differ across genotypes and if genotypes of smaller 

medians show a higher number of treatment-responsive genes, the latter count may in 

part be due to genotype differences in the power to detect genes of statistically 

significant transcript abundance change.  

In another context, individual genes were grouped by the behavior of their 

transcript abundance change across the two treatments or what is referred to as 

abundance change profile (ACP). The ACP class descriptor consists of the 

abbreviations ABI or ABD in reference to the stress response, followed by a dash, 

followed by the abbreviations ABD or ABD in reference to the recovery response. When 

transcript abundance changed in response to one treatment only, the lack of an 

abundance change in response to the other treatment was designated with the word 
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NOT. Further, the ACPs that describe genes whose transcript abundance changes in 

opposite direction across the two treatments, ie ACP classes ABI-ABD and ABD-ABI, 

are collectively referred to as opposite abundance change profiles (OACP). As an 

indicator of a genotype’s tendency to restore the transcriptome upon recovery 

treatment, genotypes were compared for the number of genes in the various ACP 

classes.  

In a third context, a gene that was treatment-responsive was designated 

treatment-responsive in a genotype-specific, genotype-shared, or conserved manner. 

These cases distinguish the scenarios when the gene responded to treatment in only 

one genotype, in two to six genotypes, or in all genotypes, respectively. This measure is 

used as an indicator of whether a gene is consistently involved in the treatment 

response, across all genotypes, regardless of the direction of the abundance change 

profile. The above criterion is not to be confused, however, with the use of the same 

terminology (specific, shared, vs conserved) when reference is made to the study of the 

consistency of the gene response classes, eg stress-ABI or ABI-ABD, across 

genotypes. For example, a gene that is treatment-responsive in all genotypes, and 

therefore would be considered conserved for being treatment-responsive, may display a 

genotype-specific response in one genotype (eg stress-ABI in B73) but display a 

genotype-shared response in all other genotypes (eg stress-ABD in the remaining six 

genotypes). Consequently, when referring to the aspect of specificity, sharing, and 

conservation when applied to the type of treatment response, it must be kept in mind 

that this aspect depends on genotype. 
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4.3.3.4 Association of Treatment-Responsive Genes with Pathways 

Gene probes were identified that are present in MaizeCyc version 2.2 (Monaco et 

al., 2012), the Zea mays pathways database at Gramene (http://www.gramene.org; 

Monaco et al., 2014). Pathways are based on the annotation of the so-called high-

quality filtered gene set, all genes of which have strong evidence of being protein-

coding genes, of the maize reference genome (version 2) (Schnable et al., 2009). In the 

construction of MaizeCyc, annotations were obtained electronically and manually from 

published literature, and annotations were then used for metabolic network construction 

(Monaco et al 2013). When a pathway of MaizeCyc harbored a treatment-response 

gene probe, the pathway is referred to as a response-associated. When a pathway was 

observed to be response-associated in only one, some, or all genotypes, the pathway is 

referred to as genotype-specific, shared, or conserved, respectively.  

In establishing counts of response-associated pathways, I also made use of the 

MaizeCyc classification of pathways. At the highest level, subsequently referred to as 

level I, nine pathway classes are distinguished (www.gramene.org): (1) Pathways that 

describe biosynthetic processes (BIOSYN); (2) pathways that lead to the degradation of 

substrates to generate energy, utilize outside sources of metabolites, or assimilate 

essential bioelements (Degradation, Utilization, Assimilation, short DUA); (3) pathways 

involved in the activation, inactivation, and interconversion of metabolic compounds 

(short A.I.I. or AII); (4) pathways involved in the production of precursor material for 

central metabolism, and which generate energy for growth (Generation of Precursor 

Metabolites and Energy, short GENPMEN); (5) pathways involved in the removal of 

toxic compounds (Detoxification, short DETOX); (6) pathways involved in copper 
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transport (TRANSPORT). Two level I classes do not contain classic, unique pathways: 

First is the class termed Superpathways (short SUPPWY, class 7) which represents 

combinations of individual pathways where combinations are made on the basis of a 

common precursor, product, reaction, etc.  Second is the class referred to as Metabolic 

Clusters (short METCLU, class 8). This class contains so-called clusters each of which 

is a collection of biochemically related but unconnected reactions. Last, several 

pathways are not assigned to a level I class in MaizeCyc and are reported here in the 

group Non-Class (class 9). Across all level I classes the MaizeCyc version used in this 

study contained 422 unique pathways, 380 of which were identified by means of 

association with 1,589 gene probes present on the microarray (Appendix A.17).  

 

4.3.3.5 Genotype Relationships Based on Response Sharing 

Done separately on data sets for treatment-responsive genes, response-

associated enzymes and response-associated pathways, I applied the PRINCOMP 

procedure in the SAS 9.3 software (SAS Institute Inc., Cary, NC, U.S.A.) to implement 

principal component analysis (Morrison, 1976). The input data to PCA was a matrix with 

genotype in rows and gene (or enzyme, or pathway) as columns, with a data value of 1 

indicating treatment-responsiveness of the gene for the respective gene or genotype. In 

the case of enzyme or pathway-based PCA, a data value of 1 indicated association of 

the enzyme or pathway with a treatment-responsive gene.  
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4.4 RESULTS 

4.4.1 12,180 Oligos on the Microarray Represent a Gene Model  

 Annotation and filtering reduced the 57,440 oligonucleotides on the microarray to 

a final set of 12,180 oligonucleotides, each of which represents a distinct gene model. In 

particular, strict homology search criteria narrowed the 57,440 oligonucleotides to a first 

subset of 32,419 oligonucleotides which mapped to a total of 22,162 gene models. The 

set of 32,419 oligonucleotides was further reduced by the removal of 7,898 

oligonucleotides which showed homology with more than one gene model, i.e. cross-

hybridized. The remaining, non-cross hybridizing 24,521 oligonucleotides fell into two 

groups: In the first group, 10,841 oligonucleotides associated with 10,841 gene models 

at a ratio 1:1. In the second group, 13,680 oligonucleotides associated with 5,800 gene 

models at a ratio of 2.36 oligonucleotides : 1 gene model. In other words, some gene 

models were represented by more than oligonucleotide. Consequently, the 13,680 

oligonucleotides were filtered (section 4.3.3) to identify one subsequently representative 

oligo for each gene models, resulting in a reduced set of 5,800 oligonucleotides. The 

new set of 16,641, or 10,841 plus 5,800, oligonucleotides was further reduced to only 

include oligos at which binding capacity was observed (section 4.3.3) and/or which 

showed statistically significant transcript abundance change in at least one genotype in 

response to at least one treatment. The resulting final set included 12,180 

oligonucleotides, subsequently referred to as gene-probes, with each oligo making 

reference to a distinct gene model.  
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4.4.2 Microarray Signal Quality Unaffected by Genotype 

 Microarray performance of 42 microarrays was monitored, on an ongoing basis and 

over several weeks during which the laboratory work took place, as performance may 

vary in relation to the manufacturing process or long-term environmental laboratory 

conditions, including the stability of home-made and/or purchased solutions and 

reactants over time. For all genotypes, signal-to-noise ratios for red or green dyes were 

consistently higher, as expected, for positive control probes than for blank or negative 

control spots (Appendix A.18). Positive control spots when replicated within slide 

showed high signal strength repeatability within slide. Repeatability of signal strength 

was also high for spots across slides within genotype and across slides from different 

genotypes (Appendix A.19). The procedure of signal intensity normalization across 

spots within a slide was effective for all genotypes as based on visual assessment of 

output signal (Appendix A.20). As expected for individual array spots across the six 

microarrays used per genotype, a spot was most likely to consistently bind target on 

none of the six slides or on all of the six slides that pertain to a genotype’s microarray 

loop (Appendix A.21). Further, although array and probe design was largely based on 

transcriptionally active regions in genotype B73 (Gardiner et al., 2005), our results did 

not suggest that B73-derived cDNA hybridized to more probes than was the case for the 

other genotypes. In particular, a probe that showed binding capacity in any particular 

genotype typically did so in the majority of, if not all seven, genotypes (Appendix A.22). 

Similarly, over 95 % of a genotype’s stress-responsive probes showed binding capacity 

in at least one other genotype (Appendix A.23).  
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4.4.3 Genotypes Vary in Strength of Transcriptome Response 

 Studying the number of genes whose transcript abundance increased or decreased 

tells us about the effects of osmotic stress and recovery as well as the genetic diversity 

in the genotypes’ responses. All genotypes exhibited the phenomena of transcript 

abundance increase (ABI) or abundance decrease (ABD) in response to stress and 

recovery. On average, 8.5 and 5.2 % of genes exhibited ABI (subsequently referred to 

as stress-ABI) and ABD (stress-ABD), respectively, in response to the stress treatment. 

In response to the recovery treatment, an average 5.4 % and 7.6 % of genes exhibited 

an ABI (recovery-ABI) and ABD (recovery-ABD), respectively (Table 4-2). While the 

trend of excess ABI to ABD due to stress and the trend of excess ABD to ABI due to 

recovery held for individual genotypes, genotypes showed an up to four-fold difference 

in the percentage of treatment-responsive genes within a respective response category 

(Table 4-2). Furthermore, genotypes of strong response, as based on the percentage 

of treatment-responsive genes, often showed strong responses across both response 

types (ABI or ABD) due to both stress and recovery. For example, while genotypes 

CG33 and F2 showed consistently weak responses, genotypes CG102 and SD80 

showed consistently strong responses (Table 4-2). Genotypes of intermediate 

responsiveness occurred as well, with CG60, B73, and CG80 showing strong 

responses for stress-ABI and recovery-ABD and showing intermediate responses for 

stress-ABD and recovery-ABI (Table 4-2).  
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Table 4-2. Percentage of treatment-responsive genes for different genotypes, by 
category of transcript abundance treatment response. Transcript abundance 
increase or decrease denoted by ABI or ABD, respectively.  

 
  

CG102 10.8 6.7 7.2 9.4

CG60 10.0 5.7 5.9 10.5

SD80 9.7 8.2 8.6 9.0

B73 9.7 5.8 5.9 9.2

CG80 9.3 5.0 5.4 6.7

CG33 5.1 2.3 2.1 3.9

F2 5.0 3.0 2.7 4.4

Average 8.5 5.2 5.4 7.6

Minimum 5.0 2.3 2.1 3.9

Maximum 10.8 8.2 8.6 10.5

Fold-

Difference 

(Max/Min)

2.1 3.6 4.0 2.7

ABIABI ABDGenotype

Stress Response Recovery Response

ABD
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4.4.4 Genotype Differences in Responsiveness Not due to Power of Detection 

 The number of treatment-responsive genes, and in turn the genotype differences 

in these numbers, may be affected by the power to detect transcript abundance change. 

In particular, high power of detection in a genotype would show as larger number of 

treatment-responsive genes and lower median log-fold change values relative to a 

genotype of low power. Tests of genotype differences in the distribution of log-fold 

change values were indeed significant for genes that underwent stress-ABI (chi-square 

p < 0.0001), stress-ABD (chi-square p < 0.0001), recovery-ABI (chi-square p < 0.0001), 

and recovery-ABD (chi-square p < 0.0001). Two observations, however, argue against 

the differences being indicative of power differences. First, the identity of genotypes with 

lower median values differ across the gene response classes (Figure 4-2) while the 

identity of genotypes with high percentage of treatment-responsive genes was largely 

stable across gene response classes (Table 4-2). Secondly, genotype median log fold-

change values and the percentages of treatment-responsive genes did not correlate at 

a 5% type I error rate for genes that underwent stress-ABI (p-value 0.83), stress-ABD 

(p-value 0.64), recovery-ABI (p-value 0.18), or recovery-ABD (p-value 0.28). The 

correlation of genotype median log fold-change and genotype percentage of treatment-

responsive genes was also not significant when examined for all genes, regardless of 

response class (p-value 0.34). The results strongly suggest that genotypes differ greatly 

in the number of treatment-responsive genes.  
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Figure 4-2. Distribution of log fold-change values of statistically significant treatment-
responsive genes. Boxplots of log fold-change (y-axis) for genes that responded to 
stress with an abundance increase (stress-ABI) or decrease (stress-ABD), and for 
genes that responded to stress removal with an abundance increase (recovery-ABI) or 
decrease (recovery-ABD). Boxplots display the median value (bold horizontal line), first 
and third quartile (lower and upper horizontal sides of the box), and confidence interval 
of the median (dashes) along with outliers (dots). Letters indicate genotypes that were 
found not to be different in spread and shape of the log-value distribution and as 
assessed by a non-parametric Kruskal-Wallis test. 
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4.4.5 Genotypes of High Responsiveness Show High Transcriptome Restoration   

 I observed a significant, positive correlation between the percentage of 

stress-ABI and recovery-ABD genes (r=0.93; p=0.0023) and between the 

percentage of stress-ABD and recovery-ABI genes (r=0.99; p<0.0001)(Table 4-

2). This is suggestive of a trend to reverse stress-induced transcript abundance 

changes upon recovery. This trend was confirmed when individual genes were 

characterized for their ACPs (Figure 4-3): Genes of opposite abundance change 

profile (short OACP), i.e. genes whose transcript abundance changed in 

opposite directions in response to stress and recovery, made up the largest 

category of treatment-responsive genes; on the low and high ends of the range, 

49.8% and 73.3% of the treatment-responsive genes were of OACP in 

genotypes CG80 and CG102, respectively (Figure 4-3). Within a genotype, the 

likelihood of OACP was very similar for stress-ABI and -ABD genes (Figure 4-

4). The low restoration genotypes (CG80, F2, CG33) had a comparatively high 

percentage of genes that responded to stress but not to recovery treatment 

(Figure 4-5). In the particular case of CG80, low restoration also resulted from a 

relatively high contribution of genes that did not respond to stress but were 

recovery-ABI (Figure 4-6). Finally, genotypes of high treatment-responsiveness 

or percentage of stress-ABI, stress-ABD, recovery-ABI, or recovery-ABD genes, 

showed a high degree of restoration or percentage of genes of OACP; in the 

case of recovery-ABD genes, this positive relationship was statistically 

significant (r=0.75, p=0.05) (Figure 4-6). 
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Figure 4-3. Number of statistically significant treatment-responsive genes for different genotypes (panels), by 
gene response class. Class descriptors describe the response to stress treatment (ABI or ABD), followed by a dash, 
followed by the response to recovery treatment (ABI or ABD). The term NOT is used when abundance change was not 
statistically significant in the respective treatment (stress or recovery). For example, class ABI-ABD contains genes which 
underwent stress-ABI and recovery-ABD. In brackets are shown the percentages made up by the genes in the respective 
response class. 
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Figure 4-4. Percentage of stress-responsive genes that underwent statistically 
significant opposite abundance change in response to recovery, shown for 
different genotypes (x-axis).   
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Figure 4-5. Percentage of treatment-responsive genes, by response class (x-
axis), separately averaged across genotypes of high content of genes of OACP 
(left bar in a pair of bars) or averaged across genotypes of low content of genes 
of OACP (right bar in a pair of bars). 
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Figure 4-6. Percentage of treatment-responsive genes (y-axis) versus extent of 
transcriptome restoration upon stress removal (x-axis) from different genotypes 
(genotype designation shown beside data point), shown separately for genes of 
stress-ABI, stress-ABD, recovery-ABI, or recovery-ABD response. 
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4.4.6 Treatment Response Conserved in Genes of Opposite Abundance Change  

 As discussed above, genotype differences in molecular treatment responses are 

reflected in the scope of the response (or percentage of treatment-responsive genes), 

degree of transcriptome restoration and relative frequencies of genes in the various 

ACPs. Moreover, the exact nature of genotype differences depends on whether genes 

that define such attributes comprise the same, overlapping, or different sets. For 

example, while two genotypes may be similar in showing a high proportion of genes in 

the OACP, the genotypes may in fact differ in that there may not be any overlap in the 

two sets of genes in the OACPs. Consequently, to further study degree of, or potential 

for, genotype differentiation in the molecular response to treatments, we characterized 

genotypes’ treatment-responsive genes for the stability of their ACPs across genotypes 

(Figure 4-7). A genotype’s treatment-responsive gene was declared conserved when its 

ACP was maintained across all genotypes, shared when its ACP was maintained in a 

subset of genotypes, or genotype-specific when its ACP was observed only in the 

respective genotype. Compared to genes of other ACPs, genes of OACPs (ABD-ABI, 

ABI-ABD) were unique in showing ACP conservation and were the least likely to display 

ACP genotype-specificity (Figure 4-7). Yet, the widespread occurrence of specificity is 

indicative of considerable molecular genotype differentiation. An enormous potential for 

differentiation was further supported by the frequent occurrence of genes whose ACP 

was of shared type (Figure 4-7). We examined how attributes of genotype-specificity 

versus conservation translate into equivalent attributes at enzyme and pathways levels.  
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Figure 4-7. Degree of maintenance of treatment-responsive genes' abundance change 
profiles across different genotypes (genotype designation shown above respective 
panel). Genotype's total genes in an abundance change profile (ACP) class (x-axis) 
broken down into the proportion of genes which displayed the respective ACP in the 
one genotype only (termed specific), in some genotypes (shared), or in all genotypes 
(conserved). 
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4.4.7 Genotype-Specific and -Shared Genes Fall into Conserved Pathways 

 Genes that exhibit genotype-specific responses may in fact affect genotypes in a 

similar way, for example the two genes map to, and affect change in, the same enzyme 

and/or pathway. Consequently, patterns of genotype-specificity in the responses at the 

gene level, as examined above, may not necessarily translate into specificity at the 

enzyme or pathway levels. To compare attributes of genotype differentiation across 

levels of biological organization, treatment-responsive genes were mapped to enzymes 

and pathways of the Gramene Maize Cyc database, and the latter examined for 

genotype differences. When genes were mapped onto pathways, genotypes of high 

scope of response at the gene level (Table 4-2) were found to be of high scope at the 

pathway level (Figure 4-8). Parallels of molecular and pathway responses were also 

seen in genotype SD80’s atypical behavior where its equal participation of ABI and ABD 

responsive genes (Table 4-2) was reflected in equal participation of ABI- and ABD-

associated pathways (Figure 4-8). Overall, the percentage of stress-ABI genes (Table 

4-2) correlated with the number of stress-ABI gene-associated pathways (Figure 4-8) 

