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Abstract 

High density stress response in plants and the role of anthocyanin under adverse 

environmental conditions 

Max Misyura        Advisors: 

University of Guelph, 2013      Professor Joseph Colasanti 

         Professor Steven Rothstein 

 

Plant stress significantly contributes to crop yield losses globally.  Research on physiological 

responses of plants to stress provides potential targets for future crop improvement.  The work 

presented here examines physiological changes of high density stress response and the role of the 

anthocyanin biosynthetic pathway in plant growth and development under nitrogen limitation 

and high light conditions.  Physiological changes in response to high density stress in plants were 

examined using multiple approaches such as global transcriptome and metabolite analysis to 

identify potentially novel means by which the plants deal with high density stress.  In addition, 

production of anthocyanin pigment and its flavonoid precursors were examined to identify 

crucial steps in the anthocyanin biosynthesis pathway for normal plant growth and development 

and their role in tolerance to high light and nitrogen stress.  The work presented here 

demonstrates the involvement of ethylene production in high density stress response in rice, as 

well as highlights the importance of the first two biochemical steps of the flavonoid biosynthesis 

pathway in plant growth and development. Better understanding of plant stress response is not 

only fundamental to plant biology, but also has direct implications for agriculture.  Hopefully, 

future studies will determine whether these findings can be applied in crop improvement to help 

with enhancing yields of staple crops.
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Chapter 1: Introduction 

1.1 Plant stress and its global impact on crops 

The finite area of arable land poses a great challenge for the sufficient crop production 

capable of sustaining the predicted rise in human population over the next 50 years.  World 

population stands at 7.1 billion according to United States Census Bureau 

(http://www.census.gov/popclock/) and is predicted to reach 9.5 billion by 2050 based on the 

latest estimates by the United Nations Population Prospects ( http://esa.un.org/wpp/Excel-

Data/population.htm).  In addition to the potential food shortage, a rapid increase in world 

population will put tremendous pressure on the environment via use of natural resources such as 

water and fossil fuels (Pimentel et al., 2010).  Population growth in India and China combined 

with the other developing and emerging economies will significantly increase demand for the 

primary grains and oil seed crops (Rothstein, 2007).  The amount of cereal grains consumed by 

an average person in the world increased from 275 kg in 1950’s to 350 kg in 1980’s largely due 

to the increased use of crops for animal feed and likely has continued to increase since that time 

(Daily et al., 1998).  Furthermore, the consumption of crops by the growing population is only 

one of many uses that are putting a strain on our food supply.  Industrial uses like for ethanol 

production can also decrease the amount of crops that can be used to feed human population 

(Hill et al., 2006).   

A recent review raised concerns over stagnating and even decreasing yields in staple crops, 

such as rice, wheat, maize and soybean, on a global basis (Ray et al., 2012).  Crop plants are 

rarely grown in optimal growth conditions.  Environmental factors, such as salinity, drought and 

extreme temperatures, are commonly encountered and contribute a great deal to yield loss (Wang 

et al., 2003).  Plant stress could be the primary reason for yield decreases in some regions, such 
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as some areas of Asia and Australia (Ray et al., 2012).  Understanding how plants respond to 

stress is an important issue and is critical in order to improve yields of staple crops around the 

world. 

Plant stress can be defined as any factor that negatively influences plant growth and/or 

development (Bohnert and Sheveleva, 1998).  The sessile nature of plants makes it impossible to 

consistently avoid adverse environmental conditions, which is why plants employ a variety of 

developmental and physiological processes to respond to and to tolerate a stressor.  Certain 

physiological changes are readily visible while others do not lead to a visible change in 

phenotype.  For example, drought can produce wilting of leaves, which is an easy to observe 

phenotypic change in response to shortage of water and a concomitant drop in turgor pressure 

inside the cells (Batlang et al., 2013; Iljin, 1957).  Anthocyanin production in the leaves and in 

some cases stems of a plant is also an easily recognizable sign of stress (Winkel-Shirley, 2002).  

Another visible characteristic associated with unhealthy plants is yellowing of the leaves due to 

chlorophyll loss and is widely recognized as a sign of plant stress (Carter and Knapp, 2001).  A 

wide variety of conditions can result in similar physiological responses, such as chlorophyll loss 

or anthocyanin production, and therefore there are many pathways that end up producing the 

same response. 

The importance of the less obvious changes in plant growth and development in response 

to stress should not be underestimated.  Plasticity of plant architecture is a very important 

strategy utilized by plants to respond to various stressors (Potters et al., 2007).  Changes in root 

to shoot ratio occur due to drought, nutrient limitation, light and access to carbon sources (Hébert 

et al., 2001; Karcher et al., 2008; Wilson, 1988).  Limiting access to crucial nutrients can have a 

very significant negative impact on the plant growth.  For example, rice plants can alter the 
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number of tillers in response to nitrogen supply, but do not display the more obvious signs 

commonly associated with acute plant stress such as leaf yellowing or anthocyanin production 

(Chandler, 1969; Zeng et al., 2001).  Therefore, comparing plants grown under different 

conditions is especially necessary to notice negative impact of a mild stressor.  

Plant stress response can be highly complex and involves a multitude of factors.  

Intensity, duration, time of onset and end of a stress can result in different responses.  Molecular 

techniques, such as global transcriptome or metabolome analysis, are only able to take a snapshot 

of physiological processes in response to stress.  Therefore, due to the complexity of plant stress 

responses, it is crucial to utilize a variety of experimental methods to decipher the underlying 

mechanisms.  Furthermore, plants at different developmental stages have been shown to employ 

diverse molecular mechanisms of dealing with the same stressor (Foolad, 1999).  Studying stress 

combinations poses an additional challenge due to the unique nature of plant response to a 

combination of stressors (Mittler, 2006).  While availability of ‘omics’ approaches has improved 

our understanding of plant stress, there are many questions about whole-plant stress response that 

remain unanswered (Hirayama and Shinozaki, 2010).  Therefore, modern approaches have to be 

incorporated into extensive developmental studies to gain better understanding about plant stress 

response. 

Biotic stressors include all living organisms that could have a negative impact on plant 

growth and development.  Bacteria, fungi, insects, weeds, herbivores and even viruses are all 

considered to be biotic stressors (Balachandran et al., 1997).  Therefore, competition with 

neighbouring plants of the same species can be classified as biotic stress as well. While many 

abiotic stressors can be encountered in the field, pests alone can have a very significant negative 

impact on yield.  Yield losses of 24-41% were observed in rice plants exposed to a variety of 
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pests, such as pathogens, insects and weeds (Savary et al., 2000).  Competition between 

neighbouring plants of the same species is often overlooked even though such interactions have 

very significant effects on plant growth and development (Edmeades and Daynard, 1979).  

Furthermore, various resource limitations are a direct result of high population density and each 

one is an abiotic stress in itself. 

A wide variety of abiotic or non-biological stressors have been studied.  Shade, high 

light, drought, flooding, heat, pH, nutrient limitation can all have pronounced negative effects on 

plant growth and development (Demmig-Adams and Adams Iii, 1992; Kennedy et al., 1992; 

Louda et al., 1987)(Orcutt, 2000).  Abiotic stresses are often relatively easy to simulate in a lab 

setting and have been relatively well-studied.  Some of the earlier studies tended to focus on a 

single stressor and examine a particular aspect of plant stress response, such as proline 

accumulation under drought (Bates et al., 1973).  Others involved a variety of stressors that elicit 

similar physiological response, such as anthocyanin production in response to a number of 

environmental factors (Chalker-Scott, 1999).  Combining different stresses provides an important 

platform for studying the plant stress response physiology.  In the field, crop plants generally 

experience a variety of adverse environmental conditions at a time and it is impossible to predict 

the exact combination of stressors that will be encountered by any given plant (Mittler, 2006).  In 

addition, it is difficult to understand the impact of a unique stress combination on plant growth 

and development.  For example, transgenic alfalfa plants expressing superoxide dismutase were 

able to show cold tolerance in the lab, but the plants failed to perform better than wild type 

control in terms of winter survival (McKersie et al., 1999).  Therefore, knowledge gained from 

research focusing on a single stressor may be difficult to translate to practical use.  Furthermore, 

using stress combinations provides a novel approach to studying plant stress.  While there has 
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been substantial amount of progress in single stressor type studies, the use of combinatory stress 

approach promises to uncover a whole new set of potential targets for improving crop yields.  