(r=0.90, p=<0.01), as was the case for the numbers of stress-ABD genes and 

associated pathways (r=0.99, p<0.01), the numbers of recovery-ABI genes and 

associated pathways (r=0.99, p<0.01), and the numbers of recovery-ABD genes and 

associated pathways (r=0.90, p=0.01). A first difference in genotypic differences at the 

gene versus pathway level emerged when comparing the difference in numbers of 

responsive genes or response-associated pathways between least and most responsive 

genotype. Here the difference between least and most responsive genotype was 

greater at the gene level. For example, the most and least responsive genotypes for 
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stress-ABI genes differed by a factor of 2.1 for the number of genes (Table 4-2) versus 

a factor of 1.65 for the number of associated pathways (Figure 4-8), suggestive of 

genes co-localizing in a pathway. In support of this conclusion, the numbers of 

genotypes’ genes that are treatment-responsive in the one genotype only exceeded the 

number of the genotypes’ pathways that are treatment response associated in the one 

genotype only ( 

Figure 4-9). For example, while genotype SD80 harboured 72 genes that were stress-

responsive only in SD80, this genotype showed only 12 pathways that were response-

associated only in genotype SD80. In other words, not every genotype-specific gene 

translated into a genotype-specific pathway but instead, some genotype-specific genes 

mapped to shared or conserved pathways. Similarly, some shared treatment-responsive 

genes map to conserved pathways. In particular, we observed a greater proportion of 

treatment-responsive genes that were shared, i.e. treatment-responsive in a subset of 

genotypes, than the proportion of response-associated pathways that were shared, i.e. 

response-associated in a subset of genotypes. This was true both for the stress-

response (Figure 4-10) and the recovery response (Figure 4-11). To summarize the 

extent of the increase in similarity in genotypes’ treatment-responses at the pathway 

level when compared to the gene level, it can be noted that while the percentage of 

conserved stress-responsive (Figure 4-10) or recovery-responsive (Figure 4-11) 

genes is at most 30% and is typically less, the proportion of conserved stress-response 

associated (Figure 4-10) or recovery-response (Figure 4-11) associated pathways is 

often more than 50%.  
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Figure 4-8. Number of pathways that associate with treatment-responsive 
genes, by genotype (x-axis). Top panel shows pathways that associated with 
stress-responsive or recovery-responsive genes, middle panel shows pathways 
that associated with stress-ABI or stress-ABD genes, bottom panel shows 
pathways that associate with recovery-ABI or recovery-ABD genes. 
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Figure 4-9. Number of genes that were stress-responsive or recovery-
responsive (top panels) in the specific genotype (x-axis) only, and number of 
associated enzymes or pathways (middle, bottom panels, respectively) that 
associated with the stress or recovery response in the one genotype only.  
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Figure 4-10. Degree of maintenance of stress-response across genotypes 
(genotype designation shown in bold above respective panel) .A genotype's 
stress-responsive genes, enzymes or pathways (x-axis) broken down into the 
proportion (y-axis) that was stress-responsive in the respective genotype only 
(labeled specific), in some genotypes (shown as shared), or in all genotypes 
(shown as conserved).  
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Figure 4-11. Degree of maintenance of recovery-response across genotypes 
(genotype designation shown in bold above respective panel) . A genotype's 
stress-responsive genes, enzymes or pathways (x-axis) broken down into the 
proportion (y-axis) that was recovery-responsive in the respective genotype only 
(labeled specific), in some genotypes (shown as shared), or in all genotypes 
(shown as conserved).  
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4.4.8 Heterotic Groups Not Reflected in Gene, Enzyme, Pathway Response  

Results above indicated a considerable amount of genotype-specific response 

behavior at the gene level, a trend to greater sharing of treatment-responses at the 

pathway level, with the presence of genotype-specific and/or –shared only behaviour at 

the pathway level nonetheless. PCA, based on the sharing of treatment-responsive 

genes, enzyme, or pathways between genotypes, showed that genotype relationships 

depended on the level of biological organization examined. For example, in the 

response to stress treatment, genotype SD80 and CG60 stand on their own at the gene 

(Figure 4-12) and enzyme levels (Figure 4-13). At the pathway level, however, CG60 

fails to maintain its separation (Figure 4-14). In the response to recovery treatment, 

SD80 again shows consistent separation from other genotypes at gene (Figure 4-15), 

enzyme (Figure 4-16), and pathway (Figure 4-17) levels. Yet, inconsistency in 

clustering can be seen for some genotypes such as CG80 which shows greater 

distance to other genotypes at the enzyme level (Figure 4-16) than at the gene 

(Figure 4-15) or pathway (Figure 4-17) levels. Last, based on the premise that 

heterotic patterns relate to genotype similarity at the genetic level as assessed by 

molecular markers, PCA plots were visually examined for clustering of genotypes into 

heterotic group. This was not observed, however. For example, stiff-stalk genotype 

SD80 consistently did not cluster with other genotypes at the gene, enzyme, or pathway 

level, suggesting no closer relationship to other stiff-stalk genotypes than to the non-stiff 

stalk genotypes in the study. Other stiff-stalk genotypes B73 and CG102 cluster in some 

plots, however, also often cluster with non-stiff stalk genotype CG80.  
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Figure 4-12. Genotype relationships based on principal component analysis and 
the sharing of stress responses at the gene level (genotype designation shown 
beside data points). First three principal component axes are depicted for the reason 
that axes two and three explain similar amounts of variation and are equally informative.  
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Figure 4-13. Genotype relationships based on principal component analysis and 
the sharing of stress responses at the enzyme level  (genotype designation 
shown beside data points). First three principal component axes are depicted for the 
reason that axes two and three explain similar amounts of variation and are equally 
informative.  
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Figure 4-14. Genotype relationships based on principal component analysis and 
the sharing of stress responses at the pathway level (genotype designation 
shown beside data points). First three principal component axes are depicted for the 
reason that axes two and three explain similar amounts of variation and are equally 
informative.  
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Figure 4-15. Genotype relationships based on principal component analysis and 
the sharing of recovery responses at the gene level (genotype designation 
shown beside data points). First three principal component axes are depicted for the 
reason that axes two and three explain similar amounts of variation and are equally 
informative.  
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Figure 4-16. Genotype relationships based on principal component analysis and 
the sharing of recovery responses at the enzyme level (genotype designation 
shown beside data points). First three principal component axes are depicted for the 
reason that axes two and three explain similar amounts of variation and are equally 
informative.  
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Figure 4-17. Genotype relationships based on principal component analysis and 
the sharing of recovery responses at the pathway level (genotype designation 
shown beside data points). First three principal component axes are depicted for the 
reason that axes two and three explain similar amounts of variation and are equally 
informative.  
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4.4.9 Genotypes Differ for Number of Pathways in Many Pathway Classes  

 Although there is a reduction of genotypic differences from gene to pathway level, 

genotype differences remain in the number of response-associated pathways. The least 

responsive genotypes (F2, CG33) at the pathway level (Figure 4-8) showed pathway 

involvement in all level I classes in response to stress (Figure 4-18) and recovery 

(Figure 4-19). F2 and CG33 also showed pathway involvement across the diverse set 

of level II classes. For example, within class Biosynthesis, F2 and CG33 show pathway 

involvement in the majority of level II classes in response to stress (Figure 4-20) and 

recovery (Figure 4-21). When genotypes differed in the number of treatment-

responsive pathways within a pathway class, F2 and CG33 often placed at the lower 

end of the range of numbers. This is seen in classes BIOSYN or DUA in response to 

stress (Figure 4-18) and recovery (Figure 4-19), in classes AABS or SecMetBS in 

response to stress (Figure 4-20) and recovery (Figure 4-21), or in classes CarbDegr 

or AADegr in response to stress (Figure 4-22) and recovery (Figure 4-23). Also, 

when genotypes differed in the number of pathways, genotypic differences were smaller 

for stress-ABI than -ABD associated pathways. For example, the ratio of the number of 

pathways of most to least responsive genotype in class CarbBS was 1.6 for stress-ABI 

versus 3.3 for stress-ABD associated pathways (Figure 4-20). In class AADegr the 

ratio was 1.4 for stress-ABI versus 4.0 for stress-ABD associated pathways (Figure 4-

22). In contrast, genotypic differences were often greater for recovery-ABI than -ABD 

associated pathways. For example, in class AABS the ratios were 5 for recovery-ABI 

versus 2.2 for -ABD associated pathways (Figure 4-21). In class CarbDegr the ratios 

were 4.7 for recovery-ABI versus 2 for -ABD associated pathways (Figure 4-23).  
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Figure 4-18. Number of stress response associated pathways by GRAMENE 
level I pathway class. Number of pathways associated with all genes as 
represented on the microarray (black solid bars), or associated with stress -
responsive genes by Gramene level I pathway class, by genotype (see legend). 
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Figure 4-19. Number of recovery response associated pathways by GRAMENE 
level I pathway class. Number of pathways associated with all genes as 
represented on the microarray (black solid bars), or associated with recovery-
responsive genes by Gramene level I pathway class, by genotype (see legend). 
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Figure 4-20. Number of stress response associated pathways of the 
biosynthesis (level I) class, broken down into GRAMENE level II pathway class, 
shown for different genotypes (see legend). Pathways that associate with stress-
responsive genes (top row), stress-ABI genes (middle) or stress-ABD genes 
(bottom), shown by Gramene level II pathway classes of Amino Acid 
Biosynthesis (AABS), Aminoacyl-tRNA Charging (AAcyltRN), Amine and 
Polyamine Biosynthesis (AmPoAmBS), Aromatic Compound Biosynthesis 
(AroCmpBS), Carbohydrate Biosynthesis (CarbBS), Cell Structure Biosynthesis 
(CellStrB), Cofactor, Prosthetic Group, Electron Carrier Biosynthesis 
(CoPGEICa), Fatty Acid and Lipid Biosynthesis (FACiLipB), Hormone 
Biosynthesis (HormBS), Nucleoside and Nucleotide Biosynthesis (NucsNucl), 
Other Biosynthesis (OtherBS), Secondary Metabolite Biosynthesis (SecMetBS), 
and Siderophore Biosynthesis (SideropB) 
. 
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Figure 4-21. Number of recovery response associated pathways of the 
biosynthesis (level I) class, broken down into GRAMENE level II pathway class , 
shown for different genotypes (see legend). Pathways that associate with stress-
responsive genes (top row), stress-ABI genes (middle) or stress-ABD genes 
(bottom), shown by Gramene level II pathway classes of Amino Acid 
Biosynthesis (AABS), Aminoacyl-tRNA Charging (AAcyltRN), Amine and 
Polyamine Biosynthesis (AmPoAmBS), Aromatic Compound Biosynthesis 
(AroCmpBS), Carbohydrate Biosynthesis (CarbBS), Cell Structure Biosynthesis 
(CellStrB), Cofactor, Prosthetic Group, Electron Carrier Biosynthesis 
(CoPGEICa), Fatty Acid and Lipid Biosynthesis (FACiLipB), Hormone 
Biosynthesis (HormBS), Nucleoside and Nucleotide Biosynthesis (NucsNucl), 
Other Biosynthesis (OtherBS), Secondary Metabolite Biosynthesis (SecMetBS), 
and Siderophore Biosynthesis (SideropB) 
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Figure 4-22. Number of stress response associated pathways of the 
degradation/utilization/assimilation (level I) class, broken down into GRAMENE 
level II pathway class, shown for different genotypes (see legend). Pathways 
that associate with stress-responsive genes (top row), stress-ABI genes (middle) 
or stress-ABD genes (bottom), shown by Gramene level II pathway classes of 
Amino Acid Degradation (AADegr), Alcohol Degradation (AlcoDegr), Aldehyde 
Degradation (AldehDeg), Amine and Polyamine Degradation (AmPoAmDe), 
Aromatic Compound Degradation (AroCmpDe), C1 Compound Utilizat ion and 
Assimilation (C1CmpdUt), Carbohydrate Degradation (CarbDegr), Carboxylate 
Degradation (CarboxDe), Cofactors, Prosthetic Groups, Electron Carrier 
Degradation (CoPGEIC), Other Degradation/Utilization/Assimilation (DUAOther), 
Fatty Acid and Lipid Degradation (FACiLipD), Hormone Degradation 
(HormDegr), Inorganic Nutrient Metabolism (InoNtrMe), Nucleoside and 
Nucleotide Degradation (NucsNnuc), Polymeric Compound Degradation 
(PolymCmp), and Secondary Metabolite Degradation (SecMetDe)  
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Figure 4-23. Number of recovery response associated pathways of the 
degradation/utilization/assimilation (level I) class, broken down into GRAMENE 
level II pathway class, shown for different genotypes (see legend). Pathways 
that associate with stress-responsive genes (top row), stress-ABI genes (middle) 
or stress-ABD genes (bottom), shown by Gramene level II pathway classes of 
Amino Acid Degradation (AADegr), Alcohol Degradation (AlcoDegr), Aldehyde 
Degradation (AldehDeg), Amine and Polyamine Degradation (AmPoAmDe), 
Aromatic Compound Degradation (AroCmpDe), C1 Compound Utilization and 
Assimilation (C1CmpdUt), Carbohydrate Degradation (CarbDegr), Carboxylate 
Degradation (CarboxDe), Cofactors, Prosthetic Groups, Electron Carrier 
Degradation (CoPGEIC), Other Degradation/Utilization/Assimilation (DUAOther), 
Fatty Acid and Lipid Degradation (FACiLipD), Hormone Degradation 
(HormDegr), Inorganic Nutrient Metabolism (InoNtrMe), Nucleoside and 
Nucleotide Degradation (NucsNnuc), Polymeric Compound Degradation 
(PolymCmp), and Secondary Metabolite Degradation (SecMetDe)  
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4.4.10 Genotypes Draw from Repertoire of Genes or Pathways to Affect Change 

 Finally, two additional observations described genotypic differences in pathway 

involvement. First, it was observed that in pathway classes of relatively large genotypic 

differences in the number of response-associated pathways, the low-responsive 

genotypes such as F2 and CG33 - and even though their counts may be similar - can 

harbour a considerable number of pathways that are involved in only one of the 

genotypes. For example, F2 and CG33 show similar numbers of treatment-associated 

pathways in class SecMetBS (Figure 4-20, top panel), yet there exist 16 pathways 

which are involved in only one of the two genotypes (Table 4-4) – in fact making up 

64% or 59% of F2 and CG33’s number of treatment-associated pathways, respectively, 

in the SecMetBS class. 

 In the second aspect which described additional genotypic differences – this time 

in how pathways are affected – we observed that different genotypes often use different 

genes to affect one and the same enzyme. For example, in the pathway of cytokinins-O-

glucoside biosynthesis, we observed seventeen genes that affect the enzyme Trans-

zeatin O-beta-D-glucosyltransferase by means of one or both of stress-ABI and 

recovery-ABD (Table 4-3). Sixteen genes are involved in addition to the presence of 

one gene in particular (GRMZM2G304712) which affects the same enzyme in the same 

direction of transcript abundance change in all genotypes. Meanwhile, when a gene 

experiences abundance change in multiple genotypes, the direction of the transcript 

abundance change is typically conserved across the multiple genotypes (Table 4-3).  
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Table 4-3. Genotype differences in gene usage, exemplified for genes that map 
to enzyme trans-zeatin O-beta-D-glucosyltransferase. Genotype designations 
shown as headers to table columns 2-8. Using a two-letter sequence, gene 
response to stress and recovery is denoted at first and second positions of the 
sequence, respectively, where U denotes abundance increase and D denotes 
abundance decrease. When transcript abundance change was not statistically 
significant, a dash is shown. For example, UD denotes stress-ABI and recovery-
ABD response; -D denotes no response to stress followed by recovery-ABD. 

 

  

Gene ID B73 SD80 CG80 CG102 CG60 F2 CG33

GRMZM2G457929 -- -- -- -- -- U- UD

GRMZM2G095280 -- UD U- -- -- UD --

GRMZM2G130119 -D -- -- -- -- -- --

GRMZM2G036409 UD -D -- UD UD -- --

GRMZM2G089241 D- -- -- -- DU -- --

GRMZM2G050748 -- -- -- -- -- UD --

GRMZM2G058314 -- U- -- -- -- -- --

GRMZM2G432291 -- DU -- -- -- -- --

GRMZM2G041699 -- UD -- -- -- UD --

GRMZM2G304712 UD UD UD UD UD UD UD

GRMZM2G363554 -- -U -- -- -- -- --

GRMZM2G479038 -- UD -D -- UD UD --

GRMZM2G073376 -- -- -- -- -U -- --

GRMZM2G122072 -- DU -- -- -- -- --

GRMZM2G051683 -- -- U- DU -- -- --

GRMZM2G154558 -- -- -- -- -- U- --

GRMZM2G372068 -- D- -- -- -- -- --
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Table 4-4. Genotype differences in pathway usage, exemplified for pathways in 
the level II pathway class SecMetBS. Pathways that associated with one or more 
treatment-responsive gene in the respective genotype is indicated by value of 1. 
The last column lists the total number of genotypes for which the pathway was 
associated with treatment-responsive genes. Pathways which were associated 
with treatment-responsive genes in only one of genotypes F2 and CG33 are 
shown on shaded background.  