Response of plants to a combination of stresses is often unique and cannot be predicted from 

studying individual components (Mittler, 2006).  More importantly, certain stresses, such as 

drought and heat, are more likely to occur simultaneously and it has not been long since such 

studies have been done.  Heat and drought often occur together in the natural environment, but a 

comprehensive study looking at the effect of both stressors was accomplished less than a decade 

ago (Rizhsky et al., 2004).  Accumulation of proline is replaced by accumulation of sucrose as 

the main osmoprotectant due to combination of drought and heat stresses (Rizhsky et al., 2004).  

Therefore, it is just as important to study stress combinations as it is to study single stressors to 

have higher success rate when applying theoretical knowledge to field studies.  

1.2 Physiological changes associated with plant stress response 

1.2.1 Biomass accumulation and photosynthesis efficiency changes in response to plant 

stress 

Biomass accumulation is directly proportional to the photosynthetic activity of a plant 

(Zhu et al., 2008).  Many sub-optimal growth conditions restrict photosynthetic capability 

(Chaves et al., 2009).  Since photosynthesis requires light, water and carbon dioxide, shortage in 

any of these three components can result in a decrease of photosynthetic productivity.  Excess 

carbon dioxide does not pose a significant problem for plants and in fact, higher photosynthetic 

efficiency of C4 plants compared to C3 plants disappears as the atmospheric carbon dioxide rises 

(Zhu et al., 2008).  In contrast, an excess amount of light can be detrimental to the 

photosynthetic apparatus (Cornic et al., 1989).  High light conditions can cause significant 

damage to green plants and decrease assimilation of carbon dioxide due to photosynthesis (Faria 
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et al., 1998).  Therefore, photosynthesis requires very specific light intensity conditions to 

achieve maximum efficiency and plants require adequate mechanisms to regulate light intensity 

levels.  The ability of anthocyanin pigment to shield plants from excess light has been proposed 

as one of its primary functions and therefore provides evolutionary advantage to plants under 

high light growth conditions (Sherwin and Farrant, 1998).   

1.2.2 The effects of stress on plant architecture 

Plants regulate various aspects of growth and development in response to adverse 

environmental conditions.  Shoot-root ratio, shoot and root architectures are affected by various 

growth conditions, such as light availability and nutrient supply.  A shortage of major nutrients, 

such as nitrogen, phosphorus or sulphur, is known to result in a greater root growth in order to 

obtain the nutrients (Ericsson, 1995).  On the other hand, shortage of carbon dioxide has a 

negative effect on root growth (Ericsson, 1995).  In addition, the allocation of dry matter in a 

plant is determined by nitrogen and carbon balance (Ågren and Ingestad, 1987b).  Plants use dry 

matter allocation to maintain nutrient balance, but the architecture of both shoots and roots is 

also dependent on growth conditions. 

Availability or shortage of a major nutrient can have significant impact on root 

architecture (López-Bucio et al., 2003).  Primary root growth is inhibited by nitrate availability 

and stimulated by phosphorus availability, whereas lateral root elongation is decreased by both 

nitrate and phosphate availability (Linkohr et al., 2002).  Exposure of lateral roots to high nitrate 

stimulates growth into the area with higher nutrient availability (Zhang and Forde, 2000).  Shoot 

architecture changes in response to nutrient deficiency is one of the primary changes in plants 

structure.  Reduction in shoot branching has been observed in various plants under nutrient 

deprivation.   Phosphate deficiency can stimulate strigolactone production in rice and inhibit 
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tiller bud outgrowth (Umehara et al., 2010).  In addition, nitrogen has been associated with 

alterations in cytokinin metabolism (Sakakibara et al., 2006).  Nitrogen and phosphorus 

deficiencies have been demonstrated to cause strigolactone production in the roots, which is 

implicated in both symbiotic mycorrhizal fungi growth as well as branching pathways of many 

plants (Yoneyama et al., 2007).  Nutrient deficiency is often encountered by crop plants.  The 

contribution of nutrient deficiency to developmental changes, such as decrease in tiller number, 

remains to be examined in high density stress condition. 

1.2.3 Role of phytohormones in plant stress response 

Phytohormones regulate a wide range of plant physiological properties, including plant 

stress response (Bari and Jones, 2009a).  As the previous section describes, phytohormones are 

used to integrate nutrient deficiency signals into developmental responses.  A number of 

phytohormones are directly implicated in plant stress response including jasmonate and abscisic 

acid (Bari and Jones, 2009b). On the other hand, hormones such as auxin and ethylene are most 

commonly associated with plant growth and development (Benjamins and Scheres, 2008; Reid, 

1987).   

Abscisic acid and jasmonate are known to be associated with plant stress response.  

Jasmonic acid is well known to be involved in both biotic and abiotic plant stress response 

(Wasternack, 2007).   Wounding and osmotic stress are well-documented factors that induce the 

jasmonic acid signaling cascade (Kramell et al., 1995; Stintzi et al., 2001).  Interestingly, stress 

induced production of jasmonic acid is also linked with ethylene response via the ethylene 

response factor 1 (Lorenzo et al., 2003).  The role of ethylene is discussed in greater detail later 

due to its possible role in high density stress response.  Abscisic acid is involved in seed 

germination, plant development and response to environmental stresses involving water deficit 
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(Finkelstein et al., 2002).  Abscisic acid acts as a regulator of gene expression that allows plants 

to tolerate drought stress (Iuchi et al., 2001).  For example, expression of dehydrins is one of 

many groups of genes expressed as a result of an abscisic acid signal (Chandler and Robertson, 

1994).  Dehydrins are expressed in a plant in response to cold, salt and drought stress (Gulick 

and Dvorak, 1992; Lee et al., 2005).  While high density stress can result in water shortage for 

certain crops such as maize, rice plants grow in rice paddy like conditions are not likely to 

encounter drought (El-Hendawy et al., 2008). 

Production of ethylene in response to stress has been known for many decades.  The connection 

between wounding and ethylene production was demonstrated back in 1935 (Denny and Miller, 

1935).  The relationship between ethylene and stress extends to other factors, such as cold, 

drought, heat, microbial and fungal infections (Morgan and Drew, 1997).  In order to understand 

how ethylene exerts its functions one has to examine the ethylene biosynthesis pathway and 

signaling cascade.  Ethylene biosynthesis is accomplished by production of 1-

aminocyclopropane-1-carboxylic acid (ACC) from methionine (Bleecker and Kende, 2000).  

Methionine subsequently is recycled in the Yang cycle (Kende, 1989).  ACC synthase and ACC 

oxidase genes are responsible for converting ACC into the gaseous phytohormone ethylene.  

Differential regulation of expression of various ACC synthase genes has been reported in 

multiple plant species in response to a multitude of factors (Oetiker et al., 1997; Peck and Kende, 

1998).  Ethylene perception starts with interaction of the phytohormones with a number of 

receptors.  While all of the ethylene receptors are transmembrane proteins and are responsible for 

initiating ethylene signaling cascade, only  ETR1, ETR2 and EIN4 contain the receiver domain 

able to interact with ethylene in Arabidopsis (Wang et al., 2002).  Two proteins responsible for 

downstream transmission of the signal CTR1 and EIN2, were found to be a negative and positive 
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regulators in the ethylene signal transduction pathway in Arabidopsis (Alonso et al., 1999; 

Kieber et al., 1993).  Finally, activation of nuclear localized genes, such as EIN3, leads to 

initiation of gene expression changes responsible for activation ethylene response pathways 

(Chao et al., 1997). 

  Some studies in Arabidopsis and tobacco have identified a link between neighbour 

perception and ethylene.  Ethylene was identified as a volatile molecule which signals proximity 

to neighbouring plants independent of red to far-red ratio pathway by studying ethylene 

insensitive mutants of tobacco (Pierik et al., 2003).  Subsequently, ethylene was demonstrated to 

be involved in the blue light signaling pathway (Pierik et al., 2004).  These findings expand upon 

previously known mechanism involving gibberellic acid and DELLA proteins, where the link 

between gibberellic acid and changes in R:FR ratio has been known for some time (Reid et al., 

1990).  The gibberellic acid driven elongation response can be negatively affected by DELLA 

proteins, which are degraded upon perception of changes in the R:FR ratio (Djakovic-Petrovic et 

al., 2007).  However, auxin and ethylene also participate in the shade avoidance response 

independent of previously identified DELLA and gibberellic acid pathway (Pierik et al., 2009).  