 

  

PATHWAY NAME

B
73

SD
80

C
G

80

C
G

10
2

C
G

60

F2 C
G

33

# 
G

ts

hypoglycin biosynthesis 1 1 1 1 1 1 1 7

acetaldehyde biosynthesis II 0 1 0 0 1 0 0 2

jasmonic acid biosynthesis 1 1 0 1 1 1 1 6

traumatin and (Z)-3-hexen-1-yl acetate biosynthesis 1 1 0 1 1 0 1 5

divinyl ether biosynthesis II 1 1 0 1 1 0 1 5

camptothecin biosynthesis 0 0 1 0 0 0 0 1

phenylethanol biosynthesis 1 1 1 1 1 1 1 7

benzoate biosynthesis II (CoA-independent; non-beta-oxidative) 1 1 1 1 1 1 1 7

benzoate biosynthesis III (CoA-dependent; non-beta-oxidative) 1 1 1 1 1 1 1 7

phenylpropanoid biosynthesis; initial reactions 1 1 1 1 1 1 1 7

trans-cinnamoyl-CoA biosynthesis 1 1 1 1 1 1 1 7

chlorogenic acid biosynthesis I 1 1 1 1 1 1 0 6

chlorogenic acid biosynthesis II 1 1 1 1 1 1 0 6

ferulate and sinapate biosynthesis 1 0 1 1 1 0 1 5

coumarin biosynthesis (via 2-coumarate) 1 1 1 1 1 1 1 7

simplecoumarins biosynthesis 1 1 1 1 1 1 1 7

flavonol biosynthesis 1 1 1 1 1 1 1 7

flavonol glucosylation I 1 1 1 1 1 1 1 7

quercetinsulphates biosynthesis 1 1 1 1 1 1 1 7

flavonoid and flavonol biosynthesis pathway leading to anthocyanin biosynthesis and 

accumulation
1 1 1 1 1 0 1 6

flavonoid biosynthesis 1 1 1 1 1 0 1 6

leucodelphinidin biosynthesis 1 1 1 1 1 0 1 6

leucopelargonidin and leucocyanidin biosynthesis 1 1 1 1 1 0 1 6

pinobanksin biosynthesis 1 1 1 1 1 0 1 6

syringetin biosynthesis 1 1 1 1 1 1 0 6

anthocyanin biosynthesis (delphinidin 3-O-glucoside) 1 1 1 1 1 0 0 5

anthocyanin biosynthesis (pelargonidin 3-O-glucoside; cyanidin 3-O-glucoside) 1 1 1 1 1 0 0 5

luteolin biosynthesis 1 1 1 1 0 0 1 5

2;3-cis-flavanols biosynthesis 0 0 0 0 1 0 0 1

2;3-trans-flavanols biosynthesis 0 0 0 0 1 0 0 1

phenylpropanoid biosynthesis 1 1 1 1 1 1 1 7

coniferin metabolism 0 1 0 0 0 0 0 1

monolignol glucosides biosynthesis 0 1 0 0 0 0 0 1

1D-myo-inositol hexakisphosphate biosynthesis III (Spirodela polyrrhiza) 1 1 0 1 1 1 0 5

myo-inositol biosynthesis 1 1 0 1 1 1 0 5

D-myo-inositol (1;4;5)-trisphosphate biosynthesis 0 0 0 0 1 0 0 1

trans-lycopene biosynthesis II (plants) 1 1 1 0 1 0 0 4

lutein biosynthesis 0 0 1 1 1 0 0 3

antheraxanthin and violaxanthin biosynthesis 0 0 0 0 1 0 0 1

carotenoid biosynthesis (from lycopene to carotene and xanthophyll) 0 0 0 0 1 0 0 1

gibberellin biosynthesis III (early C-13 hydroxylation) 1 1 1 1 1 1 1 7

ent-kaurene biosynthesis I 0 1 1 1 1 1 0 5

ent -kaurene biosynthesis II 0 1 1 0 1 1 0 4

mevalonate pathway I 1 1 1 1 1 1 1 7

linalool biosynthesis 1 1 1 1 1 1 1 7

abscisic acid biosynthesis 1 1 1 1 1 1 1 7

aldehyde oxidation I 1 1 1 1 1 1 1 7

plant sterol biosynthesis 0 1 1 1 0 0 0 3

epoxysqualene biosynthesis 1 1 0 0 0 0 0 2
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4.5 DISCUSSION 

4.5.1 Transcriptome Response to Stress Introduction is Coordinated and Strong  

All genotypes responded to the osmotic stress and recovery treatments at the gene 

level. Key features of the observed transcript responses are the large number of genes 

that were treatment-responsive in multiple genotypes and the large number of genes 

that underwent opposite transcript abundance change in response to the two treatments 

(fIGURE 4-7). These observations reflect a high degree of coordination in the stress 

response, as was expected. In particular, participation of the transcriptome in the Zea 

mays root response to abiotic stress was reported as early as 2003 by Wang et al. who 

detected 916 or 11% of treatment-responsive ESTs in hydroponically grown root tissues 

of four-week old plants subjected to a sub-lethal salinity stress. Furthermore, while plant 

responses to abiotic stresses have evolved to ensure survival under abiotic stress and 

can be of different strategy depending on crop and environment, plant responses often 

include an indispensable, core component that are shared across genotypes (Aroca et 

al., 2012). A shared set of abiotic stress treatment-responsive genes across maize 

genotypes, as seen in our study, was also previously reported, even across 

phenotypically distinct genotypes. For example, Maron et al. (2008) compared Zea 

mays root tip transcriptome responses to a short-term aluminum stress in aluminum-

sensitive and -tolerant genotypes. Although their genotypes showed different 

physiological responses, the genotypes shared a common set of treatment-responsive 

genes. Similarly, Marino et al. (2009) studied Zea mays immature maize kernel 

transcriptome responses to a field-imposed drought stress in drought-susceptible and -
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sensitive maize genotypes and found that 25% of the assayed transcripts were stress-

responsive in all genotypes.  

Given the type of stress and tissue used in our study, we expected a strong 

treatment response as was in fact reflected in the high percentage of treatment-

responsive genes observed in all genotypes (Table 4-2). This expectation relates to 

the fact that our osmotic stress treatment changes the water potential of the growth 

solution, thereby adversely impacting water potential gradients that are required for 

water uptake and movement. Such changes typically result in rapid root responses, 

enacted for the root to fulfill its pivotal role in plant water regulation or the maintenance 

of the balance of water uptake, water use, and transpiration. Furthermore, Zea mays 

root growth responses under osmotic stress have been shown to involve processes of 

osmotic adjustment, cell wall loosening, and hormonal regulation, all of which have 

been shown to involve genes that can undergo changes in transcript abundance upon 

osmotic stress treatment (Sharp et al., 2004).  

 

4.5.2 Stress Removal Results in Strong Transcriptome Response in all Genotypes 

All genotypes used in this study were previously observed to undergo growth rate 

increases or partial root growth restoration upon stress removal (hydroponics chapter). 

Given the involvement of the transcriptome in the control of root growth rate (Sharp et 

al., 2004), a transcriptome response to the stress removal was also expected in all 

genotypes. Transcriptome responses to recovery were in fact observed, in all 

genotypes. Even in the case of our least recovery-responsive genotype CG33, 6.0% of 

all genes responded to recovery treatment (Table 4-2). All genotypes displayed a 
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recovery response that was nearly as strong as the stress response when based on the 

number of treatment-responsive genes (Table 4-2). For example, the genotype 

average of stress-responsive genes (of abundance increase or decrease) was only 

slightly higher (13.7%) than of recovery-responsive genes (13%; Table 4-2).  

These results provide further support to two attributes that describe the recovery 

response at the transcriptome level, as previously reported from studies in maize 

landraces. The first aspect concerns the universal display of a transcriptome response 

to the removal of stress across a wide range of genetic materials, even when materials 

are chosen for contrasting phenotypes and involve genotypes of low stress tolerance. 

For example, Hayano-Kanashiro et al. (2009) assayed the transcriptome of leaf tissue 

from drought-tolerant and -susceptible maize landraces under drought and recovery. 

Even their least treatment-responsive genotypes showed as many as 1,589 recovery-

responsive genes. The second aspect concerns the display of a strong recovery 

response at the transcriptome level as based on the number of recovery-responsive 

genes and when compared to the numbers of stress-responsive genes. Although the 

majority of abiotic stress studies have focused on the effects of stress rather than 

recovery, the changes in the physical environment associated with stress removal, if not 

counteracted by the roots, are acknowledged to hold similar risks to plant health as the 

stress treatment. In the case of an osmotic stress or stress recovery, those risks consist 

of inappropriate water uptake and/or irreversible tissue damage. Here, a strong 

recovery response is generally desirable as it allows the plant to efficiently access the 

newly available resources to complete growth and development. The importance of a 

strong recovery response was emphasized by Hayano-Kanashiro et al. (2009). Their 
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most drought-tolerant landrace exhibited the fastest and strongest recovery response at 

the physiological and transcriptome levels, resulting in an efficient ‘global re-activation 

of general plant metabolism after the severe stress’. Discussed in more detail at a later 

point, our observations support this concept: Genotypes of smallest percentage of 

growth rate recovery (CG33 at 37.1%, CG80 at 37.7%, hydroponics chapter) displayed 

low ratios in the number of recovery-responsive to the number of stress responsive 

genes (CG33 at a ratio of 0.81, and CG80 at a ratio of 0.85, Table 4-2). In fact, we 

observed a positive correlation between these variables (Figure 4-24, bottom panel). 

 

4.5.3 Inbred Lines Do Differ in Transcriptome Response to Stress and Recovery 

As discussed above, all genotypes in our study show coordinated and strong 

treatment responses. Three additional response attributes are shared by genotypes: 

Genotypes show more stress-ABI genes than stress-ABD genes, more recovery-ABD 

than recovery-ABI genes (Table 4-2), and treatment-responsive genes were most 

frequently of class of opposite abundance change (Figure 4-3). However, genotypes 

showed quantitative differences with respect to two aspects that describe the treatment 

responses. It is this genetic variation that makes up the key findings of this study. First 

is the genotypic difference in the number of treatment-responsive genes, subsequently 

referred to as genotypic differences in the scope of the treatment response. Second is 

the genotypic difference in the percentage of genes of OACP, subsequently referred to 

as genotype differences in transcriptome restoration. Before discussing possible causes 

and implications of the two types of variation detected, we comment on the finding of 

variation in general and in the context of our expectations.  
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Figure 4-24. Percent growth maintained under stress (top panel, y-axis) or 
percent growth restored upon recovery (bottom panel, y-axis) versus the ratio of 
recovery- to stress-responsive genes.   
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 On one hand, genetic diversity in maize breeding lines adapted to current 

agricultural practices is thought to be relatively limited. In particular, improved maize 

lines have been described as deriving from a narrow genetic base compared to their 

wild ancestors due to a domestication bottleneck as, for example, reflected in greater 

LD in wild relatives of maize compared to the improved lines (Hufford et al., 2012). To 

add to this, the material in our study is adapted to a temperate growing environment 

where Liu et al. (2003), in a survey of polymorphisms at 94 microsatellite loci across 

260 inbred lines, showed that temperate maize inbred lines show lower genetic diversity 

than their tropical or subtropical counterparts. On the other hand and in support of an 

expectation of high genetic diversity, maize inbreds harbor significant genetic variation. 

For example, while inbreds harbor only about 80% of the alleles found in landraces 

when based on their microsatellite survey across 260 inbred lines, allelic richness 

remains exceptionally high at an average 21.7 alleles per locus (Liu et al., 2003). The 

genetic variation is due, in part, to an increase of variation after the process of 

domestication and during the process of maize improvement, likely facilitated by the 

introgression of genes again from wild relatives to domesticated breeding material 

(Hufford et al., 2012). This variation is caused by, in part, to variation in the form of 

single nucleotide polymorphism variation or insertion/deletion polymorphisms (Lai et al. 

2010), as well as structural variation in the form of changed locations of genes, gene 

copy number variation, i.e. variation in the number of times a sequence is present, or 

presence/absence variation, i.e. the absence of sequences in some inbreds (Springer et 

al., 2009). In its effect on the transcriptome, such genome diversity can give rise to 

expression variation in maize (Springer et al., 2009). 



189 
 

4.5.4 Genotypes Vary in Scope of Stress Response and Recovery Response 

 Genotypes differed in the scope of the responses, i.e. differed in the percentage 

of treatment-responsive genes (Table 4-2). To summarize, the most treatment-

responsive genotype SD80 showed 2.4 or 2.9 times as many stress- or recovery-

responsive genes, respectively, as the least responsive genotype CG33. Differences 

were particularly pronounced in gene response classes stress-ABD and recovery-ABI, 

suggesting greater response conservation for genes that underwent stress-ABI or 

recovery-ABD compared to genes in other response classes. SD80 differed from all 

genotypes in that it showed a more even ratio of stress-ABI and –ABD genes, or 

recovery-ABD and –ABI genes (Table 4-2). These results demonstrate that our set of 

maize inbred lines harbors significant differences in their transcriptome responses to 

stress and recovery.  

Several studies reported observed percentages of treatment-responsive genes 

that were similar to our numbers. Casati et al. (2011) identified 4% of treatment-

responsive genes in 6-hour, UV-B irradiation treated leaf tissue of five-week old plants 

of inbred line W23. On the high end of percentage of treatment-responsive genes, 

Humbert et al. (2013) saw 12.8% water stress-responsive genes in whole-root tissue of 

four-week old, semi-hydroponically grown plants of inbred SRG-2000. Unlike our study, 

however, where genotypes were grown concurrently and compared directly as made 

possible by the large-scale hydroponic system, these studies were not specifically 

designed to test for effect of genotype on scope or magnitude of the response. 

Consequently, the range in scope observed across prior studies may in fact not reflect 



190 
 

genotypic differences but differences in experimental methodology. To name a few, 

scope can be affected by type of stress, stress intensity, or treatment duration. 

A small number of studies, however, have directly compared transcriptome 

responses across genotypes. Comparison with our results identifies some common 

attributes that describe transcriptome response diversity, but also demonstrates 

differences in how the diversity relates to phenotype, which again highlights the difficulty 

in comparing transcriptome responses across studies. For example, Hayano-Kanashiro 

et al. (2009) compared two drought-tolerant and one drought-sensitive landrace for leaf-

tissue transcriptome responses to a 17-day progressive water deficit and recovery 

irrigation, using thirty-day, solid-medium grown plants. Compared to their sensitive 

genotype, their tolerant genotypes responded to stress with a stronger reduction in leaf 

water potential, photosynthetic activity and stomatal conductance, a stronger increase in 

sugar and proline content, and a more rapid reversal of these processes upon stress 

removal. Similar to our results, the most treatment-responsive genotype of Hayano-

Kanashiro et al. (2009) showed 2.9 and 2.4 times as many stress- or recovery-

responsive genes, respectively, as their least treatment-responsive genotype. Although 

their genotypes used very different coping strategies to deal with stress while our 

genotypes seemingly differed only in the rate of root growth rate changes under our 

transient osmotic stress, it is remarkable that their observed genotypic differences in 

scope were not much different from those observed in our results. With the assumption 

that large genotype differences in component processes underlying the stress response 

are reflected in genotype differences in the transcriptome response, this suggests that 

our genotypes may considerably differ in component processes that underlie our 
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previously observed variation in growth rate changes. On the other hand, the study of 

Hayano-Kanashiro et al. (2009) also showed differences from our results:  

In our case, there were no significant correlations of the percentage of stress-

responsive genes with percentage of growth maintenance under stress (r=0.47, p=0.34) 

or of percentage of recovery-responsive genes with percentage of growth recovery 

(r=0.61, p=0.20) (Figure 4-25). In contrast, Hayano-Kanashiro et al. reported a 

relationship of the scope of the transcriptome and phenotype responses. In particular, 

their drought-tolerant genotype showed the stronger response at the transcript and 

physiological levels, allowing a quick and strong response that likely protected the leaf 

tissue from damage and subsequently allowed for a quick recovery. The opposite 

relationship was reported by Zheng et al. (2010) who saw the stronger transcriptome 

response in the shoot tissue of their drought-susceptible rather than the drought-tolerant 

maize inbred line, both lines grown on solid growth medium and subjected to a drought 

stress at the three-leaf seedling stage. Maron et al. (2008) also observed the stronger 

transcriptome response in root tip tissue of a tropical aluminum-sensitive maize inbred 

line when compared to the -tolerant maize inbred line, both lines subjected to the 

aluminum stress at four days of seedling age. Maron et al. (2008) offers an explanation 

why their sensitive genotype showed a  higher percentage of treatment-responsive 

genes: Unlike their tolerant genotype, the sensitive genotype did not exclude aluminum 

from the roots. Accumulation causes toxicity and physiological damage that go along 

with transcriptome changes not observed in the tolerant genotype. In summary, while 

our results did not show a correlation of growth maintenance under stress with strength 

of the transcriptome response due to stress, or growth recovery with strength of the 
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response due to recovery, our genotypes harbor considerable transcriptome variation 

that may likely point to considerable differences in response at the physiological level.  
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Figure 4-25. Percent growth maintained under stress (top panel, y-axis) or 
percent growth restored upon recovery (bottom panel, y-axis) versus percent of 
genes that are recovery-responsive. Genotype designations shown beside data 
points.   
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4.5.5 Transcriptome Restoration Positively Correlates with Growth Restoration 

The second key finding of our study is the detection of genotypic differences in the 

percentage of treatment-responsive genes of OACP, observed in the range from 49.8% 

(CG80) to 73.3% (CG102). The functional importance of genome restoration upon 

stress removal may be interpreted in two ways. First, a lack of restoration may point to a 

long-term transcriptome change attributable to an acclimation process triggered by the 

short-term stress as imposed in our study. In that case, a genotype of low percentage of 

treatment-responsive genes of OACP in our study may show improved resilience to 

subsequent osmotic and/or other stresses. Our study does not provide a test of this 

hypothesis, however, such a study can be pursued with the use of the hydroponic 

system. In particular, the current set of genotypes could again be exposed to a 24 hour 

osmotic stress and a subsequent 24 hour recovery period as done in the current 

experiment. In addition, however, the plants would then again be subjected to a stress 

and a subsequent recovery period. If acclimation had in fact occurred in response to the 

first stress exposure, one may expect to see a higher stress resilience – perhaps 

expressed in smaller growth rate reduction upon stress treatment – in the genotypes 

that were here identified as having relatively low OACP. Alternatively, in the second 

interpretation of the functional importance of genome restoration upon stress removal, a 

high percentage of genes in the OACP class is understood to be an indicator of a high 

degree of recovery at the molecular level as well as physiological level, enabling a 

strong recovery. In support of this concept, Zheng et al.’s (2010) results showed a 

consistently greater tendency for opposite transcript abundance changes of individual 

genes in the tolerant compared to the sensitive genotype. Our results, in fact, support 
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this theory: We observed a positive correlation between degree of genome restoration 

as measured by the percentage of treatment-responsive genes that fell in the OACP 

class and degree of growth restoration upon recovery as measured by the percentage 

of growth rate after stress relative to growth rate before stress (r=0.86, p=0.027). 

(Figure 4-26). This finding was particularly substantiated by the behavior of one 

genotype, CG80. Although this genotype showed a strong transcriptome response to 

stress (Table 4-2), it did not succeed in reversing many of the stress-induced transcript 

abundance changes (Figure 4-3), as was otherwise typical for the low-response 

genotypes F2 and CG33 (Figure 4-3) and as reflected in the low ability to restore 

growth rates upon stress removal (Figure 4-26). Having said this, a high degree of 

genome restoration also does not seem to be sufficient on its own to result in high 

growth restoration. In particular, genotype SD80 exhibited high transcriptome 

restoration and a relatively strong transcriptome response to both stress and recovery 

(Table 4-2), yet exhibited intermediate ability for growth restoration (Figure 4-26). 

Instead, the best genotypes in terms of growth recovery upon stress removal, i.e. CG60 

and CG102 (Figure 4-26), were characterized by a strong transcriptome response to 

stress- and recovery-treatments with the occurrence of more stress-ABI than –ABD 

genes and with fewer recovery-ABI than recovery-ABD genes (Table 4-2), as well as 

with a high degree of genome restoration (Figure 4-3). Interestingly, a common feature 

of the genotypes of low OACP, i.e. genotypes CG80, F2, and CG33, appeared in the 

higher percentage of stress-responsive (only) genes than seen in high OACP genotypes 

(Figure 4-5). Consequently, their inability for high transcriptome restoration may be 

systematic and relate to the genotype’s inability to recognize and act on stress removal. 
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Figure 4-26. Percent growth maintained under stress (top panel, y-axis) or 
percent growth restored upon recovery (bottom, y-axis) versus the percentage of 
treatment-responsive genes of opposite abundance change profile.    
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4.5.6 Responses Do Not Reflect Known Genotype Relationships    

The depiction of genotype relationships, or similarity using PCA, based on the 

criterion of sharing of treatment-responsive genes, enzymes, or pathways, showed 

different genotype relationships at gene, enzyme, and pathway levels. Furthermore, the 

identified genotype relationships do not reflect known heterotic group relationships. 

Previous studies had motivated our hypothesis that known relationships may be 

reflected in our treatment responses at the gene level. For example, Liu et al. (2003) 

used SSR markers to identify group-specific alleles that cluster different breeding 

groups, including those containing non-Stiff Stalk lines, Stiff-Stalk lines, and a mixed 

group which contains the F2 line included in the current study. Further, on the premise 

that sequence level variation clusters maize lines into breeding groups and that 

sequence level variation gives rise to gene expression variation, Frisch et al. (2010), in 

fact, demonstrated the feasibility of using transcript abundance to cluster maize lines 

into breeding groups. Our inability to repeat the result of Frisch et al. (2010) is possibly 

attributable to the difference of the genes, and the nature of the transcriptome data 

examined. In particular, while Frisch et al. (2010) based their analysis on genes which 

showed genetic variation in transcriptome levels under stress-free conditions, we based 

our PCA analysis specifically on genes that were treatment-responsive. In comparison, 

their growth conditions were much more reflective of conditions under which maize lines 

would be grown and assigned to heterotic groups. What our result suggests is that 

genotype differences in gene activity under stress-free conditions, as assessed by 

Frisch et al. (2010), do not ‘dictate’, constrain, or reflect on gene responses, rather than 

gene activity, in a way to coerce or retain heterotic patterns in response to stress. To 
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give this conclusion additional weight, our expression data from before, during, and after 

the stress could be analyzed for the display of genotype relationships of known 

patterns.  

We extended the hypothesis to the investigation of genotype relationships at the 

enzyme and pathway levels to allow for the possibility that different genotypes within 

heterotic groups may have evolved to use different genes to affect the same enzyme or 

pathway such that heterotic patterns may in fact be displayed or retained in the 

treatment response as displayed at the enzyme or pathway level. Again, this was not 

the case. It is important to note, however, that the absence of known heterotic group 

genotype relationships, as observed in the response at the enzyme or pathway levels, 

does not necessarily imply that genotypes of the same heterotic pattern do not 

implement a similar response at the biochemical or physiological level. For example, if 

two genotypes within a heterotic group showed different pre-stress levels of a pathway 

product, and if the product was to be supressed entirely due to stress introduction in 

both genotypes as typical of the response for the particular heterotic group, the two 

genotypes could implement two distinct treatment responses at the gene level, as 

subsequently reflected at the enzyme or pathway level. To further investigate the 

possibility that heterotic patterns are in fact reflected in the stress response, our study 

population of seven inbred lines could be subjected to metabolic analysis. Combination 

of our transcriptome-based results with a metabolomics data set would allow improved 

interpretation of the functional significance of our failure to reflect heterotic groups in the 

observed responses at the gene, enzyme, and pathway levels, when previous studies 

did observe such relationships at the transcriptome level under stress-free conditions.  
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4.5.7 Diversity in Transcript Responses Relative to Pathway Level  

Given the fact that a pathway harbours several enzymes and an individual 

enzyme can encoded by multiple genes, it was not surprising to see that the number of 

treatment-responsive genes exceeded that of treatment-response-associated enzymes 

or pathways. The relationship does not necessarily result in the expectation of differing 

degree of genotype differences at the gene versus pathway level. For example, it could 

have been plausible to see twice as many treatment-responsive genes in the more 

responsive genotype, and to see twice as many treatment-response associated 

pathways in the more responsive genotype. This was not the case, however. Genotype 

differences at the gene level were more pronounced than at the pathway level. As 

suggested by the numerical analysis of the data, where many genotype-specific or 

genotype-shared genes fall into genotype-common pathways in response to stress 

(Figure 4-10), or recovery (Figure 4-11). Direct examination of the placement of 

genotype-specific and genotype-shared genes into pathways (e.g. Table 4-3) supported 

this conclusion. The fate of many of the genotype-specific or genotype-shared genes 

lies in the assignment to genotype-common enzymes, and the fate of many genotype-

specific or genotype-shared enzymes lies in the assignment to genotype-common 

pathways. These observations raise the question of why the genotypes do not make 

use of the same gene to affect an enzyme, especially seeing that many of those 

genotype-specific genes experience the same transcript abundance change profiles due 

to the transient treatment (e.g. as is the case for the majority of genes with ACP of ‘UD’ 

in Table 4-3).  This question awaits further study. One possibility, however, is that the 

different genes may have derived from the same gene originally, but have slightly 
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diverged among the inbreds and are therefore recognized as different genes in the 

Maize Cyc database. This observation, in essence, reflects a common, current 

understanding of the extensive variation in the maize genome where past duplication 

events gave rise to multiple copies of a gene which, when subject to spontaneous 

mutation and/or activity of molecular entities that shuffle gene segments, can accrue 

sequence differences adn diverge in gene function among genotypes (Buckler et al., 

2006). Our observations also raise the question of why different genotypes do not use 

the same treatment-response associated enzymes to affect a pathway? Again, this 

question awaits further study. One possibility is that the use of different enzymes, in 

fact, reflects genotype differences in the control points in a given pathway. Within a 

genotype, it may be desirable to have multiple control points in a pathway, for example 

to enable differentiated responses to concurrent, multiple inputs, where genotypes may 

have diverged over time in regard to the assignment of a particular control point to the 

particular stress. Our observations also raise the question of why a genotype shows 

multiple treatment-responsive genes that associate with one and the same enzyme. 

Again, this may relate to an argument of benefit from having multiple genes, each of 

which may represent a separate regulatory control process, or network. In response to a 

slightly different stress, or in combination with other stresses, the combination of such 

different regulatory networks may enable a more differentiated and complex response 

(Fakrudin et al., 2012).  Last, but not least, the extent of genotypic differences in 

pathway usage, even among the less responsive lines CG33 and F2, sheds light on the 

large amount of pathway-level diversity in the response to treatments as  identified in 

the inbred lines. 
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CHAPTER 5. GENETIC VARIATION IN MAIZE (ZEA MAYS L.) PRIMARY ROOT TIP 

PROLINE CONTENT IN RESPONSE TO OSMOTIC STRESS AND STRESS 

RECOVERY 
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5.1 ABSTRACT  

 Under conditions of a transient osmotic stress, the Zea mays primary root tip 

undergoes a transient increase in the free amino acid proline concurrent with a transient 

growth rate reduction. Strong arguments exist, albeit inconsistent, for a role of proline in 

the maintenance of growth under stress. Here we examined the relationship of proline 

and growth as applied to maize inbred lines subject to a transient osmotic stress 

imposed using a previously developed, large-scale hydroponic system. I also undertook 

a global transcriptome study of inbred lines under the transient osmotic stress. We 

mined this data set to investigate transcript responses at key genes in proline 

metabolism, then again subjected the genotypes to the same osmotic stress to collect 

growth rate and proline content estimates. The combined results show that genotypes 

not only differ in transcript responses at key proline metabolism genes but also differ in 

proline content and growth response to stress and recovery treatments. In particular, 

transcript abundance at a catabolic pathway gene, PRODH, and an anabolic pathway 

gene, P5CS, correlate with proline content during, and after, stress, respectively. 

Furthermore, proline content and root growth rate are positively correlated under 

osmotic stress. In addition, our data demonstrate the frequent involvement of the 

ornithine pathway in the proline metabolism in our set of maize inbred lines. Our results 

demonstrate the power of the large-scale hydroponic system to detect relationships 

between proline and growth phenotype. We argue for the use of this system, along with 

the described set of inbred lines, in further studies to elucidate the role of natural 

genetic variation at the molecular level on genetic variation in root growth responses of 

the Zea mays root under osmotic stress.  
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5.2 INTRODUCTION  

Proline is an amino acid found in structural proteins such as cell wall proteins of 

plants (Buchanan et al., 2000). In plants, and across kingdoms, proline is also found as 

a free amino acid (Yoshiba et al., 1997); its level subject to genetic regulation and 

metabolic control (Szabados and Savoure, 2009). More specifically, free proline 

increases under a variety of stresses across a large range of plant tissues (Lehmann et 

al., 2010). Upon stress removal, proline levels are often found to be reversible (Hayat et 

al., 2012) with changes in proline level typically due to one or more of de novo 

biosynthesis, degradation, and intra- or intercellular transport (Lehmann et al., 2010). 

Enormous fluctuations in proline content in response to stress are possible because 

proline is metabolically stable and does not disrupt cellular activity. For example, in the 

Zea mays primary root under stress, proline can increase by a factor of up to 20 due to 

net rate of proline deposition, accounting for as much as 50% of total compatible solute, 

in the root apical regions where growth occurs (Voetberg and Sharp, 1991). 

In the early days of research into the metabolism and role of proline in plants , 

the perspective prevailed that proline contributes to plant productivity under stress by 

virtue of its function as an osmolyte (Hayat et al., 2012). Here, it would participate in 

osmotic adjustment with positive effect on growth as has been observed in bacteria 

(Munns, 1988). Today, however, it is understood that no simple relationship holds, or 

can be observed, for proline content, function, and association with productivity-related 

traits. For example, while proline may act as osmolyte and in fact affect osmotic 

adjustment and turgor, this does not necessarily affect growth, especially not in a way 

that is easily detected given that growth can depend on several factors. Meanwhile, 
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proline may, in fact, contribute to plant productivity via a range of functions not directly 

related to the regulation of plant water status. For example, proline may act as a 

signaling molecule (Arentson et al., 2013), can be involved in cell growth in general 

terms (Szabados and Savoure, 2009), can act as an antioxidant defense molecule 

(Hayat et al., 2012), as a redox shuttle (Hare and Cress, 1997), or as a protein stabilizer 

(Bray, 1993). In spite of the absence of simple relationships, however, driven by 

ongoing reports of increased proline levels in stress-tolerant varieties (Ashraf, 2010), 

the interest in the study of proline as a possible target of crop improvement remains 

strong. 

The majority of recent research approaches which have proven successful in 

elucidating function have leaned heavily on molecular biology methodology. This 

methodology examines individual genes outside of the context of a trait of commercial 

interest and typically examines only individual genotypes, both factors of which limit 

application to research on crop improvement. At its core, research for crop improvement 

relies on three factors: The identification of i) genetic variability in an underlying 

physiological trait, such as the proline response to stress, ii) associated variation in a 

trait of relevance to productivity, such as root growth, iii) and an experimental system 

that permits the study of a large number of genotypes as required to dissect, and 

exploit, the genetics of the physiological trait variation that underlies the variation in the 

trait of interest. This current study constitutes the last part in a series of studies focused 

on creating such a three-tier system.  

We previously reported the development of a hydroponic system that permits 

continuous, non-invasive observation of root elongation on a large number of genotypes 
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while subjected them to stress treatments (hydroponics chapter). We used this system 

to identify genetic variation in Zea mays primary root tip growth rates before, during, and 

after the osmotic stress treatment. With an osmotic stress of intermediate intensity, the 

Zea mays roots of all genotypes underwent a temporary reduction in growth rates as 

typical of root responses to stresses in the field where root growth maintenance under 

stress is often considered of value to crop productivity (Aroca et al., 2012). Linked to 

such root responses, typically, is a reversible increase in proline content. In another 

previous study (thesis chapter 4), we assayed transcriptome responses to osmotic 

stress across seven Zea mays inbred lines and discovered genotype differences in the 

responses, including at key genes in the proline pathway. This result led us to 

hypothesize that our lines may, in fact, not only present genetic variation in growth 

responses to the osmotic stress but also harbor genetic variation in proline responses to 

the osmotic stress.  

To test this hypothesis, we subjected a set of ten Zea mays inbred lines to a 

transient osmotic stress to concurrently assay root growth and proline content before, 

during, and after the osmotic stress. Specific objectives of the study were to initally 

evaluate the hydroponic system for its ability to reversibly, and reliably, induce, and 

allow observation of, proline accumulation under a transient osmotic stress. The second 

objective was to test for genetic variation in proline content before, during, and after the 

stress. In the third objective, we tested for a correlation of proline content, with root 

growth rates before, during, and after the stress. Detection of proline content variation 

along with correlation with growth rate would open many opportunities for future study of 

the role of proline in root growth under stress.  
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5.3 MATERIALS AND METHODS 

 

5.3.1 Growth System  

5.3.1.1 Growth System Setup 

Experiments were implemented using the seed germination method and indoor 

hydroponic growth system described earlier (section 3.3.3 and 3.3.1, respectively). In 

summary, maize seeds were germinated in wet paper towels before transfer of 

seedlings into growth boxes that contained hydroponic solution and in which seedlings 

were kept until destructive tissue sampling or the remainder of the experiment. Growth 

boxes were kept inside a walk-in growth chamber kept at a temperature of 25 °C, 95% 

relative humidity, and constant dim green light. Maize seedlings were positioned in a 

growth box to fully immerse the primary root in treatment solution such that growth 

resulted in vertical, straight-downward displacement of the root tip. The hydroponic 

solution was vigorously aerated at all times during the experiment (Appendix A.4) .  

 

5.3.1.2 Growth System Use 

All experiments described in this study spanned three sequential 24-hour growth 

periods, referred to as growth periods one, two, and three. If required in the respective 

experiment, primary root length was measured at the beginning and end of each growth 

period to determine root growth rates (section 3.3.5). Osmotic stress treatment, 

restricted to growth period two, was imposed using a solution of 25% PEG (section 

3.3.2). At the end of each growth period, tissue samples were taken by the removal, 

rinsing, and excision of the bottom 7 mm of a primary Zea mays root tip (section 
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4.3.1.2). Root tips were pooled and stored according to experimental design 

considerations in accordance with the previously undertaken microarray experiment 

which yielded transcript abundance change data used in this study (section 4.3.1.3), or 

in accordance with experimental design considerations for the proline main experiment 

undertaken here to collect growth rate and proline content data (described below). 

 

5.3.2 Description of Experiments, Assays, and Analyses 

5.3.2.1 Past Microarray Experiment 

A set of seven Zea mays inbred genotypes (B73, F2, CG33, SD80, CG60, CG80, 

CG102) were subjected to an osmotic stress and a subsequent recovery growth period 

(section 4.3.1.2). For each genotype, primary root tissue samples were collected at the 

end of each growth period (section 4.3.1.2), used for RNA extraction, target preparation 

and hybridization to dual-colour, long-oligonucleotide microarrays (section 4.3.2.2, 

4.3.2.3, 4.3.2.4, respectively) to test for statistically significant transcript abundance 

changes (section 4.3.3.2) separately in response to stress treatment and in response to 

recovery (or stress removal) treatments at oligonucleotides on the microarray that had 

been deemed representative of gene models (section 4.4.1). From the large set of 

oligos, and for the purpose of this current study, we selected a set of five genes in the 

proline pathway (as described later) for which we calculated the log-fold ratio (a 

measure of the magnitude of transcript abundance change), as well as associated p-

value (a measure of the statistical significance of the associated transcript abundance 

change in response to the osmotic stress treatment, or in response to the recovery 

treatment).  
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5.3.2.1.1 Identification of Proline Metabolism and Transport Genes 

Genotypes were compared for differences in treatment-induced transcript 

abundance changes at oligonucleotides on the microarray that represent genes of key 

enzymes in the proline pathway. This task entailed the identification of the respective 

oligonucleotides followed by the recruitment of p-values associated with the previously 

conducted statistical tests of transcript abundance change due to osmotic stress and 

recovery treatments (section microarray statistical testing). To identify the microarray 

oligos, we drew from a variety of sources to map five enzyme-encoding genes to the so-

called 'maize array identifier' that uniquely identify the individual oligonucleotide 

positions on the array. Sources used were a publicly available maize microarray 

annotation (Seifert et al., 2012) , the database Uniprot (http://www.uniprot.org/; release 

2013_02), the Zea mays implementation of the Gramene database 

(http://www.gramene.org/; release 36), and the maize sequencing project web browser 

(http://www.maizesequence.org/; release 5b.60). Eight genes were identified.  

In particular, enzymes in the anabolic pathway from glutamine to proline were (1) 

delta-1-pyrroline-5-carboxylate synthase (P5CS), which catalyzes the rate-limiting step 

in proline biosynthesis (Spollen et al., 2008), its gene shown as maize model identifier 

GRMZM2G028535 in the proline biosynthesis pathway of Gramene, and mapped to the 

maizearray location MZ00025596 by Seifert et al. (2012) and Spollen et al. (2008), and 

(2) pyrroline-5-carboxylate reductase (P5CR), shown as maize model identifier 

GRMZM2G068665 in the proline biosynthesis pathway of Gramene, and mapped to the 

maizearray location MZ00024573 by Seifert et al. (2012).  
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Genes in the catabolic pathway from proline to glutamine encoded enzyme 

protein (3) proline dehydrogenase (PRODH), its gene shown as maize model identifier 

GRMZM2G053720 in Gramene and mapped to maizearray location MZ00027872 by 

Seifert et al. (2008) and Spollen et al. (2008), and (4) delta-1-pyrroline-5-carboxylate 

dehydrogenase (P5CDH), identified as GO term GO:0003842 which is associated with 

UNIPROT ID Q8W0Q2_MAIZE, the latter used to identify gene model 

GRMZM2G090087 using EnsemmblPlants, and mapped to maizearray location 

MZ00041628 based on Seifert et al. (2012). In an alternative pathway, proline is 

synthesized from ornithine as catalyzed by the enzyme (5) ornithine aminotransferase 

(OAT), identified as maize identifier GRMZM2G090087 in the proline biosynthesis II 

(from arginine) pathway in Gramene, and mapped to maizearray position MZ00024408 

by Seifert et al. (2012).  

In addition, three genes were examined that encode transmembrane transporter 

proteins which help distribute proline in the plant. Transporters of type I versus II are 

expressed primarily in roots versus phloem, respectively (Lehmann et al., 2010; 

Verslues and Sharma, 2010). Transporters examined belong to type I ((A) gene model 

GRMZM2G078024 at position MZ00047950, and (B) gene model GRMZM5G894233 at 

position MZ00017013) and type II ((C) gene model GRMZM2G057733 at position 

MZ0005019). Transporters listed under A and B refer to Arabidopsis homologues 

AT2G39890 (MaizeGDB), while transporter (C) refers to Arabidiopsis homologue 

AT5G41800 (MaizeGDB).   
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5.3.2.3 Main Proline Experiment 

 The main proline experiment was performed two times, hereafter referred to as 

experimental replicates one and two. Each experimental replicate consisted of three 

growth periods and made use of 12 growth boxes. While the growth system remained 

the same, processes of seed germination, growth solution preparation, and subsequent 

proline analysis were performed independently for the two experimental replicates. Of 

the twelve growth boxes in the growth system, four growth boxes were assigned, at 

random, to implement the stress-free (SF) treatment course whereby roots were grown 

in PEG-free solution in all three growth periods. The remaining eight growth boxes were 

assigned to implement the stress course (SC) whereby roots were grown in PEG-

supplemented solution under osmotic stress in growth period two.  In each experiment, 

each of the ten genotypes used (A619, B73, F2, CG33, SD80, CG59, CG60, CG80, 

CG102, CG108) was represented by 15 roots in two (of the four) growth boxes 

dedicated to the stress-free course, and by 15 roots in four (of the eight) growth boxes 

dedicated to the stress course. Of each set of 15 roots, a subset of five roots was used 

for root length determination at the beginning and end of each growth period. This 

particular set of roots was destructively sampled for proline assay only at the end of the 

last growth period (methods described below). Of the remaining ten roots, five roots 

were destructively sampled at the end of growth period one and five roots at the end of 

period two.  
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5.3.2.3.1 Determination of Root Growth Rate Estimates  

 Using roots that passed quality criteria during, as well as, after the experiments 

and as described previously (section 3.3.4 and 3.3.5), one root growth rate estimate 

(cm/hr) was obtained for each individual root and each growth period, using a method 

described earlier (section 3.3.5). In the case of no missing roots and in total, for each 

genotype and growth period we obtained 20 growth rate estimates from the 20 roots in 

the stress course (i.e. five roots per growth box in each of four growth boxes) versus ten 

root growth rate estimates from the 10 roots in the stress-free treatment course (i.e. five 

roots per growth box in each of two growth boxes). Data were used for ANOVA as 

described in section 5.3.2.3.5 below.  