Ethylene, in particular, is responsible for sensing changes in R:FR ratio in mature plants and its 

volatile nature is thought to be important for neighbour detection (Pierik et al., 2009).   
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Figure 1 Ethylene biosynthesis is accomplished by producing ACC (1-aminocyclopropane1-1-

carboxylic acid) precursor from AdoMet (S-adenosylo-L-methionine).  Met (methionine) is 

recycled by converting MTA (5’-methylthioadenosine) into MTR (5’-methylthioribose), MTR-1-

P (5’-methylthioribose-1-phosphate) and KMB (2-keto-4-methylthiobutyric acid) in a process 

known as the Yang cycle ( Figure was adapted from (Yu et al., 1979)). 
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1.2.4 Chlorophyll catabolism 

The chlorophyll concentration of leaves is associated with a number of physiological 

processes.  Loss of chlorophyll is known to occur under a variety of adverse environmental 

conditions.  Plants experiencing stress tend to have lower chlorophyll concentration (Carter and 

Knapp, 2001).  However, leaves are also known to lose chlorophyll as a result of senescence.  

While leaf senescence can be triggered by external factors, such as pathogens, chlorophyll 

breakdown is a part of the senescence process to recycle the material from the leaves to be used 

for seed production (Lohman et al., 1994).  Chlorophyll breakdown is therefore a strategy to 

improve plant fitness and has been well-studied in Arabidopsis (Schelbert et al., 2009).  

Chlorophyll catabolism is primarily accomplished by approximately six enzymes that are present 

in the cell prior to the onset of senescence (Ougham et al., 2008).  These enzymes may require 

protection from light by anthocyanins in order to maximize the efficiency of chlorophyll 

breakdown (Ougham et al., 2005).  The literature on the chlorophyll protective properties of 

anthocyanins is currently unclear.   

1.2.5 Effects of plant stress on metabolism 

Plants use metabolic changes to adapt to diverse adverse environmental conditions).  

They are able to regulate primary and secondary metabolism in order to improve stress tolerance 

under various suboptimal growth conditions (Bohnert and Sheveleva, 1998).  Secondary 

metabolites, in particular, have diverse functions including defensive properties against biotic 

and abiotic stressors (Kutchan, 2001).  While secondary metabolism is not essential for survival, 

it can provide an evolutionary advantage to plants under suboptimal growth conditions 

(Pichersky and Gang, 2000). 
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1.2.5.1 Primary Metabolism 

Changes in primary/basic metabolism are utilized to provide means for a plant to grow 

and maintain various balances in order to survive suboptimal environmental conditions.  Plants 

regulate carbon/nitrogen balance throughout their life cycle and especially during adverse 

environmental conditions.  Carbon and nitrogen metabolic pathways are highly regulated due to 

various resource imbalances.  Carbon dioxide levels, light and nutrient availability have direct 

effects on the carbon/nitrogen balance (Cronin and Lodge, 2003; Leakey et al., 2009).  Carbon is 

needed to provide the skeleton for nitrogen assimilation for amino acid production (Sweetlove et 

al., 2010).  Therefore, the tricarboxylic acid cycle links carbon and nitrogen metabolic pathways 

and acquisition of both nutrients is interdependent.  In addition, the carbon/nitrogen balance may 

become altered as a result of the damaging effects of reactive oxygen species produced during 

periods of stress (Taylor et al., 2004).  Therefore, plant stress has both direct and indirect effects 

on plant metabolism.  

Some metabolites have been shown to have specific roles in plant stress response.  

Accumulation of metabolites such as proline can be used to regulate osmotic conditions under 

heat and drought conditions (Rizhsky et al., 2004).  Accumulation of trehalose is associated with 

a variety of abiotic stressors and is hypothesized to have protective roles under stress conditions 

(Fernandez et al., 2010).  Interestingly, accumulation of trehalose in plant tissues during fungal 

infection is thought to be beneficial to the fungus due to multiple roles of trehalose in fungal 

metabolism (Gancedo and Flores, 2004).  Raffinose accumulation serves a dual function of 

osmoprotectant and hydroxyl radical scavenger (Nishizawa et al., 2008).  Another strategy 

utilized by plants to overcome stress is to change flux of metabolites in key pathways.  
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The tricarboxylic acid cycle is a key process in living organisms for energy utilization.  

The steps and the cyclic nature of the process have been known for many decades.  The flux 

through various steps of the cycle can change depending on the needs of the plant at any 

particular time and the growth conditions (Sweetlove 2010).  The cycle is crucial to produce 

ATP which is needed for cellular maintenance.  However, the flux through certain steps is 

diverted in the direction of amino acid production when biomass accumulation takes priority 

(Sweetlove et al., 2010).  In such cases, the tricarboxylic acid cycle provides the skeleton for 

nitrogen assimilation (Hodges, 2002).  

1.2.5.2 Secondary metabolism 

Secondary metabolites have many functions that are beneficial to a plant.  Even though 

secondary metabolites are said to be not required for plant growth, they do grant an evolutionary 

advantage by providing an array of defensive mechanisms necessary for survival outside of 

controlled settings provided by a growth chamber (Pichersky and Gang, 2000).  Plants utilize 

secondary metabolic pathways to produce chemicals that help them fight off a wide variety of 

biotic stressors such as bacteria, fungi, insects and vertebrate herbivores (Wink, 2003).  

Furthermore, secondary metabolite biosynthesis genes are induced by abiotic stressors 

(Glombitza et al., 2004).  Secondary metabolites have been implicated in abiotic stress tolerance 

(Oh et al., 2009).  Carotenoids are used by plants to sequester excess reactive oxygen species 

under high light condition in order to protect the photosynthetic machinery (Strzałka et al., 

2003).  In particular, anthocyanin production is credited with having defensive roles against 

various environmental stressors (Chalker‐Scott, 1999). 
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1.2.6 Anthocyanin biosynthesis pathway 

Anthocyanin is a pigment produced by most higher plants in response to a variety of 

factors (Dooner et al., 1991).  While the pigment itself is readily visible, the precursor flavonoids 

are also known to have a variety of physiological roles in plants.  Flavonoids have been 

implicated in UV protection, aluminum toxicity, auxin transport, microbial protection, reactive 

oxygen species scavenging (Pourcel et al., 2007; Rozema et al., 1997; Winkel-Shirley, 2002).  

Availability of easy to identify mutants in the anthocyanin biosynthesis pathway, partially 

summarized in Table1, makes it possible to study various aspects and potential roles of the 

flavonoids in Arabidopsis thaliana.  

The major steps in the anthocyanin biosynthetic pathway have been known for decades 

and involve many enzymatic steps that are partially summarized in Table 1.  The mutants in the 

anthocyanin biosynthesis enzyme and control genes were given the annotation of transparent 

testa due to their pale seed color.  Transparent testa glabra 1 (ttg1) was the first transparent testa 

mutant described by Koorneef in 1981, and it was not until more than two decades later that it 

had been shown to be a regulatory gene of the anthocyanin biosynthesis pathway (Gonzalez et 

al., 2008; Koornneef, 1981). The discovery of ten mutants exhibiting the transparent testa 

phenotype in 1990 by Koorneef revealed more mutant lines with similar seed color deficiencies 

and in most cases the inability to produce anthocyanin (Koornneef, 1990).  Initial studies were 

often limited by the number of sufficiently-characterized transparent testa lines so that the early 

attempts at delineating the function of anthocyanin biosynthesis precursors focused primarily on 

genes that were already identified (Li et al., 1993a).  The development of a linkage between the 

various mutant lines and the biochemical steps altered in these allowed research into the role of  
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Table 1 Anthocyanin biosynthesis production genes and their respective transparent testa (tt) 

mutant lines in Arabidopsis thaliana. 

Abbreviation Full  gene name 

Corresponding mutant 

line 

CHS Chalcone synthase tt4 

CHI Chalcone isomerase tt5 

F3H Flavanone-3-hydroxylase tt6 

F3’H Cytochrome P450 75B1 tt7 

DFR Dihydroflavonol reductase tt3 

ANS Anthocyanidin synthase tt18 
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the pathway in plant stress response to be conducted (Shirley et al., 1995a).  Furthermore, the 

identification of the exact flavonoid accumulation pattern in each of the transparent testa mutants 

allowed researchers to correlate the presence of precursors to phenotype (Peer et al., 2001).   

Anthocyanins are produced by shuttling photo-assimilate from the Calvin cycle through 

the Shikimate pathway in order to produce precursors for flavonoid and anthocyanin biosynthesis 

(see Figure 2 for summary) (Zhang et al., 2012).  Aromatic amino acids derived from the 

Shikimate pathway are subsequently used for production of a wide variety of secondary 

metabolites in plants (Maeda and Dudareva, 2012).  Phenylalanine, in particular, serves as a 

precursor for the initial flavonoid biosynthesis reactions and the activity of phenylalanine 

ammonia-lyase has been correlated with anthocyanin accumulation (Ju et al., 1995).  Since 

anthocyanins have a wide variety of functional groups that can be attached to the core molecule, 

the final structure of anthocyanin is incredibly diverse and is able to interact with a wide variety 

of compounds (Goto and Kondo, 1991).  The intermolecular interactions are responsible for the 

varied appearance of the pigment in different plant species (Goto and Kondo, 1991)..



0 

 

 

 

Figure 2 Anthocyanin biosynthesis pathway uses phenylalanine as a precursor, which is produced through a shikimate intermediate in 

the chorismate biosynthesis pathway.  Carbon skeletons for chorismate are derived from intermediates in the Calvin cycle. (adapted 

from Plant Metabolic Network, on www.plantcyc.org, Jan 23, 2014) 

http://www.plantcyc.org/
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1.2.7 The functions and roles of anthocyanin are linked to plant stress response 

Production of anthocyanin under adverse environmental conditions is a well-described 

phenomenon (Chalker‐Scott, 1999).  Anthocyanin accumulation occurs in a wide variety of 

tissues and under a wide variety of conditions which makes it difficult to predict the exact 

function of the pigment.  Researchers have used a combination of environmental factors, tissues, 

chemical and physical properties of anthocyanin to put forward diverse hypotheses about its 

function.  Several possible functions of anthocyanin deserve detailed examination in order to 

determine the contribution of the pigment to excess light attenuation, UV-B protection and 

reactive oxygen species scavenging.  Even though anthocyanins are often credited with these 

functions, flavonoids must be taken into account in order to get an accurate estimate of 

anthocyanin impact on these functions. 

Excess light attenuation by anthocyanin is widely accepted as one of the primary roles of 

the pigment (Hoch et al., 2003; Karageorgou and Manetas, 2006).  A plethora of research 

demonstrates that the pigment is able to shield plants from light and protect it from photo-

damage (Close and Beadle, 2003).  Furthermore, there is evidence supporting additional 

functions of the pigment, such as osmotic regulation and reactive oxygen species scavenging 

(Close and Beadle, 2003).  The distribution of anthocyanin production and the varying 

effectiveness of the pigment across plant species have made it difficult to substantiate all of the 

alternative roles proposed for these pigments.  

There is evidence to suggest that anthocyanin participates in reactive oxygen species 

scavenging (Gould, 2004).  Levels of peroxides and their subsequent removal from plant tissue 

has been demonstrated to be correlated with anthocyanin production (Gould et al., 2002; Havaux 

and Kloppstech, 2001).  The contribution of free radical scavenging cannot be solely attributed to 
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anthocyanin alone and flavonoids must be taken into account (Gould et al., 2002).  In addition, 

anthocyanins have been proposed to play more of a secondary protective role compared to other 

low-molecular-weight antioxidants (Gould et al., 2002).   

Anthocyanins are able to absorb light in the ultraviolet range (Ishikura, 1978).  Therefore, 

the pigment can be involved in protection of plants from the damaging effects of UV.  However, 

flavonoid precursors have similar properties and therefore can share UV protection responsibility 

(Bieza and Lois, 2001; Li et al., 1993a).  Presence and/or absence of flavonoids in plant lines 

unable to synthesize anthocyanin can be a confounding factor when analyzing the effects of 

anthocyanin alone on plant growth and development.  Since production of anthocyanins is 

preceded by accumulation of flavonoid precursors, the contribution of both classes of chemicals 

to plant stress tolerance and protection needs to be analyzed. 

1.2.8 Flavonoid functions and roles 

Flavonoids have a significant role in plant growth and development under adverse 

environmental conditions.  While the majority of research has focused on the involvement of 

flavonoids in plant stress response, there are a number of important physiological functions 

independent of the protective properties of flavonoids.  Accumulation of specific flavonoids and 

absence of others can be compared and contrasted with the inability of transparent mutant lines 

to produce anthocyanin to determine the exact impact of both classes of chemicals on plant 

growth and development. 

Excess sunlight and UV protection are perhaps the most prominent potential roles of 

flavonoids given their absorption spectrum of 280-320 nm (Burchard et al., 2000; Lois, 1994).  

Furthermore, elevated flavonoid production has also been correlated with UV tolerance in 

mutants hypersensitive to ultraviolet radiation (Bieza and Lois, 2001).  Flavonoids also seem to 
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carry out several unforeseen functions under sub-optimal growth conditions.  Flavonoids were 

proposed to mediate reactive oxygen species scavenging in the vacuole according to a hypothesis 

proposed in a recent paper (Fini et al., 2011).  Flavonoids might also have a role in mediating 

energy imbalances under adverse environmental conditions by serving as an energy escape route  

(Hernández and Van Breusegem, 2010).  Since flavonoids do not require nitrogen to be 

synthesized, it is hypothesized that plants can use these chemicals to dissipate excess energy 

under conditions where photosynthetic apparatus cannot handle the excess energy from incoming 

light (Hernández and Van Breusegem, 2010).  In addition, flavonoids have been shown to act as 

negative auxin transport regulators (Brown et al., 2001).  Since auxin is the primary 

developmental hormone, changes in flavonoid concentration could be linked with the auxin 

related developmental processes.  Therefore, extensive research shows that the ability to produce 

flavonoids gives plants a significant evolutionary advantage under a wide variety of adverse 

environmental conditions, despite the fact that these molecules are not essential for plant 

survival.   

1.3 High density, nitrogen limitation and high light stresses 

1.3.1 High density stress/intraspecific competition 

A high density growth condition is usually encountered by all varieties of crop plants and 

has a significant contribution to yield loss.  There have been many studies aimed at determining 

optimal density conditions for staple crops, such as maize, wheat and rice in particular 

geographic areas (Baloch et al., 2002; Puckridge and Donald, 1967; Sangoi et al., 2002). In 

addition, mathematical models have been developed to describe the relationship between 

population density and yield (Cousens, 1985).  However, there has been relatively little research 

conducted to investigate the molecular mechanisms underlying the high density stress response.  
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In addition, the interplay between various resource limitations on plant physiology in the context 

of high population density is poorly understood.  Combinations of stressors are known to 

stimulate a response that is unique and cannot be deduced by studying individual components.  

For example, the global transcriptome signature in response to combination of drought and 

nitrogen limitation is different from global transcriptome changes induced by drought or nitrogen 

limitation alone (Humbert et al., 2013). 