 

5.3.2.3.2 Tissue Sampling and Preparation for Proline Assay 

 At the end of a growth period, the set of five roots of a genotype were manually 

removed from the growth box, rinsed with water, the growing zone of the root tips 

excised (bottom 10 mm of non-stressed or bottom 7 mm of a stressed roots), the five 

roots pooled in one tube as one biological replicate, flash-frozen in liquid nitrogen, and 

stored at -80 °C until the time of freeze-drying, weighing, and proline assay. Roots were 

freeze-dried at -45 °C for a period of two days or until the temperature in the freeze drier 

reached -50 °C. Dry root weight of each biological replicate was obtained as the 

difference of empty versus weight of the filled root collection tube.  
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5.3.2.3.3 Proline Assay 

Free proline was assayed using the ninhydrin-based, colorimetric method based 

on Bates et al. (1973). In summary, root tissue was homogenized in salicylic acid to 

precipitate unwanted proteins; the resulting homogenate was filtered and an aliquot of 

the remaining homogenate solution, which contains proline, mixed with acid ninhydrin. 

Acid-ninhydrin reacts with proline into a product that absorbs light of wavelength 520nm. 

The product is soluble in toluene, allowing for the extraction of the product when 

contained in a toluene layer, and subsequent proline quantification by 

spectrophotometry. In detail, 250 ul of 3 % sulfosalicylic acid (SSA, Fisher Scientific, 

Ottawa, Canada) was added to freeze-dried root tissue, the mixture ground twice at 

twenty seconds each using ten steel-shearing beads per sample tube. An additional 

1.25 ml of 3% SSA was added to each tube, and the tube was vortexed for 20 seconds 

and cooled on ice prior to syringe-filtering of the mixture to collect the homogenate. A 

200 ul aliquot of the homogenate was then mixed with 550 ul of 3% SSA. To generate 

the negative control sample, 750 ul 3% SSA was added to the mix. Alternatively, to 

generate the positive control samples of 3x10-5 M and 6x10-5 M proline content, used to 

generate absorbance readings of 0.5 and 1, to the mix were added 60 ul of 0.5 mM 

proline standard (L-Proline, Fisher Scientific, Ottawa, Canada) and 690 ul of 3% SSA, 

or 120 ul of 0.5 mM proline standard and 630 ul 3 % SSA. The reaction mixes were then 

completed by adding (to the negative control sample, the positive control samples, and 

to the root tissue samples) 750 ul of acid ninhydrin, obtained as reagent by warming 

1.25 g ninhydrin monohydrate (Fisher Scientific, Ottawa, Canada) in a mix of 30 ml 100 

% glacial acetic acid (Fisher Scientific, Ottawa, Canada) and 20 ml 6 M phosphoric acid 
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(Fisher Scientific, Ottawa, Canada). To facilitate the reaction of acid ninhydrin with 

proline, tubes were placed in a boiling water bath for one hour. To terminate the 

reaction, tubes were set in an ice bath for twenty minutes. To extract the reaction 

product in the toluene phase, the reaction mix was mixed with 1.0 ml Toluene (Fisher 

Scientific, Ottawa, Canada), vortexed for twenty seconds and then allowed to sit for one 

minute to permit the toluene layer to separate from the mix as supernatant. The toluene 

layer was pipetted into a separate tube and, once more, allowed to separate. The 

resulting top layer was transferred to a cuvette for absorbance readings at  520 nm. 

Every time a proline assay was undertaken, two positive and one negative control 

sample were included. Absorbance readings from the spectrophotometer were 

converted to proline content using a standard curve as described below.  

 

5.3.2.3.4 Proline Quantification 

Proline content calculation from the absorbance reading was based on a proline 

standard curve. To generate the standard curve, known amounts of proline standard 

were reacted according to the proline assay protocol (section 5.3.2.3.3) and the 

respective absorbance readings measured. This procedure was performed seven times, 

independently, over the course of seven days to allow for day-to-day variation in the 

execution of the proline assay. The data from the seven days of controlled proline 

reactions was combined to linearly model absorbance as function of proline content, 

resulting in the formula absorbance at 520 nm = -0.0014 + 16952.381 * [proline] M (or 

mol/L) (R2 = 0.9856; Appendix A.24). Using this standard curve and the  absorbance 
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readings obtained from experimental tissue, proline content was calculated and 

subsequently expressed on the basis of root dry weight.  

 

5.3.2.3.5 Statistical Analysis of Growth Rate and Proline Content Data 

Trait estimates, i.e. root growth rate estimates from individual roots or proline 

content estimates, were analyzed via ANOVA to test for effects of genotype and 

experimental replicate and to obtain least squares estimates of a genotype’s trait value 

for each growth period. Data for each combination of treatment course (stress-free or 

stress course) and growth period (one, two, three) were analzyed separately. The 

ANOVA model was fitted as 

Yger = µ + αg + βe + αgβe + εger           [model 1] 

where growth rate of root r (or proline sample r) of genotype g in experimental replicate 

e is modeled as linear combination of the grand mean µ, genotype effect α, 

experimental replicate effect β, their interaction αβ, and the residual error ε. Genotype 

was treated as fixed effect while experimental replicate was treated as random effect. 

The model was fitted using PROC GLM (SAS Institute Inc., Cary, NC, U.S.A.) and the 

significance of model effects tested using type III sums of squares and a type-I error 

rate of 0.05. Genotype trait estimates were obtained as least squares estimates, and 

differences among least squares estimates tested using the Tukey-Kramer  multiple 

range test (Tuckey, 1977) at an experiment-wise error rate of 0.05 and as implemented 

in SAS. Biplot methodology (section 3.38) was used to explore genotype trait 

performance relative to other genotypes and growth periods. Pearson correlations 

(Pearson, 1895), where evaluated, were assessed for statistical significance at a type-I 
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error rate of 0.05. Where presented in graph form, trait estimates are accompanied by 

error bars corresponding to the value of 1.96 times the ANOVA model-based standard 

error. As described before (section 3.3.7), data were examined for deviations from 

model assumptions.  
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5.4 RESULTS 

5.4.1 Genotypes Differ in Transcript Responses at Key Proline Pathway Genes 

 Statistically significant transcript abundance changes in response to treatment 

were observed at all key genes of the proline pathways (Table 5-1) and two genes that 

encode proline transmembrane transport proteins (Table 5-2). The gene of the rate-

limiting enzyme P5CS had significant transcript abundance increases due to stress, in 

five of seven genotypes, and an abundance decrease due to recovery, seen in six 

genotypes. The gene of the rate-limiting enzyme ProDH of the catabolic pathway 

experienced significant transcript abundance decrease due to stress, in six of the seven 

genotypes, and abundance increase due to recovery, in the same six genotypes. 

Results also indicate the frequent involvement of the ornithine pathway. In particular, 

the gene that encodes the enzyme OAT showed a statistically significant transcript 

abundance increase due to stress, in four genotypes, and abundance decrease due to 

recovery, in five genotypes. When a genotype experienced a statistically significant 

transcript abundance change at a gene in response to both stress and recovery, the 

consecutive transcript abundance change events always occurred in the opposite 

directions. Statistically significant transcript abundance changes were observed for a 

small number of genotypes at genes that encode enzymes P5CR, P5CDH (Table 5-1) 

and genes that encode transporter proteins of type I, II (Table 5-2). Although the 

magnitude of transcript abundance change, when deemed statistically significant, at a 

gene was fairly similar for different genotypes, genetic variation was a consistent feature 

as reflected in the observation that transcript abundance changes often occurred in 

subsets of genotypes only.   
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Table 5-1: Transcript abundance change due to stress or recovery at key genes 
of proline metabolism. 

 
 

Enzyme Gt

Proport. of  

Transcr. 

GP2:GP1*

P Value‡

Proport. of  

Transcr. 

GP3:GP2**

P Value‡

B73 1.10 0.12 0.70 <0.01

CG102 1.50 <0.01 0.60 <0.01

CG80 1.44 <0.01 0.56 <0.01

CG60 1.26 <0.01 0.79 0.05

CG33 2.01 <0.01 0.41 <0.01

F2 2.10 <0.01 0.44 <0.01

SD80 0.89 0.33 0.83 0.13

B73 1.18 0.28 0.88 0.39

CG102 0.86 0.19 1.07 0.53

CG80 1.02 0.61 0.90 0.04

CG60 0.92 0.63 1.08 0.65

CG33 1.12 0.27 0.87 0.18

F2 0.77 0.29 1.04 0.87

SD80 1.20 0.34 1.11 0.59

B73 0.23 <0.01 4.80 <0.01

CG102 0.27 <0.01 3.66 <0.01

CG80 0.21 <0.01 5.04 <0.01

CG60 0.39 0.06 1.53 0.34

CG33 0.31 <0.01 3.27 <0.01

F2 0.28 <0.01 3.42 <0.01

SD80 0.33 <0.01 2.68 <0.01

B73 1.29 0.02 0.65 <0.01

CG102 1.12 0.08 0.72 <0.01

CG80 1.09 0.26 0.46 <0.01

CG60 0.78 0.26 1.12 0.58

CG33 1.24 0.02 0.69 <0.01

F2 1.11 0.35 0.65 <0.01

SD80 1.01 0.90 0.68 <0.01

B73 1.21 0.25 0.81 0.20

CG102 1.24 0.04 0.81 0.04

CG80 1.24 0.05 0.72 0.02

CG60 1.75 0.01 0.48 <0.01

CG33 1.18 0.18 0.83 0.13

F2 1.40 0.03 0.71 0.03

SD80 1.36 0.04 0.67 0.02

* Abbreviation denotes proportion of transcript growth period 2 to growth period 1

** Abbreviation denotes proportion of transcript growth period 3 to growth period 2

‡ Font in black and dark grey denote abundance responses that are statistically significant 

and not statistically significant, respectively 
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Table 5-2: Transcript abundance change due to stress or recovery at key genes of 

proline transport. 

  

Transporter Type Gt

Proport. of  

Transcr. 

GP2:GP1*

P Value‡

Proport. of  

Transcr. 

GP3:GP2**

P Value‡

B73 0.93 0.56 1.04 0.78

CG102 1.00 0.97 0.92 0.59

CG80 0.99 0.92 0.98 0.86

CG60 0.94 0.54 1.02 0.83

CG33 1.00 0.97 1.02 0.82

F2 0.75 0.14 1.24 0.26

SD80 0.93 0.59 1.03 0.83

B73 0.88 0.35 1.17 0.23

CG102 1.08 0.17 0.87 0.03

CG80 1.02 0.84 1.05 0.70

CG60 0.78 0.24 1.09 0.67

CG33 1.23 0.02 0.82 0.04

F2 1.11 0.14 0.95 0.45

SD80 1.15 0.22 0.88 0.25

B73 1.04 0.34 0.92 0.07

CG102 0.96 0.71 0.93 0.47

CG80 1.20 0.32 0.90 0.57

CG60 1.29 0.01 0.72 <0.01

CG33 1.63 <0.01 0.66 <0.01

F2 1.10 0.34 0.85 0.13

SD80 0.86 0.03 1.08 0.22

‡ Font in black and dark grey denote abundance responses that are statistically 

significant and not statistically significant, respectively 

Type II                       

(MZ00005019)         

(GRMZM5G057733)

* Abbreviation denotes proportion of transcript growth period 2 to growth period 1

** Abbreviation denotes proportion of transcript growth period 3 to growth period 2

Stress-Response Recovery Response

Type I                   

(MZ000017013)              

(GRMZM5G894233)               

AT2G39890            

Type I                   

(MZ00047950)                    

(GRMZM2G078024)                



219 
 

5.4.2 Genotypes Undergo Transient Proline Change in Genotype-Specific Manner 

 All genotypes showed an increase and subsequent decrease in proline content 

due to osmotic stress and recovery, respectively (Figure 5-1). Within each of the growth 

periods, and for roots in the stress-course (Table 5-3) or the stress-free course 

(Appendix A.25), we observed a statistically significant effect of genotype on proline 

content. In fact, genotype made up the largest contributing factor to the overall sums of 

squares, ranging from 41% to 66% for the roots in the stress course (Table 5-3).  

 A statistically significant contribution of the factor of experimental replicate on day 

one for roots in the stress-course (Table 5-3) traced to a higher average proline content 

in experimental replicate one compared to replicate experimental two (Figure 5-2). 

Nevertheless, the two experimental replicates yielded very similar relative genotype 

performances with the exception of one genotype, CG80 (Figure 5-2). The factor of 

experimental replicate was also statistically significant for stress-course roots on days 

two (osmotic stress) and three (recovery) (Table 5-3). Again, experimental replicates 

showed very similar trends for relative genotype proline contents (Figure 5-2). Proline 

content was affected by genotype-by-experimental replicate interaction on day three 

(Table 5-3). The contribution of this term to the overall sums of squares was small, 

however, at 11.84% (Table 5-1, bottom table).  

 In the proline profiles across growth periods, neither the plots of genotype means 

(Figure 5-1) nor the use of biplots of genotype proline contents for roots in the stress-

course (Appendix A.26) provided support for genotype grouping by virtue of shared 

response profiles.  
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Figure 5-1. Proline content by genotype (panel), growth period, and stress-free 
or stress-treatment course. Least squares means of proline content and 95% 
confidence interval by growth period one, two, and three (before, during, after 
the osmotic stress, respectively) for roots in the stress course (SC) or stress -
free course (SF).  
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Table 5-3: Proline content ANOVA for roots in the stress course, by period.  

 

  

Period Source DF

Sum of 

Squares

Mean 

Square F Value P Value % S.S.

Model 19 3.55E-09 1.87E-10 11.32 <0.01

GT
‡ 9 1.90E-09 2.11E-10 7.66 <0.01 41.98

†

Rep
‡‡ 1 1.41E-09 1.41E-09 51.02 <0.01 31.06

†

GT*Rep 9 2.48E-10 2.76E-11 1.67 0.12 5.48

Error 59 9.73E-10 1.65E-11 21.49

Corrected Total 78 4.52E-09

Model 19 1.54E-08 8.10E-10 10.34 <0.01

GT 9 1.33E-08 1.48E-09 10.53 <0.01 66.86
†

Rep 1 8.57E-10 8.57E-10 6.12 0.04 4.31
†

GT*Rep 9 1.26E-09 1.40E-10 1.79 0.09 6.35

Error 57 4.47E-09 7.83E-11 22.48

Corrected Total 76 1.99E-08

Model 19 1.17E-09 6.16E-11 6.72 <0.01

GT 9 8.23E-10 9.15E-11 4.11 0.02 48.64
†

Rep 1 1.28E-10 1.28E-10 5.77 0.04 7.58
†

GT*Rep 9 2.00E-10 2.23E-11 2.43 0.02 11.84
†

Error 59 5.40E-10 9.16E-12 31.94

Corrected Total 78 1.71E-09
† 

Statistically significant at alpha = 0.05
‡ 

GT denotes genotype
‡‡ 

REP denotes experimental replicate

1

2

3
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Figure 5-2. Interaction plots of proline content for different experimental 
replicates, by genotype (x-axis). Data is shown separately for periods one (top), 
two (middle), and three (bottom).   
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5.4.3 Abundance Change at P5CS and PRODH Correlates with Proline Content 

Genotype differences in transcript abundance responses at individual genes 

were reflected not only in the absence versus the presence of a response but in the 

response magnitude as assessed by the ratio of transcript abundance during versus 

before the treatment. For example, in response to stress, P5CS underwent an 

abundance increase by a factor of 2.10 in F2 versus 1.26 in CG60 (Table 5-1). For each 

gene and across genotypes, transcript abundance change as described by the 

abundance ratios were tested for correlation with three measures of proline content. 

Significant correlations were observed for genes PRODH and P5CS. In the case of the 

stress-response of catabolic enzyme PRODH, transcript abundance decrease 

(expressed as low ratio of abundance in period two to period one), presumably resulting 

in reduced proline degradation, associated with a higher proline content (Figure 5-3). In 

the case of the recovery-response of anabolic enzyme P5CS, transcript abundance 

decrease (expressed as low ratio of abundance in period three to period two), 

presumably resulting in reduced proline biosynthesis, associated with decreased proline 

content (Figure 5-4). Correlation with proline content measure could not be tested for 

anabolic pathway gene P5CR due to a lack of a statistically significant transcript 

abundance change in all but one genotype during recovery (Table 5-1 and Appendix 

A.27). Correlation tests between proline content measure and catabolic gene P5CDH 

transcript abundance in response to recovery did not result in a statistically significant 

correlation (Appendix A.28). Similarly, correlations between proline content measures 

and transcript abundance changes at genes OAT (Appendix A.29) and TRANSPORT 

(Appendix A.30) were not statistically significant.  
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Figure 5-3. Proline content (top row) or proline content change (middle, bottom 
rows) versus PRODH transcript abundance ratio in response to stress or 
recovery. P1, P2 and P3 denote growth periods one, two and three, respectively. 
Genotype designation shown beside data points. Pearson correlation coefficient 
(r) is shown with associated p-value.  
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Figure 5-4: Proline content (top row) or proline content change (middle, bottom 
rows) versus P5CS transcript abundance ratio in response to stress or recovery. 
P1, P2 and P3 denote growth periods one, two and three, respectively. 
Genotype designation shown beside data points. Pearson correlation coefficient 
(r) is shown with associated p-value.   
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5.4.4 Genotypes Undergo Transient Growth Change in Genotype-Specific Manner 

As expected, all genotypes underwent root growth reduction in response to the 

osmotic stress, and underwent a partial root growth rate recovery upon stress removal 

(Figure 5-5). As was the case for variation in proline content, root growth rate was 

affected by genotype in all three growth periods for roots in the stress course (Table 5-

4), with the factor of genotype consistently explaining a large component of variation in 

root growth rates. As previously observed for ANOVA of proline content (Table 5-3), 

ANOVA of root growth rate highlighted the factor of experimental replicate as significant 

and considerable large source of variation (Table 5-4, top panel), as also - and again - 

reflected in higher average root growth rate in experimental replicate one than replicate 

two (Figure 5-6, top panel).  

Overall, however, and even though a statistically significant effect of genotype-

by-experimental replicate was observed (day 1 in Table 5-4; day 3 in Table 5-4; day 1 

in Appendix A.31), the two experimental replicates showed consistent trends in relative 

genotype root growth rates. This was clearly demonstrated by interaction graphs of 

growth periods two and three for roots in the stress course (Figure 5-6). While genotype 

B73 showed among the highest average value for root growth rate in both experimental 

replicates, genotypes CG108, CG60, or SD80 consistently ranked at the bottom of the 

range in average root growth rates in both experimental replicates. As was the case for 

proline content, examination of root growth rate profiles (Figure 5-5) along with 

supporting biplots for roots in the stress course (Appendix A.32) did not identify distinct 

root growth rate profiles in our set of genotypes.  
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Figure 5-5. Root growth rate by genotype (panel), growth period, and stress-
free or stress-treatment course. Shown are least squares mean estimates of root 
growth rate and 95% confidence intervals by period one, two, and three for roots in the 
stress course (SC) or stress-free course (SF).   
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Table 5-4: Growth rate ANOVA for roots in the stress course, by period. 

  

Period Source DF

Sum of 

Squares

Mean 

Square F Value P Value % S.S.

Model 19 1.025 0.054 31.56 <0.01

GT
‡ 9 0.445 0.049 12.54 <0.01 29.51

†

Rep
‡‡ 1 0.466 0.466 120.55 <0.01 30.88

†

GT*Rep 9 0.036 0.004 2.31 0.02 2.35
†

Error 329 0.562 0.002 37.26

Corrected Total 348 1.587

Model 19 0.024 0.001 9.33 <0.01

GT 9 0.022 0.002 19.40 <0.01 32.60
†

Rep 1 0.000 0.000 0.16 0.71 0.03

GT*Rep 9 0.001 0.000 0.94 0.49 1.68

Error 332 0.044 0.000 65.69

Corrected Total 351 0.068

Model 19 0.379 0.020 29.01 <0.01

GT 9 0.340 0.038 12.00 <0.01 56.91
†

Rep 1 0.000 0.000 0.01 0.94 <0.01

GT*Rep 9 0.028 0.003 4.58 <0.01 4.74
†

Error 333 0.229 0.001 38.34

Corrected Total 352 0.608

‡‡ 
REP denotes experimental replicate

1

2

3

†
 Statistically significant at alpha = 0.05

‡ 
GT denotes genotype
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Figure 5-6. Interaction plots of root growth rate data for different experimnetal 
replicates, by genotype (x-axis). Data are shown separately for growth periods 
one (top panel), two (middle panel), and three (bottom panel).   
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5.4.5 Correlation of Proline Content and Growth Rate 

 The observed ranges in genotype root growth rates and proline contents allowed 

tests for correlations between these traits within growth periods. While a correlation 

between proline content and root growth rate was not statistically significant in periods 

one and three (r=0.37, p=0.29; r=0.20, p=0.59, respectively, Figure 5-7), a positive 

correlation was detected between proline content and root growth rate in period two 

(r=0.66, p=0.04, Figure 5-7). A statistically significant correlation was not observed 

between proline content on day two and the percentage of growth maintenance under 

stress (r=0.32, p=0.37, Figure 5-8). Similarly, percentage growth maintanance showed 

no statistically significant correlation with the absolute amount of proline increase due to 

stress  (r=0.38, p=0.28, Figure 5-8) or with the ratio of proline content on day two over 

day one (r=0.27, p=0.44, Figure 5-8). Percentage of growth restoration upon stress 

removal showed no statistically significant correlation with any of proline content on day 

two (r=-0.26, p=0.47), day three (r=0.33, p=0.35), absolute amount of proline content 

reduction due to stress removal (r=-0.36, p=0.31), or the ratio of proline on day three 

over day two (r=0.48, p=0.16, Figure 5-9). While genotypes B73 and SD80 ranked high 

and low, respectively, in proline content in both periods one and two (Figure 5-7), 

genotype ranking in proline content was typically not consistent across growth periods 

one and two for many genotypes. For example, genotype F2 ranked low in proline 

content in period two but ranked high in period three; genotype CG108 ranked high in 

proline content in growth period one but ranked low in period three (Figure 5-7). While 

proline content under stress is 3.5 times as high as proline before stress in genotype 

F2, this number is 1.6 in genotype CG108 (Figure 5-8). 
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Figure 5-7. Root growth rate versus proline content in periods one, two, and 
three. Genotype designation shown beside data points. Pearson correlation 
coefficient (r) shown along with associated p-value.   
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Figure 5-8. Percentage of root growth rate maintenance under osmotic stress 
(y-axis) versus proline content in periods one or two (x-axis, top row), or versus 
measures of proline content increase (absolute, or fold increase; bottom left and 
bottom right panels, respectively) due to stress treatment.  Genotype designation 
shown beside data points. Pearson correlation coefficient (r) shown along with 
associated p-value.  
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Figure 5-9. Percentage of root growth rate recovery under recovery treatment 
(y-axis) versus proline content in periods two or three (x-axis, top row), or 
versus measures of proline content decrease (absolute, or fold decrease; bottom 
left and bottom right panels, respectively) due to recovery treatment.  Genotype 
designation shown beside data points. Pearson correlation coefficient (r) shown 
along with associated p-value.  
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5.5. DISCUSSION 

5.5.1 Key Findings  

 The hydroponic system was used to impose an osmotic stress of medium 

intensity on Zea mays seedlings. This elicited a similar kind of proline response in all 

genotypes, namely a reversible proline content increase, allowing for direct comparison 

of proline content estimates as obtained in our study. Proline content estimates 

obtained in the study proved of sufficient precision to detect genotype differences in 

proline content in all growth periods, even when based on relatively low numbers of 

roots used to assay proline content and in combination with an inexpensive in-house 

proline assay. Our study provided support for a relationship of proline content and root 

growth rate under osmotic stress, and strong, although preliminary, evidence that 

proline level in the primary root under this osmotic stress relates to the activity at two 

key genes in proline metabolism.  

 

5.5.2 High Power and Flexibility in Testing for Genotype Effect on Proline Content 

 A reversible increase in proline content was expected in the Zea mays primary 

root in response to the temporary osmotic stress as previously reported Andelkovic et 

al. (2012) and as observed. The power to detect changes in proline content in an 

experimental system depends on the ability to minimize experimental sources of error 

relative to treatment effect. Although dependent on the trait under investigation, this 

requirement typically results in the need for tight control of technical factors that may 

affect the response. In the case of the study of proline content, our study strongly 

supports the value of the hydroponic system, even when operated at large scale, to 
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offer sufficient precision to allow for the repeated detection of genetic variation in proline 

accumulation. Even at genotype differences in proline content as small as 2.4-fold as 

observed in period three of stress-course roots, genetic variation explained nearly half 

of all variation (Table 5-2).  

 It is particularly remarkable that our results were based on as few as five root tips 

per proline data point, and as few as four proline data points per genotype and growth 

period. Using 12 growth boxes in this experiment (out of a maximum of 18 growth boxes 

at full capacity) we found that operating procedures were not prohibitive, and we 

anticipate that the hydroponic system could be used at full capacity for future study. Use 

of 18 growth boxes would allow for an increase of the study size by a factor of 1.5. 

Assuming a proline assay that utilizes five roots per genotype per time-point, the full 

system can be used to examine up to ten genotypes at each of three time-points, or 

thirty genotypes at one time-point. Given the very low practical relevance of genotype-

by-experimental replicate interactions in proline content as seen in our study, it is 

plausible to further raise the number of genotypes by comparing them across 

experiments run at different times. To support this approach, one may place the same 

one or two genotypes in each experiment, as check genotypes to ensure constancy of 

relative genotype performances across the experiments. At a number as high as ten 

genotypes per experiment that could be accommodated, the use of check genotypes 

would not represent an excessive use of resources.  

 Additional approaches can be taken to increase the study capacity of the 

hydroponic system. For example, we examined proline at a 24-hour time point into the 

growth periods. This time point was chosen to coincide with the previously used 24-hour 
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time point for tissue sampling in the microarray experiments. Stress-induced changes in 

transcript abundance at key genes of the proline pathway have been reported as early 

as six hours into treatment, however, while increases in proline content in the Zea mays 

primary root have been observed as early as six hours into treatment (Ober and Sharp, 

1994). Consequently, tissue sampling may be performed at earlier times resulting in 

shorter growth periods and overall shorter experiments.  

 As future users of the hydroponic system may employ the system slightly 

differently, as for example suggested above in the discussion on how to further increase 

system efficiency, it is plausible that future results on proline diversity and/or genetic 

variation will differ from those observed in our study. This is plausible because the 

specific proline response depends on applied stress intensity and because proline 

accumulation occurs over time (e.g. Raymond and Smirnoff, 2002) such that 

quantification of proline content at a different time point may capture different patterns of 

genotype differences than seen in our results. Such deviation in study results do not 

represent a limitation of the hydroponic system; they merely represent further need to 

characterize the process of proline accumulation over time, and in response to various 

stress types and various stress intensities, in different genotypes. Based on our results 

and given the flexibility of the system of simultaneously testing many genotypes and the 

possibility of using different treatment regimes, we anticipate that such questions can be 

addressed in short periods of time and at low cost. Last, the power of the hydroponic 

system is ultimately also supported by the availability of the in-house, low-cost proline 

assay. With the assay not requiring specialized equipment other than a freeze-drier, a 

fumehood and spectrophotometer, and allowing interim storage of frozen roots until time 
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of analysis, availability of this hydroponic system raises enormous potential for future 

study of genotype differences in the proline response under osmotic stress.   

 

5.5.3 Gene Responses To Abiotic Stress Differ for Genotypes 

 Proline pathways, along with key genes, have been studied over a long period of 

time and are relatively well characterized. Research has demonstrated the dependence 

of proline content and regulation on many factors such as substrate channeling that 

results, in part, from the localization of proline-related processes in different parts of the 

cell (Arentson et al., 2013), transcriptional control (e.g. Hervieu et al., 1985), feedback 

mechanisms (Yoshiba et al., 1997), or long-distance transport within the plant 

(Raymond and Smirnoff, 2002). Research has also indicated the need for the tight 

control of proline homeostasis in relation to the many functions it plays in the absence 

as well as in the presence of stress (Mattiolit et al., 2009). With respect to the response 

of key proline genes to abiotic stress, in particular, a general and strong picture has 

emerged. Yet, our results demonstrate that there exist considerable genotype 

differences within the confines of these generally known responses, and that such 

genotype differences may, in fact, in our hydroponic system, partly explain genotype 

differences in the proline response under the transient osmotic stress. 

 Increases in transcript abundance at the gene for P5CS in responses to water 

deficit are commonly seen and correlate with proline level while the transcript 

abundance of P5CR is thought not to increase in response to water deficit (Yoshiba et 

al., 1995) and as observed in our study. Similarly, the accumulation of proline under 

osmotic stress is attributed, in part, to the reduction in expression of the gene for the 
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catabolic enzyme ProDH (Yoshiba et al., 1997), as was also seen in our results. While 

the upregulation of P5CS is often considered the critical step in raising the proline 

content (Ashraf, 2010), our results present the curious case where genotype B73 has 

undergone large proline accumulation under stress without a statistically significant 

abundance increase 24 hours into osmotic stress treatment. One possible explanation, 

and one that can be tested using the hydroponic system, is that this genotype more 

rapidly implements proline accumulation in response to the stress, and that at the 24-

hour time point, the P5CS gene no longer exhibits increase transcript abundance 

compared to the growth period before the stress. Alternatively, one may speculate that 

B73 achieves this increased proline accumulation due to more strongly repressed 

catabolic processes. This is not indicated by our data, however, where B73 undergoes 

an equally strong repression of transcript at catabolic enzyme ProDH compared to other 

genotypes and in fact undergoes an increase in the transcript for catabolic enzyme 

P5CDH, while a statistically significant increase in transcript is not observed in five of 

the other genotypes.  

 In a third scenario,  B73 may contain a form of the P5CS enzyme which is less 

sensitive to feedback inhibition by proline (Fichman et al., 2014), allowing for a higher 

enzyme activity that would subsequently result in the proline accumulation as large as 

observed here. In yet another scenario, genotype B73 may import proline from the 

seedling, rather than relying on synthesis in the root tip. In fact, previous authors 

(Verslues and Sharp, 1999) suggested that proline accumulation in primary root tips of 

Zea mays results from transport to the root tip rather than from synthesis in the root tip. 

While they also used a hydroponic system to grow the roots which were assayed for 
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proline, their experiment required the use of exogenous, or externally supplied, isotope-

labeled amino acids. In acknowledgment of the wide-ranging effects of exogenously 

applied amino acids on physiological processes in general (Hayat et al., 2012), 

however, it is questionable whether responses of the proline pathways in response to 

the osmotic stress in the presence of exogenous proline can be generalized to the 

condition where exogenous proline is absent, as in our case. In fact, Verslues and 

Sharp (1999) reported no increase in biosynthesis and no decrease in catabolism, both 

observations contrary to our results as based on the transcript abundance changes at 

the respective proline genes. In addition, the lack of statistically significant transcript 

abundance changes in proline transporter genes of type I in our results implies lack of 

support for the argument of proline transport transcriptional regulation in our observed 

proline accumulation. While our results can not exclude that proline transport into the 

root may ultimately explain the proline accumulation observed in genotype B73, our 

results certainly call into question the generalization of Verslues and Sharp (1999), that 

proline accumulation under stress must be attributable to transport rather than 

biosynthesis.  

 In an additional example which demonstrates genetic variation underlying what 

are known as the general gene responses to osmotic stress, and an example involving 

P5CS, we observe that genotype SD80 shows no statistically significant transcript 

abundance change at the gene for P5CS in response to both the stress and the 

recovery. In turn, it is also SD80 which shows the smallest proline content increase due 

to stress. Here, it would be interesting to explore the possibility that this genotype has a 

low biosynthetic capability for proline in general, caused by its regulation of transcription 
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of P5CS, or by the signaling networks that regulate P5CS. This may be reflected in low 

proline levels across other life stages and growth systems. Alternatively, this genotype 

may simply require stronger stress to trigger the response in abundance of P5CS; this 

would be testable in our system using a stronger stress.   

 Furthermore, our results contribute to the discussion around the role of ornithine 

to the proline pathway in the context of proline metabolism, in seedlings under stress. 

While the alternative pathway of proline synthesis, using ornithine as a substrate, is 

highly conserved in the plant kingdom, authors have sometimes argued that this 

alternative pathway does not play a role in proline accumulation in plant tissues under 

stress (Verslues and Sharp, 1999). Support has been accumulating, however, for the 

involvement of the ornithine pathway in specific circumstances. For example, Ergen et 

al. (2009) argued that proline synthesis in wheat leaf tissues would involve the ornithine 

pathway in the later stages of the stress response. In Hayano-Kanashiro et al. (2009), 

the drought-response in the enzyme ornithine aminotransferase was restricted to their 

drought-tolerant Mexican maize landrace. Kishor et al. (2005) point out that the ornithine 

pathway assumes increasing importance, relative to the glutamine pathway, in the 

presence of nitrogen.  

 In our hydroponic system and based on our results, ornithine transferase 

transcript underwent a statistically significant transcript abundance change in five 

genotypes, identifying the involvement of this alternative pathway as a relatively 

common feature. Although increased OAT activity results in more of the GSA 

intermediate, it was not too surprising to see no correlation between OAT activity and 

proline content under stress. It is plausible that an increase in OAT activity serves the 
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subsequent production of glutamate, instead of proline, via the enzyme P5CDH. 

Interestingly, the genotypes which did not undergo a significant increase in OAT 

transcript abundance were the only genotypes to show a significant transcript 

abundance increase in response to stress for enzyme P5CDH.  

 Taken together, the data suggests that OAT and P5CDH activity may act to 

sustain the generation of glutamate under the stress condition. Although it takes away 

from the proline that can be generated, plants continue to require glutamate under 

conditions of stress to maintain plant growth (Sharma et al., 2011), in part to replenish 

the mitochondrial NADP+ pool to enable the oxidative pentose phosphate pathway (Hare 

and Cress, 1997). While a simultaneous increase in P5CS transcript, along with an 

increase in P5CDH transcript, due to stress may seem counterproductive, as they 

catalyze the opposite reactions, their activity is in fact spatially separated with the OAT 

and P5CDH activity present inside the mitochondria while P5CS is active in the cytosol 

(Szabados and Savoure, 2009). Consequently, observed genotype differences in the 

response of anabolic versus catabolic genes may reflect overall differences in metabolic 

requirements and responses as they relate to the involvement of substrate, 

intermediates and/or products of the proline pathways, as well as to their relationship 

with the energy household.  

 Finally, we observed a gene response that was contrary to our first expectation. 

In particular, in our hydroponic system and in response to the recovery treatment, the 

gene for P5CDH underwent a transcript abundance reduction in several genotypes. 

With the need for proline degradation high upon recovery, however, we expected the 

opposite behaviour (abundance increase) as was observed in a tolerant maize landrace 
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by Hayano-Kanashiro et al. (2009). The role of P5CDH is perhaps the least understood 

in proline metabolism. While it is not the rate-limiting enzyme in the proline catabolic 

pathway, and therefore may not be tightly regulated, an increase in ProDH transcript 

abundance without an increase in P5CDH transcript abundance is generally considered 

undesirable. Asyncrony of these two enzymes can result in an increase in the 

intermediate P5C, causing an increase in ROS production in the mitochondria with 

potential negative effect on cell health (Cecchini et al., 2011). Yet, the presence of ROS 

may constitute less of a determining factor in proline metabolism in the particular case 

of a water deficit where the primary importance of proline metabolism is attributed to 

fulfilling roles of "osmotic adjustment, redox buffering and other metabolic roles" 

(Verslues and Sharma, 2010). Furthermore, studies of the regulation of P5CDH have 

demonstrated a strong dependence on developmental processes, i.e. tissue type, as 

well as type of stress (Verslues and Sharma, 2010), to a greater extent than seen for 

the other key enzymes considered. Interestingly, as observed for other previously 

discussed genes, we observe genetic variation in the P5CDH response to stress and 

recovery treatments, where genotype CG60 shows a non-responsive P5CDH transcript 

abundance to both osmotic stress and recovery treatments (Tables 5.1, 5.2). Such 

variation will certainly be considered of use in future studies designed to better 

understand the implications of the various gene responses.  

 

5.5.4 Genetic Variation in Proline Reveals Correlation With Growth Under Stress 

 Genetic variation in proline content was a constant attribute, in all growth periods 

and for roots in the stress course and the stress-free course, yet it was only under 

osmotic stress that a positive correlation was observed between proline content and 
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root growth rate. While a statistically significant correlation does not imply causation, our 

results do point to an altered relationship of proline and growth under osmotic stress 

when compared to growth in the osmotic stress-free condition. However, the absence of 

a significant correlation does not necessarily constitute evidence against the functional 

involvement of proline in growth before or after stress. While proline may still contribute 

to growth under stress-free conditions, as frequently indicated in the literature (Mattioli 

et al., 2009), it may do so in ways that do not result in a correlation between proline 

content and growth rate. These two scenarios, as observed in our results, can result if 

proline does not present a limiting factor to growth-related processes in the absence of 

stress but does present a limiting factor in the presence of stress. In consideration of the 

processes that underlie Zea mays primary root growth and the changes brought on by 

osmotic stress, it is plausible that proline exerts its effect on growth under stress by 

becoming the limiting factor to driving cell growth.  