The ability of plants to recognize their neighbours and respond appropriately is highly 

advantageous. Lack of sunlight due to the shade imposed onto a plant by its neighbours has 

negative impacts on growth and survival and plants evolved shade response pathway to 

recognize changes in light quality, quantity and direction to help them compete with their 

neighbours (Franklin and Whitelam, 2005).  The ability of plants to perceive their neighbours by 

detecting changes in the ratio of red light (660nm) to far-red light (730nm) and respond 

appropriately to shade versus non-shade environments is well-studied (Franklin and Whitelam, 

2005; Smith and Whitelam, 1997).  Light quality changes leads to modifications in shoot 

architecture as a response to competition between neighbouring plants for sunlight.  Changes in 

light quality are perceived by phytochromes that detect the decrease in incoming red light and 

the increase in far red light reflected off of neighbouring plants (Ballare, 2009).  When the R:FR 

ratio is high, phytochrome B is bound to phytochrome interacting factors, and the complex 

prevents a number of downstream genes from being expressed and results in stem growth 

inhibition.  In contrast, when the R:FR ratio is low phytochrome B does not inhibit phytochrome 

interacting factors (PIFs) from inducing downstream genes which results in stem growth 

(summarized in Fig 3). 
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Figure 3 The shade avoidance response is primarily directed by changes in red to far-red ratio 

detected by phytochromes.  In the shade, phytochrome interacting factors (PIFs) are able to 

stimulate production of PIF genes leading to stem elongation due to conversion of phytochrome 

B from the active (Pfr) to inactive (Pr) form. 
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The shade avoidance response can be the primary factor in shoot architecture changes in 

plants grown under high density conditions.  Phytohormones are tightly integrated into the shade 

avoidance response and auxin has been proposed to be the major player (Jaillais and Chory, 

2010).  However, other phytohormones such as cytokinin, gibberellin and ethylene have all been 

linked in the shade avoidance response as well (Pierik et al., 2005).  Ethylene, in particular, has 

been linked with blue light and R:FR sensing (Pierik et al., 2003; Pierik et al., 2004; Pierik et al., 

2009). 

1.3.2 High light 

Excess of light energy could be a stressor and have negative impact on plant growth and 

development.  Whenever the photosynthetic machinery receives too much light, it can be 

damaging to the machinery, in particular to photosystem II (Takahashi 2011).  Recent studies 

have been able to shed light on the role of reactive oxygen species, light quantity and quality in 

photodamage.  Plants have evolved a variety of means to minimize and prevent photodamage.  

Light quantity and quality are important factors whose role has been closely examined with 

respect to photodamage.  Light quality, in particular, has been studied to narrow down the 

wavelengths most commonly associated with photosystem II damage.  The ultraviolet range has 

been found to contribute the most to photodamage (Takahashi 2010).  Interestingly, the 

absorption spectrum of photosynthetic pigments and carotenoids falls outside of the damaging 

ultraviolet range.  Therefore, damage to photosystem II is unlikely to be caused by excess 

amounts of photosynthetically active light (Takahashi 2011). 

Reactive oxygen species are produced as a by-product of metabolic reactions in plants 

(Apel 2004).  Reactive oxygen species are known to be potentially highly toxic and plants have 
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evolved to alleviate their damaging properties.  Singlet oxygen can be produced by photosystem 

II under high light condition (Krieger-Liszkay 2004) which is why reactive oxygen species have 

been extensively investigated as to their contribution to photodamage.  However, there is 

evidence to support the hypothesis that reactive oxygen species inhibit the repair machinery and 

are not the primary cause of photodamage.  For instance, providing excess peroxide and 

inhibition of reactive oxygen scavenging machinery had little impact on initial stages of 

photosystem II damage (Nishiyama 2004 and Nishiyama 2001) and reactive oxygen species 

might play a role in inhibition of photosystem II repair machinery (Takahashi 2011).   

Changing leaf angle to minimize the amount of incoming light is a very simple adaptation 

utilized by plants to avoid photodamage.  The ability to move plant structures in response to light 

is known as heliotropism.  While some species move their leaves perpendicular to the sunlight to 

maximize plant growth, some desert species use analogous strategy to minimize detrimental 

effects of excess light (Ehleringer and Forseth 1980).  Heliotropism has been retained by non-

photosynthetic plant structures as well.  In Anemone rivularis, floral heliotropism is hypothesized 

to increase overall fitness of a plant by regulating the temperature of developing seeds (Zhang 

2010).  Movement of individual chloroplasts within cells is another strategy used by plants to 

regulate the amount of light received by the photosynthetic machinery.  Chloroplast movement 

has been studied in facultative shade plants to examine the contribution of the phenomenon to 

photosystem II protection (Park 1996).  Chloroplasts are able to respond to blue light and move 

to minimize the amount of incident light under high light conditions in most plant species tested 

to date (Kagawa and Wada 2002).  The ability to protect photosynthetic machinery from harmful 

effects of excess light is another common strategy.  Plants produce a number of secondary 

metabolites with possible roles in high light protection.  Phenolic compounds contain a benzene 
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ring which is well-known for its ability to absorb light in the UV range.  Plants produce a variety 

of phenolic compounds, such as flavonoids, which have been hypothesized to protect against UV 

damage (Winkel-Shirley 2002). 

 

1.3.3 Nitrogen limitation stress 

Competition of plants for sunlight via modification of shoot architecture is mirrored by 

competition for key nutrients between roots below the surface.  Water, macronutrients and 

micronutrients are required for optimal growth and development.  Scavenging for limited 

resources by plant roots is another factor influencing plant growth and development in the high 

density stress scenario.  Availability of sufficient water quantities is crucial for plant growth and 

planting density and water availability are closely linked (Toillon et al., 2013).  Optimizing 

planting density based on regional climate is a common practice to maximize yield (Guerfel et 

al., 2010).  Nitrogen limitation, in particular, has been known to be one of the major factors 

involved in high population density stress (Donald, 1954; Dong et al., 2010). 

Plants rely on access to multiple nutrients for normal growth and development.  Below 

ground, plants use their extensive root system to acquire macronutrients, such as nitrogen and 

phosphorus.  Shortage of nitrogen, in particular, has crippling effects on plant growth.  Nitrogen 

constitutes 16% of proteins and is therefore essential for growth, development and reproduction 

in animals and plants (Frink et al., 1999).  Nitrogen availability is the second most important 

factor that influences plant growth, with water being the first (Mengel, 1996).  The severity of 

nitrogen shortage also plays a role in the kind of response plants employ.  Complete starvation of 

a plant of nitrogen supply usually results in death and is not applicable to most agricultural 

settings.  Nitrogen limitation, on the other hand, is more often encountered by crop plants grown 

in the field (Good et al., 2004).  Since crop plants require abundant amounts of nitrogen, it is not 
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surprising that approximately 154 million metric tons of nitrogen fertilizers were applied in 

2011/212 worldwide according to the latest estimates by Food and Agriculture Organization of 

the United Nations (ftp://ftp.fao.org/agl/agll/docs/cwfto11.pdf).   

Application of large quantities of fertilizer has a multitude of negative effects.  China is a 

good example of beneficial and detrimental effects of nitrogen fertilizer use.  China has been the 

largest consumer of nitrogen fertilizer and has contributed close to 90% to the global increase in 

fertilizer use in the past several decades (Liu and Diamond, 2005).  Even though fertilizer 

application has been the main factor in the nearly 71% crop yield increase in the last 40 years, 

there has been severe environmental degradation in the past couple of decades (Ju et al., 2009).  

The effects of excess nitrogen fertilizer include ozone depletion, soil and water acidification, and 

eutrophication of surface and groundwater (Motavalli et al., 2008).  In addition, over-application 

of nitrogen fertilizer is a substantial economic expense.  While the increase in fertilizer use has 

almost tripled from the late 70’s, the amount of crop produced per kilogram of fertilizer applied 

has also decreased nearly three-fold (Ju et al., 2009).  Therefore, the majority of applied fertilizer 

is wasted and constitutes an unnecessary expense for farmers.  In fact, farmers can increase their 

profit by up to 17% by reducing nitrogen fertilizer use in place for alternative methods (Matson 

et al., 1998). 

Nitrogen has a number of metabolic and morphological effects on a plant: nitrogen and 

carbon allocation, root branching, leaf growth, and flowering time (Crawford, 1995).    Plants 

can take up inorganic nitrogen in different forms: nitrate (NO3
-
) and ammonium (NH4

+
) being the 

two major forms.  The preference for nitrate or ammonium as the primary source of nitrogen 

depends on a number of factors such as pH and the aerobic properties of the soil (Maathuis, 

2009).  Some plants, such as tomato, have a preference for ammonium and high nitrate 
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concentrations inhibit root growth (Bloom et al., 1993).  Rice plants, similar to the majority of 

crops, prefer a mixture of nitrate and ammonium for optimal yield production (Kronzucker et al., 

1999).  However, many annual crop plants use nitrate due to its abundance in the soil (Crawford 

and Glass, 1998). 