 The regulation of root growth in the Zea mays primary root has long been 

associated with the processes of osmotic adjustment, defined here as 'an increase in 

osmotic pressure of cell sap resulting from more solute molecules per cell rather than 

from a lower cell volume' (Munns, 1988), and cell wall loosening (Sharp et al., 2004). 

Early scepticism about the contribution of an osmoticum, such as proline, to growth by 

mechanisms of osmotic adjustment was fueled by observations that there was no clear 

relationship of turgor and growth (Munns, 1988). In some situations growth was 

maintained although turgor was not. This dilemma was resolved, in part, with the 

realization that turgor and cell wall extensibility interact: decreased turgor can allow for 

continued growth when cell wall extensibility is increased. Nevertheless, turgor pressure 
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needs to remain at a positive value as it comprises the only driving force behind cell 

expansion in tissues. Furthermore, when the limit to cell wall extensibility is reached, the 

capacity for osmotic adjustment, as reflected in proline content under stress, and turgor 

can in fact be the limiting factor in the maintenance of growth. To test the effect of 

proline content on growth rate in the hydroponic system by the above-described 

mechanism of osmotic adjustment, a wildtype genotype, along with its genetically 

manipulated overexpression counterpart, as for example, achievable by the 

overexpression of P5CS (Ashraf, 2010), can be grown in the hydroponic system. 

Support for the role of increased proline content in higher growth rate during the stress 

would be indicated if the overexpression line, which would differ only in proline content 

from the wildtype, in fact showed higher root growth rate.  

 Alternatively, an effect of proline on growth may relate to its putative function to 

maintain optimal cellular conditions for growth processes and/or its putative function to 

protect cellular structures from damage. Neither the percentage of growth maintained 

under osmotic stress nor the percentage of growth restored upon recovery, however, 

correlated with the observed fold-change in proline content due to stress or recovery, 

respectively. Consequently, our results did not support the concept that the rate of 

change of proline was a determining factor in terms of a genotype's ability to cope 

during the stress or recovery.  
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CHAPTER 6. CONCLUSIONS AND FUTURE RESEARCH 
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6.1. CONCLUSIONS 

 A key component of productive agricultural systems in environments that are 

subject to abiotic stress is the use of genetically improved crop varieties that can 

withstand short-term or long-term water deficits. A prerequisite, and a limiting factor, for 

the selection of desirable phenotypes best suited for production in such environments is 

the identification, and subsequent utilization, of genetic variation in target traits that 

have direct impact on productivity. A crucial target trait for productivity under water 

limitation is a deep rooting system which can be achieved by continued root growth 

under water deficit. Of equal interest is genetic variation in one or more component 

traits which operate at the molecular or biochemical level and which are required for, or 

enhance, the formation of the target trait phenotype. Their detailed study often yields 

insights into the control, and avenues for modification, of the target trait. Ideally, efforts 

to improve a target trait involve concurrent study of it, along with the underlying 

component traits.  

 Identification of genetic variation in root traits directly, and the concurrent study of 

component traits, under controlled growth conditions across many genotypes, however, 

has been hampered by the lack of large-scale, controlled environment plant growth 

systems which allow for non-destructive, ongoing trait observation and can be operated 

with sufficiently high error control to detect small effects of genetic variation on 

phenotype. These attributes of a controlled environment growth system are particularly 

crucial for the study of root traits under abiotic stress. Not only are roots difficult to 

access in a non-destructive and continued fashion, abiotic stress treatments are difficult 

to apply in an accurate, precise, and repeatable manner.  
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 To address the lack of appropriate experimental growth systems, the current 

study consisted of the development of a large-scale, low-tech hydroponics plant growth 

system, and its subsequent use to study the Zea mays primary root growth before, 

during, and after osmotic stress. The overall study approach chosen, reflected in the 

design of the hydroponic system, the choice of the osmotic stress treatment intensity, 

method of application, and duration, was instrumental in the detection of genetic 

variation in Zea mays primary root growth before, during, and after osmotic stress. In 

addition, genetic variation was identified in the transcriptome response to osmotic stress 

and recovery treatment as well as in proline content before, during, and after the 

osmotic stress. Not only was genetic variation detected in repeated experiments 

indicating a robust study system, but the genetic variation observed in component traits 

at the transcriptome or molecular level and the proline or biochemical level was also 

related to the observed root growth. The discovery of genetic variation agrees with prior 

reports of high genetic diversity even in closely related Zea mays genotypes.   

 The hydroponic growth system designed and used in this study was based on a 

small-scale system previously described by Verslues et al. (1998). The overall large-

scale design was conceived in consideration of required data collection attributes of 

non-destructive and ongoing trait observation, required data quality attributes of low-

tech, yet accurate and precise, trait measurements, and, most importantly, required 

growth system attributes of efficient, affordable and large scale system operation. 

System design also aimed for maximum flexibility in future system setup and use. For 

example, setup can consist of fewer boxes, treatment can involve the concurrent use of 

different kinds of stress treatments, different methods of stress introduction, and/or 
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different durations of treatment or recovery periods. As a consequence of the system 

requirements as specified above, the system was developed as growth boxes that are 

individually supplied with air and distributed across three shelf levels inside one walk-in 

growth chamber, with each of eighteen boxes holding up to 90 Zea mays seedlings. 

Although designed as a modular system, my ability to repeatedly detect genetic 

variation strongly and consistently when repeated over time supports a high degree of 

technical error control. Because genetic variation is of value to future breeding and 

research only if it can be detected repeatedly, initial growth system assessment placed 

a strong focus on the demonstration of repeatability. Repeatability of genetic variation 

across experimental replicates was demonstrated for genetic variation in root growth 

rates, as well as proline content before, during, and after osmotic stress.   

 At full capacity, the hydroponic system allows for the growth of 1080 seedlings 

for tissue assay, plus an additional 540 seedlings for tissue assay and non-invasive root 

observation. Adjustments to the system within the confines of the existing growth 

chamber can be used to double the number of seedlings for observation. A key feature 

of the system is that it can be run by one experimenter, including all processes from 

system setup to hydroponic solution preparation, seed germination, trait measurement, 

and tissue assay. While this aspect reduces operating cost, more importantly it reduces 

the amount of technical variation as introduced by multiple experimenters. This aspect 

is of critical importance in methodologies where technical variation can compromise the 

power of detection. This is particularly the case in studies of the molecular and genetic 

bases that underly plant physiological traits where genetic effects often explain only 

small amounts of the total variation and where traits have high biological variation.  
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 While my positive experience with the hydroponic system, when applied to the 

study the Zea mays primary root growth under osmotic stress, indicates the high value 

and versatility of the large-scale hydroponic system, the same may not necessarily be 

expected in future studies when applied to the study of other traits or sets of genetic 

materials. In particular, the merits of any growth system depend on the trait and set of 

genetic material examined. For example, when examined in the same growth system on 

the same set of genetic material, one trait may exhibit genetic variation while another 

trait may not. Such discrepancy can result from trait differences in genetic architecture 

and associated effects on phenotype, differences in the extent of biological or within-

genotype variation, or differences in trait-specific interaction of biological and technical 

sources of variation. In the particular case of this current investigation, success in the 

use of the hydroponic system was facilitated by several aspects relating to root growth 

and proline content traits across growth conditions. 

 For example, a key root growth attribute that allowed the use of only two root 

length measurements to compute root growth rate per growth period was the observed 

steady growth rate as exhibited by all genotypes in each of the three growth conditions 

before, during, and after the osmotic stress. Efficient, the low-tech data collection 

method was also made possible because of consistent types of trait responses across 

genotypes. In specific, root growth rates decreased and increased upon stress and 

recovery treatment, respectively, in all genotypes. Similarly, proline content increased 

and decreased upon osmotic stress and recovery treatment, respectively, in all 

genotypes. Consequently, genotype comparison of root growth or proline responses did 

not have to take into account the type of response but were numerical 'only' in nature, 
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allowing direct genotype comparison using established analysis of variance 

approaches. In addition, my ability to detect genetic variation across a large set of 

genotypes when each genotype was represented at relatively low replication, is 

indicative of a sufficiently low amount of biological variation in the traits studied. 

Meanwhile, my ability to detect genetic variation resulted from the presence of genetic 

variation in the first place and which, again, may not necessarily hold true for future sets 

of material studied in the hydroponic system. Given the presence of genetic variation in 

the set of material studied here, however, I was able to demonstrate the hydroponic 

system's potential to allow the repeatable detection of genetic variation.  

 Beyond the attributes of the growth system, the major findings of this 

investigation are the presence of the statistically significant genetic variation in root 

growth rate under the various growth conditions as well as the genotype differences in 

transcriptome and proline content responses to osmotic stress treatment and recovery 

treatment. Although the inbred Zea mays genotypes used in our experiment share 

considerable recent history, the detection of genetic variation in our investigation 

supports previously expressed opinions of high amounts of genetic variation remaining 

in even closely related Zea mays materials (Buckler et al., 2006). If the genetic variation 

detected in root growth rates under osmotic stress translates into enhanced 

performance or survival of the maize seedling under a water deficit, to be determined in 

future experiments, the current finding of genetic diversity in root growth rate under the 

osmotic stress, in fact, suggests that there are considerable opportunities for genetic 

improvement of Zea mays by means of selection for improved root traits from within 

sets of modern breeding materials. The finding of considerable genotype differences in 
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transcriptome response to stress and recovery, along with the relationship to growth, 

and the finding of statistically significant genotype differences in proline responses to 

stress and recovery, along with a relationship to growth, point to the high value of this 

genetic material for future study that aims to elucidate the role and mechanisms of 

transcriptome events and proline metabolism and accumulation in root growth under 

osmotic stress and in response to recovery treatment.  

The availability of genetic variation in closely related material studied can offer 

some advantages. For one, the inbred lines are likely less divergent overall, compared 

to groups of landraces, at the physiological level and in the response strategy to 

osmotic stress and recovery. General growth habits, in part as relating to their 

adaptation to northern short-season environments of intermittent water deficit, are likely 

to be shared to a considerable extent in our set of lines. Sharing of background, or of 

phenotypes, in traits that are not of interest, and in the assumption that shared 

phenotypes reflect shared underlying molecular elements, can, in fact, support the 

detection of molecular elements that give rise to differences in traits of interest. In 

addition, the sharing of agronomic features can facilitate future studies for the practical 

reason that their agronomic production requirements are likely achieved to a similar 

extent in the same experimental growth conditions, be it indoors or outdoors. When 

lines differ extensively in agronomic production requirements, use of a particular 

experimental condition may intrinsically favour one genotype over another. In summary, 

the potential of the hydroponic system in its originally intended capacity, as a tool for 

multi-genotype comparison to detect genetic variation across growth periods under 

osmotic stress and recovery treatment, was confirmed in this investigation. 
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6.2. FUTURE RESEARCH 

 Given the findings in this investigation and the availability of the hydroponic 

system, future research is recommended in three areas. The first addresses the 

question of whether genetic variation in root growth rates before, during, and after 

osmotic stress detected here is also observed in other growth systems, in particular, in 

a soil-based system. If genetic variation is detected in other systems, a first relevant 

question is whether genotype rankings for growth rates observed here correspond to 

rankings in the other, possibly soil-based, system. The next relevant question is whether 

genotypes with higher root growth rates under water deficit stress show improved 

maintenance of growth and establishment as seedlings when compared to genotypes 

with lower root growth rates under water deficit stress. If relative high root growth rate in 

the hydroponic system is repeatable in a solid-medium system and the respective 

genotypes with high root growth rates under water deficit, in fact, show improved growth 

under water deficit stress in the solid system, the hydroponic growth system may well 

serve as a tool to screen for genotypes with improved seedling growth under water 

deficit stress. As alluded to in prior review and discussion, root trait observations are 

more complicated to perform in solid medium than in a hydroponic system. Therefore, in 

a first set of experiments to address the above mentioned questions, the evaluation may 

be performed, and the focus directed, at a small subset of genotypes from the current 

investigation. In addition to the current set of genotypes examined, however, and as an 

improvement to the approach used in the current investigation, we would recommend 

the inclusion of a genotype of known improved seedling performance, as related to root 

growth, under conditions of water-deficit.  
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 A second area of recommended research addresses the question of which genes 

represent the genetic determinants that are at the core of the large genotype differences 

in transcriptome responses observed in response to osmotic stress and recovery 

treatments. In a first instance, future experiments can continue with data mining 

approaches using the existing transcriptome data set in order to discern systematic 

differences in gene networks observed in the treatment responses across the various 

genotypes. Given the genotype differences observed in this study, where high-

responsive genotypes showed a higher number of treatment-responsive genes than 

low-responsive genotype, one possible hypothesis for data mining is that the high-

responsive genotype exhibits attributes of greater signal transduction as reflected in a 

higher proportion of treatment-responsive genes which fall into the class of signal 

transduction. In an alternative hypothesis, data mining could examine whether a high-

response genotype exhibits a superior stress response as reflected in the under-

representation of stress treatment-responsive molecular elements linked to adverse 

stress effects such as the production of reactive oxygen species.  

 In detailed data mining studies, and using the existing data set, interpretation of 

the specific pattern of genetic variation observed in the transcriptome response is 

hindered by our limited understanding of genotype differences in the development of 

treatment responses across time or across stress intensities in this specific 

experimental approach. For example, while two genotypes may exhibit large differences 

at 24 hours into osmotic stress, they may not exhibit differences at 10 hours into the 

stress. Alternatively, it is possible that a genotype exhibits a specific transcriptome 

response at 24 hours which is exhibited earlier in the second genotype. In this case, the 
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genotypes may, in fact, not develop greater differences over time, however, one simply 

lags behind the other in developing the response. Such phenomena may simply relate 

to genotype differences in the speed of stress perception, the level of stress at which a 

response is triggered, or the speed of response implementation. In another example, 

two genotypes may exhibit differences in the transcriptome response at -0.9 MPa 

osmotic stress but exhibit similar transcriptome responses at a lower stress intensity.  

To overcome such challenges in the interpretation of the specific patterns of 

genetic diversity observed at the transcriptome level in response to osmotic stress and 

recovery treatments, and to support future approaches of data mining, a 

recommendation would be to investigate the impact of the development of the stress 

response as a function of genotype, time, and stress intensity on observed patterns of 

variation. In particular, in the most simple form of such an experiment two genotypes, 

chosen from high-response and low-response genotypes from the current investigation, 

could be subjected to three levels of osmotic stress intensity and be observed (i.e. 

subject to root trait observation and tissue sampling for microarray analysis) at various 

time points into the stress treatment and the recovery period. Such a data set would 

reveal information about the rate of development of the stress response as function of 

genotype, time into stress and level of stress intensity. With such data in hand, effects 

of genotype, stress intensity, time into treatment, and their interaction could be 

assessed. The resulting information could be used to refine treatment comparisons 

across genotypes, time, and/or stress intensity to address specific questions as they 

relate to patterns of observed genetic variation in stress and recovery responses. 
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 Last, recommended research would address the mechanisms that give rise to 

observed relationships of transcriptome events and proline content to growth. In 

particular, a subset of genotypes with different root growth behaviour in the various 

periods and/or genotypes that displayed contrasting root growth rate responses to 

osmotic stress and recovery, can be subjected to stress and recovery treatments and 

assayed for more specific biochemical or physiological processes than performed here, 

or re-examined for responses at the transcriptional level as they relate to specific genes 

associated with more specific biochemical or physiological processes. To name a few, 

such processes can relate to the composition or extensibility and integrity of the cell 

wall, to hormonal responses, to cell cycle control, to the production and elimination of 

reactive oxygen species, to the accumulation of osmoprotective compounds, or to the 

regulation of energy household as relating to proline metabolism. The objective of this 

research would be to narrow down the mechanisms at the transcriptional, biochemical, 

or physiological levels that establish the observed correlations of transcriptome 

responses and proline responses to growth. Because of previous extensive literature on 

the biochemical and physiological processes in the Zea mays root, in the absence or 

presence of abiotic stress, one can draw from a variety of techniques.  

 In summary, with a reliable, high-throughput, large capacity, flexible hydroponic 

system, numerous aspects of genetic diversity as it relates to biochemical and 

physiological processes or morphological genotype differences can be readily, easily 

and economically studied in detail. Availability of the large-scale hydroponic system 

opens a myriad of potential scientific investigations, and is not strictly limited to Zea 

mays or any specific set of environmental conditions. 
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A.1 Schematic of the growth chamber layout. Top-down (or bird’s eye) view of the 
walk-in growth chamber, showing the location of the growth chamber access door and 
attached dark entrance cell, seed preparation shelving, and growth system shelving. 
The six solid shaded small rectangles indicate the positions of six growth boxes which 
would be positioned on each of the three levels of the growth system shelf during an 
experiment.   
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A.2 Photograph of growth box frame, insert, seedling placement.  Photograph of 
one growth box consisting of a seedling holding frame (left) and an outside box (right) 
that contains hydroponic growth solution. During an experiment, the seedling holding 
frame sits inside the outside shell at all times. The seedling holding frame is equipped 
with an air-supply tube that is permanently attached to a horizontal guide at the bottom 
of the holding frame. During the experiment, air is released by the air-supply hose at 
equal rate along the entire width of the holding frame. Whereas one air-supply hose is 
shown above, the final version of the growth box contained a second air-supply hose 
attached to the second holding frame horizontal bottom guide. In addition, and as 
shown, a vertical clear tube is attached to the side of the holding frame, used for growth 
solution delivery and/or removal at the beginning and/or end of a growth period. Shown 
in this picture are maize seedlings for purpose of documentation only. Primary roots can 
be seen to have elongated vertically inside colourless, translucent plastic straws that 
serve as root growth guides. Further, attached to the outside walls of the outside shell 
(shown on the right) are clear plastic sheets; containing regularly spaced, colour-coded, 
horizontal lines, they facilitate quick and accurate root length measurement.  
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A.3 Photograph of the shelving unit holding growth boxes. Photograph shows a 
part of the top shelf level and part of the middle shelf level of the growth system 
shelf. At full capacity, each shelf level (top, middle, bottom) holds six growth 
boxes for a total 18 growth boxes.  
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A.4 Schematic of the hydroponic system layout. Frontal view of the growth 
system to demonstrate design of the air supply system when the growth system 
is at full capacity, or at six growth boxes on each of three shelf levels (top, 
middle, and bottom). A central air supply is led into the growth chamber, the air 
flow is split and fed to four air flow splitter modules. Air flow splitter modules 
supply air to individual growth boxes by means of individual air supply hoses 
(indicated by individual arrows) where each individual air supply hose is 
equipped with a manual flow control valve (indicated by crossed circle) to 
regulate the volume of air flow to individual growth boxes. Assignment of 
individual air hoses from air flow splitter module to individual growth box is done 
at random, and the randomization performed anew between experiments.  
  