Nitrate assimilation is achieved in several key steps: uptake, reduction to nitrite, 

reduction to ammonium and subsequent incorporation into amino acids (Fig. 4) (Xu et al., 2012). 

The first step is accomplished by the roots that uptake NO3
-
 from the soil and direct it for 

transport via xylem or storage in the vacuole (Dechorgnat et al., 2011).  This process is regulated 

by a variety of internal and external signals including nitrate concentration in the soil, circadian 

rhythms, reduced carbon, and shoot nitrogen demand (Crawford and Glass, 1998; Imsande and 

Touraine, 1994).  Once in the cytosol NO3
-
 undergoes reduction to nitrite by nitrate reductase 

which is the first committed step of NO3
-
 assimilation.  Nitrate reductase genes (NIA) are also 

under control of various factors such as NO3
-
 availability, sucrose, light and cytokinin, NH4

+
 and 

amino acids (Crawford and Glass, 1998; Dechorgnat et al., 2011). 
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Figure 4 Simplified pathway of nitrate assimilation pathway: nitrate is absorbed by nitrate 

transporters (NRT) in the roots.  It is subsequently reduced by nitrate reductase (NR) before the 

final reduction to ammonium by nitrite reductase (NiR). 
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Nitrogen supply has an effect on many aspects of plant development.  One of the most well 

studied phenomena associated with nitrogen supply is root architecture: growth, diameter, root 

hair density and length, and legume number (Walch-Liu et al., 2006).  Local concentrations of 

NO3
−
, NH4

+
 or phosphate are able to stimulate lateral root outgrowth (Drew, 1975).  However, 

primary root growth is insensitive to different NO3
−
 concentrations (Zhang and Forde, 1998).  

Further studies showed that roots respond specifically to NO3
−
 ion rather than availability of 

nitrogen as a nutrient (Zhang et al., 1999).  Therefore, NO3
−
 serves not only as a substrate but 

also as a signaling molecule. 

Nitrogen deficiency is correlated with a number of physiological markers.  Chlorophyll 

concentration is directly proportional to nitrogen supply (Zhao et al., 2005).  Leaf photosynthetic 

capacity is decreased as a result and contributes to reduction in plant growth and productivity 

(Muchow and Sinclair, 1994; Sinclair and Horie, 1989).  The correlation between leaf reflectance 

and nitrogen concentration or chlorophyll concentration can be a quick method to assess the 

overall health of a plant (Zhao et al., 2005).  The observations of bleached leaves in anthocyanin 

mutants under nitrogen limitation stress are discussed in more depth in this work. 

When nitrogen supply is scarce a plant is able to allocate resources to acquire the limiting 

nutrient (Ågren and Ingestad, 1987a).  Low levels of nitrogen result in accumulation of 

carbohydrate in leaves, higher levels of carbon allocating to the root and an increase in root:shoot 

biomass.  Therefore, primary photosynthesis, sugar metabolism, and carbohydrate partitioning 

between source and sink tissues are all affected by nitrogen deficiency (Hermans et al., 2006).  

Plant hormones, such as cytokinin, have also been shown to be involved in response to nitrogen 

supply.  Following a period of nitrogen deficiency re-supply of nitrogen resulted in de novo 

cytokinin synthesis (Sakakibara, 2006).  By measuring hormone concentrations researchers also 
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showed that the inactive form of cytokinin decreased following NO3
−
 application, while the 

active form levels increased (Takei et al., 2002). It has also been recently shown that nitrogen 

supply may be regulating shoot branching in Arabidopsis by activating strigolactone or 

repressing the branching pathway through the action of a newly identified glutamine 

amidotransferase (Zhu and Kranz, 2012).    

1.4   Hypothesis and Objectives 

 

The main goal of this thesis is to broaden the knowledge in the field of plant stress biology.  

Two approaches are used to study different aspects of plant stress physiology.  First, metabolic 

and global transcriptome changes in a crop species (Oryza sativa) in response to combinatorial 

stress were examined to identify physiologically important pathways.  Second, a model plant 

(Arabidopsis thaliana) was utilized to study the role of a well-known secondary metabolism 

pathway in plant stress response. Two main hypotheses will be tested: 

1.  High density stress and nitrogen limitation negatively affect plant growth, however, the 

effects of high density stress on plant growth and development will differ from those of 

nitrogen limitation.  Moreover, the molecular signature of high density stress response 

will be unique with respect to global transcriptome and metabolome changes in 

comparison to the changes observed due to nitrogen limitation.   

2.  Anthocyanin and flavonoid precursors are not required for plant growth.  However, the 

lack of anthocyanin and/or flavonoid production has negative effects on plant growth 

and development under adverse environmental.  Therefore, the negative effects of 

nitrogen limitation and high light stress differ among Arabidopsis thaliana anthocyanin 

biosynthesis mutants.  
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The following objectives were set out to test the hypotheses: 

1.   High density growth condition provides a unique combination of many stressors.  The 

impact of high density stress will be examined using a comprehensive multidisciplinary approach 

including global expression and metabolite profiling.  Genetic and metabolic pathways affected 

by high density stress will be examined using bioinformatic tools.  In addition, the impact of high 

density stress will be compared to nitrogen limitation to gain insight into contribution of nutrient 

deprivation on plant growth and development in Oryza sativa. 

2.  The role of anthocyanin and precursor flavonoids in plant stress response will be 

examined under chronic adverse environmental conditions.  Anthocyanin biosynthesis mutants in 

the key structural steps of the pathway will be examined to determine relative contribution of 

flavonoid and/or anthocyanin deficiency to plant growth and development. 
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2.1 Abstract 

Intraspecies competition due to high density stress causes significant yield losses in a wide 

variety of crop plants.  At the same time, increases in density tolerance through selective 

breeding and the concomitant ability to plant crops at a higher population density has been one of 

the most important factors in the development of high yielding modern cultivars.  In this study, 

mechanisms underlying high density stress were examined in Oryza sativa plants over the course 

of a life cycle by assessing differences in gene expression and metabolism.  Moreover, the 

connection between density stress and nitrogen limitation was examined to determine interaction 

of these two components of plant growth.  While both nitrogen limitation and high density 

resulted in decreased shoot fresh weight, tiller number, plant height and chlorophyll 

concentration, high density stress alone had a greater impact on physiological factors.  Decreases 

in aspartate and glutamate concentration were found in plants grown under both stress 

conditions; however, high density stress had a more significant effect on the concentration of 

these amino acids.  Global transcriptome analysis revealed a large proportion of genes with 

altered expression in response to both stresses.  The presence of ethylene-associated genes in a 

majority of density responsive entities was investigated further.  Expression of ethylene 

biosynthesis genes ACC synthase 1, ACC synthase 2 and ACC oxidase 7 were found to be 

upregulated in plants under high density stress.  The plants were also found to up regulate 

ethylene-associated genes and senescence genes, while cytokinin response and biosynthesis 

genes were down regulated, consistent with higher ethylene production.  These results suggest 

that ethylene production is increased in rice plants under high density stress.  The phytohormone 

may play a role of a volatile signal used to communicate proximity in high population growth 

condition analogous to previous findings in tobacco and Arabidopsis.  
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2.2 Introduction 

According to recent estimates by the World Health Organization, global population is 

predicted to approach 9 billion people by 2050 (www.who.int).  Consequently, crop production 

will have to increase dramatically above current levels in order to sustain the human population.  

To increase the yield per unit area one can either increase the amount an individual plant can 

produce or grow more plants per unit area.  However, one of the challenges of the latter strategy 

is to maintain yield despite density stress imposed on crops planted in close proximity.  Modern 

crop plants have been selected for their ability to produce higher yields per unit area, be more 

resistant to biotic and abiotic stresses, and have higher density tolerance (Cattivelli et al., 2008; 

Robinson and Cowling, 1996; Vyn and Tollenaar, 1998).  Plant breeders have been selecting 

lines that better tolerate density stress, which has in turn led to a significant  increase in the 

number of plants per unit area and thus increased yield (Carlone and Russell, 1987).  However, 

rates of crop use have begun to surpass the gains from breeding programs, thus new strategies 

must be employed to prevent severe food deficits in the future (Duvick, 2004; Reilly and Fuglie, 

1998).  

Crop productivity is affected adversely by a wide array of abiotic and biotic stressors and 

thus the elucidation of mechanisms underlying stress response in plants is important to 

ameliorate the effect of these stresses.   Simple one-dimensional stresses, such as nitrogen 

limitation, have been studied in great detail over the years, while more complicated/multi-

factorial stresses, such as high density, have been not received the same attention (Kant et al., 

2011).  For example, density stress has been studied typically in the context of shade avoidance 

response, especially as it pertains to changes in light quality or red:far-red (R:FR) ratio (Aphalo 

et al., 1999; Casal and Smith, 1989).  Perception of R:FR ratio changes by plants is a well-

known short term process, but there is relatively little information about the long-term 

http://www.who.int/
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developmental consequences when plants are grown in close proximity under field-like 

conditions.  In the field, rice plants are subjected to intra-specific competition which is known to 

increase the demand for resources: such as nutrients and water underground, and light above the 

ground (Cole and Newton, 1986).  In this study we examine the effects of long term stressors 

alone and in combination in the form of high density and nitrogen limitation. 

High density stress has been studied mostly from agronomic (e.g. yield) and 

physiological perspectives (Cusicanqui and Lauer, 1999; Farnham, 2001).  As planting density 

increases, yield exhibits a saturation-type curve and eventually plateaus; further increased 

density beyond a certain point fails to increase yields and yield actually decreases when density 

gets too high (Villalobos et al., 1994).  Many years of artificial selection have produced crop 

plants that tolerate higher planting densities.  For example, newer inbreds are able to grow better 

and maintain yields under high density stress compared to older ones due to more efficient 

resource capture (Tollenaar and Wu, 1999).  In the study, various phenotypic characteristics of 

crop plants were analyzed to determine the exact features that allow plants to grow under higher 

densities.  For example, low plant-to-plant variability positively contributes to the yield increases 

in corn inbreds (Fasoula and Tollenaar, 2005; Tollenaar and Wu, 1999).  Specific structural 

characteristics important for tolerance of high density growth conditions have also been 

identified.  For example, corn inbreds that were characterized as leafy with reduced stature were 

able to outperform other lines in a high density environment (Modarres et al., 1998; Valentinuz 

and Tollenaar, 2006).  Modern varieties of osier willow (Salix viminalis) with more erect 

architecture were able to better tolerate high density stress (Bullard et al., 2002).  However, 

passive selection of plant varieties with better high density tolerance does not answered 

questions about mechanisms underlying high density stress response. 



18 

 

Various combinations of stresses and growth conditions have been used to identify 

relevant pathways underlying high density stress response.  Intra-specific competition between 

rice plants and inter-specific competition between rice plants and weeds were used to determine 

general characteristics, such as upright leaf architecture and large leaf area, and infer similarities 

in genetic factors and physiological pathways between the two growth conditions (Kawano et al., 

1974).  Shading plants grown under various densities has been used to intensify the stress by 

increasing competition for light.  Decreases in yield due to both stresses were attributed mainly 

to reduction in photosynthesis (Hashemi-Dezfouli and Herbert, 1992).  Drought can be one of 

many components of high density stress.  More modern maize hybrid grown under high density 

stress with limiting amount of water available was found to up-regulate more genes in response 

to density stress according to global gene expression analysis of the roots.  Furthermore, a 

greater proportion of differentially regulated entities in the newer hybrid were similar to drought 

response genes identified in a previous study by Seiki and colleagues (Bruce et al., 2002; Seki et 

al., 2001).      

While research has examined the physiology of high density stress, there is relatively 

little genetic information about high density stress response mechanism.  A recent microarray 

profiling study of barley and maize seedlings grown under high density stress found changes in 

genes associated with light intensity, auxin and lipid transfer were differentially expressed in 

barley and maize seedlings (St Pierre et al., 2011).  However, high population density stress did 

not result in major detectable changes in the transcriptome at the early stages of barley and maize 

life cycles despite detectable morphological changes (St Pierre et al., 2011).  In contrast, 

Arabidopsis studies have been able to identify groups of genes involved in high density stress 

response.  For example, a significant portion of genes affected by high density stress are 
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involved in nitrogen metabolism according to gene ontology classification (Masclaux et al., 

2012).  Furthermore, brassinosteroid, salicylic acid analogue benzothiadiazole, abscisic acid and 

methyl jasmonate responsive genes were over-represented in plants grown under high population 

density condition (Masclaux et al., 2012).  Differential regulation of pathogen response genes 

has been observed in Arabidopsis plants grown under high density stress (Geisler et al., 2012).  

While previous studies focused on intraspecific competition between dicots, the current study 

used global gene expression and metabolite profiling to study the response of rice plants to high 

density, to nitrogen nutrient limitation and the combination of the two.   First, the developmental, 

molecular and physiological changes in rice plants undergoing high density stress in combination 

with limiting nitrogen stress over the course of a life cycle were examined.  Similarities were 

observed with respect to changes in biomass accumulation, chlorophyll concentration and plant 

architecture.  The accumulation of glutamine and aspartate data further illustrate similarity in 

response of plants to high density and nitrogen limitation stresses.  The changes in transcriptome 

across treatments and time points were used to compare limiting nitrogen and high density stress 

responses.  Ethylene production was identified as a potential factor in high density stress 

response and plant-plant interaction in rice.  Modifications in ethylene physiology in crop plants 

grown under high density conditions can be a potential target for future research to improve yield 

and crop performance. 

 

 

 

2.3 Results 

2.3.1 Experimental design and rationale 
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Rice plants were grown under four different conditions: high density and high/sufficient 

nitrogen, high density and low/limiting nitrogen, low density and high/sufficient nitrogen, low 

density and low/limiting nitrogen.  Low density condition (6 plants per bin with 20 cm spacing 

between individual plants) was chosen to resemble rice density under normal field conditions 

(Fig. 5) (Baloch et al., 2002).  High density condition (40 plants per bin with 8 cm spacing 

between individual plants) was chosen to maximize the effects of high density stress while 

allowing plants to complete their life cycle (Fig. 5).  Nitrogen was supplied in pre-determined 

quantities as well.  Sufficient/high nitrogen condition was defined as 10 mM NO3
-
 and 

limiting/low nitrogen condition was set at 3 mM NO3
-
 (Bi et al., 2009). Physiological 

measurements were taken to assess the relative impact of high density and nitrogen limitation on 

growth and development of rice plants.  Sampling times were selected based on phenotypic 

characteristics, such as plant size and height.  At 21 days rice plants were significantly different 

in height and were undergoing active period of growth (Fig. 6).  At 31 days rice plants were not 

exhibiting signs of active growth and were induced to flower.  The timing of end of life cycle 

measurements was different for every treatment.  However, all of the plants were dried prior to 

the last set of physiological measurements.  High density stress had a negative impact on growth 

and development of rice plants similar to that seen when grown with limiting nitrogen 

conditions.  The stress conditions used in this study allowed us to observe rice plants for a 

complete life cycle and set seed even under the least optimal (low nitrogen and high density) 

growth conditions.  Rice plants grown under the high density condition had significantly fewer 

total (reproductive and vegetative) and reproductive tillers, were shorter, accumulated less shoot 

fresh weight and  
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Figure 5 Experimental set up of growth conditions used to grow rice under high density (6 plants 

per bin) versus low density (40 plants per bin) and sufficient nitrogen (10 mM NO3
-
) versus 

limiting nitrogen (3 mM NO3
-
).  
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contained less chlorophyll compared to plants grown under low density growth condition at all 

sampled time points and regardless of nitrogen levels (Fig. 5 and 6).  High density and nitrogen 

limitation treatments had a long-term cumulative negative effect on plant growth and 

development throughout the life cycle of the plant.  Specifically, the differences in total tiller 

numbers, shoot fresh weight and plant height between plants grown under different density 

treatments at 31 days were greater compared to the differences of the same parameters observed 

in 21 day old plants.  High density treatment resulted in 1.8 to 2.3 fold decrease in biomass at 21 

day time point and a 6.5-7.5 fold decrease in shoot dry weight at the end of the life cycle (Fig 5).  