283 
 

 

A.5 Schematic to demonstrate method of root length measurement.  Side-view of 
a growth box, depicting one maize seedling with root immersed in growth 
solution. The correct position of the observer eye is represented by eye number 
two. Top (#1) or bottom (#3) eye placement results in biased root length 
determination (under- or over-estimation, respectively).  
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A.6 Hydroponics experiment two, root length trajectories of roots from genotype 
CG108 grown in three growth boxes (top, middle, bottom). Length is shown in 
segments for growth periods 1 (no stress), 2 (25% PEG), 3 (no stress or 
recovery.  



285 
 

A.7 RNA Trizol extraction and cleanup.  

Each pool of frozen primary root tips was ground in RNAse-free and liquid 

nitrogen-cooled mortars. The ground tissue was suspended in 1ml Trizol (Invitrogen, 

Burlington, Canada) at room temperature for a minimum of 5 minutes under frequent 

vortexing. 0.2ml of chloroform at room temperature was added, the resulting mixture 

vortexed for 15 seconds, allowed to sit for 2 minutes at room temperature, and vortexed 

again for 15 seconds before centrifugation (10 minutes, 10,000 x g, 4C). Using 0.2 ml of 

the resulting supernatant, RNA was purified by the addition of 0.7ml Buffer RLT 

(RMeasy MinElute Cleanup Kit, Qiagen, Toronto, Canada) and 0.5ml of 95-100% 

ethanol, the mixture vortexed, and the RNA bound to the filter of a spin-column (RNeasy 

MinElute Cleanup kit, Qiagen, Toronto, Canada) by centrifugation (30 seconds, 1,000 

rpm, room temperature). The filter was washed from impurities twice with 1.5ml of 80% 

ethanol during centrifugation (30 seconds, 1,000 rpm, room temperature), the filter then 

dried by centrifugation (5 minutes at top-speed, 17C, opened column lid), rehydrated 

and the RNA eluted from the spin column using two volumes of 10ul RNase-free water 

at room temperature, applied to the filter for 2 minutes prior to centrifugation (1 minute, 

top-speed, room temperature).  
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A.8 Target preparation. I. Amplification.  

Using the Message Amp II kit, i) a starting amount of 1.5 ug of purified sample 

RNA and 1 ul of a T7 oligo(dT) primer were annealed (10 minutes, 70C), ii) the product 

reverse-transcribed to synthesize first-strand cDNA while incubated (2 hours, 42C) with 

4 ul of master mix I (26.4 ul master mix I contained 6.6 ul first-strand buffer, 3.3 ul 

ribonuclease inhibitor, 13.2 ul dNTP, 3.3 ul ArrayScript), followed by second-strand 

cDNA synthesis while incubated (2 hours, 16C) with 40 ul of master mix II (264 ul 

master mix II contained 33 ul 2nd strand buffer, 13.2 ul dNTP, 6.6 ul DNA polymerase, 

3.3 ul Rnase H, and 207.9 ul RNase free water). iii) To purify cDNA it was mixed with 

300 ul binding buffer, bound to a filter cartridge by centrifugation (1.5 min, 10,000 x g, 

23C), washed with 500 ul wash buffer and centrifuged (1.5 min, 10,000 x g, 23C), and 

eluted twice with 10 and 6 ul volumes of pre-heated (55C) nuclease-free water by 

centrifugation (1.5 minutes, 10,000 x g, 23C). iv) Purified cDNA  was in vitro transcribed 

into antisense-RNA, or aRNA, while incubated (14 hours, 37C) in 13 ul of master mix III 

(85.8 ul master mix III contained 9.9 ul 50mM aaUTP, 39.6 ul ATP, CTP, GTP mix, 9.9 

ul 75mM UTP solution, 13.2 ul T7 10 X reaction buffer, and 13.2 ul T7 enzyme) in the 

presence of modified nucleotide 5-(3-aminoallyl)-UTP and T7 RNA polymerase to 

generate amino allyl-modified amplified aRNA or aaRNA. v) To purify, aaRNA was 

mixed with 250 ul binding buffer and 250 ul 100% ethanol, bound to filter cartridges by 

centrifugation (1.5 minutes, 10,000 x g, 23C), washed with 650 ul wash buffer by 

centrifugation (1.5 minutes, 12,000xg, 23C), dried by centrifugation (3 minutes, 10,000 x 

g, 23C), and eluted using two 30 ul volumes of preheated (55C) nuclease-free water 

and centrifuged (1.5 minutes, 10,000 x g, 23C).  
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A.9 Target preparation. II. Dye coupling.  

Amino-allyl modified RNA (aaRNA) quality was checked and its concentration 

determined using OD readings (ND-1000 spectrophotometer, Nanodrop, Wilmington, 

USA). For dye coupling, 6 ug of aaRNA, specific to the genotype-treatment combination 

being processed, was speedvacuum-centrifuge dried at room temperature, re-dissolved 

in 5 ul NaHCO3 for 20 minutes at room temperature, mixed with 5 ul of Cy3 or Cy5 

(Amersham BioSciences, Piscataway, USA) dissolved in dimethyl sulfoxide, the mixture 

spun-down (30 seconds, 1,000 x g, room temperature) and incubated for dye-coupling 

(2 hours, room temperature), and the reaction quenched with 4.5 ul hydroxylamine by 

incubation in the dark (15 minutes, room temperature). Unincorporated dye was 

removed by adding 85ul of RNase-free water and 250 ul RLT buffer (RNeasy MinElute 

Cleanup Kit, Qiagen, Toronto, Canada) and 250 ul 96 to 100% ethanol, the mixture 

applied onto a RNeasy MinElute kit filter column (RMeasy MinElute Cleanup Kit, 

Qiagen, Toronto, Canada) by centrifugation (15 seconds, 8,000 x g, 23C), washed with 

500 ul RPE buffer (RNeasy MinElute Cleanup Kit, Qiagen, Toronto, Canada) by 

centrifugation (15 seconds, 8.000 x g), twice washed with 80% ethanol by centrifugation 

(2 minutes, 8,000 x g), dried by centrifugation with open lid (5 minutes, 12,000 x g), and 

twice-repeated rehydration-elution with 20 ul and 15 ul RNAse free water (RNeasy 

MinElute Cleanup Kit, Qiagen, Toronto, Canada) by centrifugation (1 minute, 12,000 x 

g). Labeled RNA quality was ensured using OD readings (Nanodrop, Wilmington, USA) 

prior to its use in hybridization. 
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A.10 Immobilization, pre-hybridization, target finalization.  

Slides were immobilized by exposure to 180mJ UV-light (Stratalinker, 

Stratagene, LaJolla, USA), washed in 1% sodium dodecyl sulfate for 5minutes while in 

vertical position inside a wash station (wash station, ArrayIt, Sunnyvale, USA) with stir-

bar at 120 rpm, dipped in deionized water, dipped in 100% ethanol, and dried by 

centrifugation (3 minutes, 200 x g) while vertically supported inside of 50 ml centrifuge 

tubes. The dry slides were stored at room temperature in the dark until the time of pre-

hybridization. To pre-hybridize, slides were incubated (one hour, 42C) inside of 50-ml 

coplin jars (manufacturer) filled with filter-sterilized pre-hybridization buffer made up of 5 

x  saline-sodium citrate, 0.1% sodium dodecyl sulfate, and 1% bovine albumin serum. 

Upon removal from the pre-hybridization buffer, slides were washed twice for five 

minutes each in water inside the wash station (wash station, ArrayIt, Sunnyvale, USA) 

with stir-bar at 120rpm, and transferred to and kept in 100% ethanol until hybridization. 

To finalize the targets, 6ug of each Cy3- and Cy5-coupled RNAs to be co-hybridized 

(onto A and B slides) were mixed, brought to a total volume of 25 ul (either by adding 

water or by vacuum-centrifugation at room temperature to reduce the volume) and 

combined with 115 ul hybridization buffer (820 ul freshly prepared hybridization buffer 

contained 500 ul formamide, 250 ul 20 X SSC, 10 ul 10% sodium dodecyl sulfate, 40 ul 

tRNA, and 20 ul salmon sperm DNA). 
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A.11 Hybridization of target to array slides.  

Hybridization of a slide entailed its removal from the ethanol and drying by 

centrifugation (3 minutes, 1,000 rpm, room temperature) inside of 50ml centrifugation 

tubes, its placement into a hybridization casette (hybridization cassette, ArrayIt, 

Sunnyvale, USA) and fitting of a cover-slip. Onto the space between slide and coverslip, 

70 ul of preheated (30 seconds, 70C) and cold-snapped (30 seconds on ice) labeled 

target was carefully applied to uniformly flood the slip-covered part of the slide. 25 ul of 

RNAse-free water was applied to each of the two inner grooves of the hybridization 

cassette prior to its careful but tight closure and transfer of the cassette to the 

hybridization oven for incubation (14 hours, 42C in the dark). After the hybridization, 

cover slips were removed, slides cleaned in the wash station with stirrer at 120rpm in 

two 5-minute washes with heated (42C) solution containing 2 X SSC and 0.1% SDS, 

washed for another 5 minutes with 0.1 X SSC at room temperature, another 5 minutes 

with 0.05 X SSC at room temperature, and another 5 minutes with 0.05 X SSC at room 

temperature. Slides were dried by centrifugation (3 minutes, 1,000 rpm) and stored in 

the dark until image acquisition on the same day. 
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A.12 Electrophoresis gel of RNA in absence and presence of RNase. Gel 
electrophoresis to test for RNA integrity using total RNA isolated from genotype 
CG33 (lanes one through six, counting from left to right) and CG60 (lanes seven 
to twelve, counting from left to right). mRNA was run on electrophoresis gel after 
60 minute exposure to commercially available RNase-free water (lanes one and 
two, seven and eight; Milli-Q), exposure to tap water in which fingers had been 
dipped (lanes three and nine), and exposure to in-house DEPC prepared water 
(lanes four to six, and ten to twelve).  
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A.13 Electrophoresis gel to visualize distribution of RNA fragments. Image of 
BioAnalyzer output to investigate effect of speed vacuuming on relative size 
distribution of total RNA or relative size distribution of labeled aRNA. For total 
RNA, two samples (#1 and #2) are shown before (lane numbers 1 and 3) and 
after speed-vacuuming (lane numbers 2 and 4).  Cy3-labeled aRNA is shown 
before and after speed-vacuuming (lane numbers 9 and 10, respectively). Cy5-
labeled aRNA is shown before and after speed-vacuuming (lane numbers 11 and 
12, respectively). 
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A.14 Agilent signal fluorescence versus elution time for total RNA before 
(sample 1) or after (sample 2) speed-vacuum centrifugation. 
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A.15 Agilent signal fluorescence (y) versus migration time (x) for Cy3-labeled 
aRNA before (sample 9) or after (sample 10) speed-vacuum centrifugation.  
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A.16 Targets frame object to assign target to array loop. Data structure termed 
targets frame to specify the assignment of target to the arrays in a genotype 
array loop, and specification of the treatment contrast defined by the 
log2(red/green) signal ratio statistics for each array. RNA target designations Ctl, 
Str, Rec refer to target prepared from root tissues obtained from the pre-stress, 
osmotic stress, or recovery growth condition, respectively.  

 

  

Array ID Cy5 (red) Cy3 (green)

1 Ctl  Str  Ctl / Str

2 Str  Ctl  Str / Ctl

3 Str  Rec  Str / Rec

4 Rec  Str  Rec / Str

5 Rec  Ctl  Rec / Ctl

6 Ctl  Rec  Ctl / Rec

Fluorescent Label of Target

Targets Frame Provided to R Contrast as implemented 

by Respective Array based 

on the Log2(Red/Green) 

Statistic
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Pathway Level I Class Distribution, Based on 422 Unique Pathways 

 

Pathway Level I Class Distribution, Based on 380 Unique Pathways 

 

A.17 Number of pathways in the Gramene MaizeCyc database (top) and number 
of pathways associated with genes represented on the array (bottom).Shown are 
the abbreviations of the Gramene level I pathway classes, the number of 
pathways in brackets, and the percentage made up by that number out of the 
total number of pathways for each pie chart. An individual pathway may be listed 
in more than one level I class. Consequently, the sum of the numbers in 
brackets may slightly exceed the total of 422 or 380 pathways.  

AII 2% (9)

BIOSYN 57% (284)

DETOXIFICATION 1% (7)

DUA 24% (120)

GENPMEN 6% (28)

METCLU 2% (8)

NonClass 3% (14)

SUPPWY 5% (25)

TRANSPORT 0% (2)

 Unique Pathways Associated with All Gramene Genes, by Class; Total 497 Pathways Across Classes

AII 2% (8)

BIOSYN 57% (255)

DETOXIFICATION 2% (7)

DUA 25% (111)

GENPMEN 6% (26)

METCLU 2% (7)

NonClass 2% (10)

SUPPWY 5% (23)

TRANSPORT 0% (2)

Unique Pathways Associated with Set of 11,274 (or 1,476) Genes, by Class; Total 449 Pathways Across Classes
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A.18 Density plots of signal-to-noise (S2N) ratios (x-axis) for red and green dye 
signal (top and bottom panel, respectively) from an A-slide hybridized with RNA 
from B73. Density distributions shown by spot type. Negative control features, or 
features at which signal was not expected, are labeled blank, control, human, 
negative. Features at which signal was expected are labeled positive, probes, 
and replicate. 
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A.19 Signal intensities for spots on replicate slides of B73 and CG33.Dot plots 
of signal intensity (x-axis) from two slides of genotype B73 (panels A and B) and 
CG33 (panels C and D). Signal is shown for random subsamples of negative 
control spots (bottom halves of graphs, in colors green, blue, turquoise, pink) or 
positive control spots (top halves of graphs, in colors yellow and grey). The 
chosen spots were replicated on the slide a number of times as indicated in 
brackets after the spot designation. Shown as black data point is the median.  
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A.20 Signal intensities before and after within-slide normalization.Diagram of 
signal strength distribution for the same slide (genotype B73) shown before and 
after within-slide signal normalization (left and right panel, respectively).  
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A.21 Number of array spots (y) that showed binding capacity in none (zero) to all (six) 
of the microarrays (x) in an array loop.  
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A.22 Number of probes (y) of binding capacity in a genotype, broken down into 
the total number of genotypes (x) for which the probe showed binding capacity.  
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A.23 Proportion (y) of a genotype’s (x) stress-responsive genes that 
demonstrated binding capacity in at least one additional genotype.  
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A.24 Standard curve for absorbance measurement at 520nm versus proline 
concentration in chromophore.  
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A.25 Proline content ANOVA for roots in stress-free course.  

 
 

 

Period Source DF

Sum of 

Squares

Mean 

Square F Value Pr > F % S.S.

Model 19 1.58E-09 8.34E-11 1.74 0.13

Gt
‡

9 1.02E-09 1.13E-10 2.54 0.09 43.20

Rep
‡‡

1 1.22E-10 1.22E-10 2.73 0.13 5.18

Gt*Rep 9 4.01E-10 4.45E-11 0.93 0.52 17.02

Error 17 8.15E-10 4.79E-11 34.60

Corrected Total 36 2.40E-09

Model 19 2.46E-09 1.30E-10 9.63 <0.01

Gt 9 1.79E-09 1.99E-10 3.41 0.04 69.21
†

Rep 1 2.84E-11 2.84E-11 0.50 0.5 1.10
†

Gt*Rep 9 5.24E-10 5.83E-11 4.33 <0.01 20.31
†

Error 18 2.42E-10 1.34E-11 9.38

Corrected Total 37 2.70E-09

Model 19 6.90E-10 3.63E-11 1.96 0.08

Gt 9 5.11E-10 5.68E-11 4.24 0.02 50.07
†

Rep 1 5.65E-11 5.65E-11 4.18 0.07 5.53

Gt*Rep 9 1.20E-10 1.34E-11 0.72 0.68 11.80

Error 18 3.33E-10 1.85E-11 32.59

Corrected Total 37 1.02E-09

‡‡ 
Rep denotes experimental replicate

1

2

3

† 
Statistically significant at alpha = 0.05

‡ 
Gt denotes genotype
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A.26 Biplot of proline content (Pro) of roots in stress-course (SC) relative to periods 
one, two, and three (shown as D1, D2, D3, respectively). 
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A.27 Proline content (top row) or proline content change (middle, bottom rows) versus 

P5CR transcript abundance ratio in response to stress or recovery. P1, P2, P3 denote 

growth periods one, two, and three, respectively.  
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A.28 Proline content (top row) or proline content change (middle, bottom rows) versus 

P5CDH transcript abundance ratio in response to stress or recovery. P1, P2, P3 denote 

growth periods one, two, and three, respectively. Where appropriate, Pearson 

correlation coefficient (r) shown with associated p-value. 
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A.29 Proline content (top row) or proline content change (middle, bottom rows) versus 

OAT transcript abundance ratio in response to stress or recovery. P1, P2, P3 denote 

growth periods one, two, and three, respectively. Where appropriate, Pearson 

correlation coefficient (r) shown with associated p-value. 
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A.30 Proline content (top row) or proline content change (middle, bottom rows) versus 

TRANSPORT (type II) transcript abundance ratio in response to stress or recovery. P1, 

P2, P3 denote growth periods one, two, and three, respectively. Where appropriate, 

Pearson correlation coefficient (r) shown with associated p-value. 
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A.31 Growth rate ANOVA for roots in stress-free course. 

 
 

Period Source DF

Sum of 

Squares

Mean 

Square F Value Pr > F % S.S.

Model 19 0.244 0.013 6.48 <0.01

Gt
‡

9 0.139 0.015 2.67 0.08 27.88

Rep
‡‡

1 0.012 0.012 2.17 0.17 2.39

Gt*Rep 9 0.052 0.006 2.91 <0.01 10.43
†

Error 149 0.296 0.002 59.29

Corrected Total 168 0.540

Model 19 0.324 0.017 13.78 <0.01

Gt 9 0.275 0.031 15.61 <0.01 59.47
†

Rep 1 0.000 0.000 0.00 0.99 <0.01

Gt*Rep 9 0.018 0.002 1.58 0.13 3.81

Error 137 0.170 0.001 36.72

Corrected Total 156 0.494

Model 18 0.227 0.013 9.24 <0.01

Gt 9 0.194 0.022 17.04 <0.01 54.57
†

Rep 1 0.000 0.000 0.00 0.96 <0.01

Gt*Rep 8 0.010 0.001 0.93 0.50 2.84

Error 111 0.152 0.001 42.59

Corrected Total 129 0.379

‡‡ 
Rep denotes experimental replicate

1

2

3

† 
Statistically significant at alpha = 0.05

‡ 
Gt denotes genotype
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A.32 Biplot of growth rate (Gr) of roots in stress-course (SC) relative to periods 
one, two, and three (shown as D1, D2, D3, respectively).  
 