Nitrogen limitation resulted in little to no decrease in biomass at 21 day time point and 1.8 to 2 

fold decrease in shoot dry weight at the end of the life cycle (Fig. 5).   The decreases in shoot 

fresh and dry weight, plant height, seed yield, total and reproductive tiller number due to high 

density stress were greater than those caused by nitrogen limitation.   High density stress and 

nitrogen limitation had varying effects on some aspects of plant growth and development.  The 

response of plants to high density and limiting nitrogen treatment was similar with respect to 

most developmental and physiological characteristics, especially yield parameters such as 

biomass accumulation, plant height and seed production (Fig. 7).  However, plants grown at high 

density condition produced the same number of tillers regardless of nitrogen supply at 31 days, 

as well as the same number of reproductive tillers at end of their life cycle (Fig. 7).  In this case, 

the effect of high density stress superseded the effect of nitrogen limitation on plant growth and 

development.   Therefore, it is important to note that some characteristics responded differently 

to high density stress compared to limiting nitrogen condition. 

  



23 

 

 

 

 

Figure 6 Physiological and developmental characteristics of rice plants were negatively affected 

under high density and/or nitrogen (N) limitation conditions at 21 days.  All data is mean ± s.d. 

with statistical significant determined according to one-way AOV LSD test (p<0.05, n≥5). 

  

A 
B 

C D 

0 

5 

10 

15 

20 

25 

30 

Low N High N Low N High N 

Low Density High Density 

G
ra

m
s 

Shoot fresh weight 

A A 

B 
C 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

Low N High N Low N High N 

Low Density High Density 

C
e

n
ti

m
e

te
rs

 

Height 

A 
B 

C 

D 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

Low N High N Low N High N 

Low Density High Density 

SP
A

D
 U

n
it

s 

Chlorolphyll content 



24 

 

 

Figure 7 Physiological and developmental characteristics such as height, chlorophyll 

concentration and shoot fresh weight of rice plants under high density and/or nitrogen limitation 

conditions at 31 days.  All data is mean ± s.d. with statistical significant determined according to 

one-way AOV LSD test (p<0.05, n≥5). 
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Figure 8 End of life cycle characteristics, such as shoot dry weight, seed yield per plant and 

flowering tillers, decreased in rice plants under high density and/or nitrogen limitation growth 

conditions.  All data is mean ± s.d. with statistical significant determined according to one-way 

AOV LSD test (p<0.05, n≥5).  
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2.3.2 Comparison of metabolomic changes in plants grown under different densities stress 

and varying nitrogen levels 

 

Nitrogen limitation and high density stress are both associated with a reduction in 

biomass accumulation.  Changes in aspartate and glutamate were used to explain decreases in 

biomass due to stress treatments.  Metabolite profile changes of rice plants due to density stress 

resulted in decreases of glutamate and aspartate concentration.  Glutamate concentration is 

constantly maintained in a plant and only stress conditions, such as decrease in nitrogen 

nutrition, cause significant decrease in the amino acid concentration (Forde and Lea, 2007).  

Therefore, glutamate measurements can be used to indicate relative nitrogen status of rice plants 

at various treatments and time points of the study.  Aspartate metabolism is closely linked with 

exposure to stress and energy metabolism via the connection with tricarboxylic acid cycle 

(Galili, 2011; Kirma et al., 2012).  The decrease in levels of both amino acids can be correlated 

with severity of stress conditions (Galili, 2011).  Therefore, accumulation of aspartate and 

glutamate can be used to assess overall physiological state of a plant; i.e., stress levels can be 

inferred from amino acid concentration.  At 21 days, plants accumulated more glutamate at low 

density/high nitrogen treatment compared to high density/high nitrogen treatment (Fig. 9).  The 

difference in glutamate accumulation between these two treatments is nearly two fold, yet the 

corresponding decrease in shoot fresh weight was about 13%.  At 31 days the plants grown under 

low density/high nitrogen conditions had approximately four times the glutamate concentration 

compared to other treatments.  The change in glutamate concentration was much greater at 31 

days suggesting a more severe stress condition compared to 21 day time point.  Accumulation of 

aspartate was of particular interest to this study as it can be used as a metabolic marker for 

biomass accumulation (Sweetlove et al., 2010).  As noted by Sweetlove and colleagues, changes 
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in the flux of the TCA cycle can be analyzed to determine whether plants are using more energy 

to increase biomass production or to maintain their current weight/size by spending the energy 

on housekeeping processes.  The shuttling of 2-oxoglutarate into production of amino acids, such 

as glutamate and aspartate, is one of the key indicators of biomass accumulation as opposed to 

ATP production (Sweetlove et al., 2010).  At 21 days, the high nitrogen/low density grown 

plants had five times the aspartate concentration of plants grown under high density stress, which 

correlates with increased biomass accumulation (Fig. 9).  The pattern of both aspartate and 

glutamate accumulation changed over time.  The differences in both aspartate and glutamate 

accumulation in plants grown under low density/high nitrogen conditions and other treatments 

involving one or both stressors were greater at 21 days than 31 days.  Greater accumulation of 

both amino acids coincided with active growth stages, and preceded more significant differences 

in biomass accumulation observed at later time points.  In addition, at the 31 day sampling time 

point there were no significant differences in accumulation of either amino acid in plants under 

high density condition regardless of the nitrogen condition.  Analogous to the physiological 

measurements (Fig. 6, 7 and 8), growth at high density masked the effect of limiting nitrogen 

with respect to amino acid accumulation. 

Plant stress has a significant impact on plant metabolism (Bohnert and Sheveleva, 1998).  

In the present study GC-MS analysis was used to measure a number of metabolites, including 

amino acids, sugars, and other primary and secondary metabolites.  The number of peaks 

detected by GC-MS analysis differed depending on density treatments and the sampling time 

point.  Plants grown for 31 days at low density had between 101 to 119 detectable peaks 

regardless of nitrogen supply.  28 to 45 detectable peaks were identified in all samples at 21 day 

time point and also in high density grown plants at 31 days (Fig. 10).  
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Figure 9 Accumulation of glutamate and aspartate in rice shoots was decreased due to high 

density and/or nitrogen limitation conditions sampled at 21 and 31 days according to GCMS 

analysis. All data is mean ± s.d. with statistical significance determined according to one-way 

AOV LSD test (p<0.05, n=3). 
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Figure 10 Number of detectable peaks selected for further analysis and quantification varied 

among treatments and developmental time points. Plants under low density high nitrogen and 

low density low nitrogen growth conditions had a greater number of total metabolites detected by 

GC-MS according to one-way AOV LSD test (p<0.05, n=6).  
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While it is probable that a number of peaks refer to the number of metabolites present in 

the sample, determination of peak identity is required to draw conclusions about changes in 

metabolism.  The peaks that were selected for identification and quantification based on 

preliminary GC-MS analysis were present in samples in sufficient number to perform statistical 

analysis (Tables 2 and 3).  Some metabolites, such as ethanolamine, galactose, glycerol, leucine 

and valine, were detectable only in 31 day old plants grown under low density treatment.  

Ethanolamine, galactose and glycerol accumulated at equal levels regardless of nitrogen supply.  

Leucine and valine accumulated at higher amount in plants supplied with sufficient amount of 

nitrogen compared to those grown under limiting nitrogen condition.  Alanine and glycine had 

similar accumulation patterns as leucine and valine in low density plants, but both of these amino 

acids showed a significantly marked difference under high density stress condition.  Alanine and 

glycine were not detectable in plants at high density/high nitrogen treatment but were present at 

higher levels at high density/low nitrogen treated plants.  Serine and threonine also showed very 

similar accumulation patterns.  The highest levels of serine and threonine were found in 21 day 

old plants grown under low density/high nitrogen condition.  Both amino acids were also found 

in 31 day old plants grown under low density treatment with higher levels of accumulation in 

plants supplied with sufficient nitrogen.  There were no noteworthy changes found in the 

following metabolites: citrate, fructose, glucose, isocitrate, malate, myo-inositol, phosphate, 

pyroglutamate, quinate, succinate, sucrose and threonate.  For a complete list of metabolites 

analyzed by GCMS at 21 and 31 days see Tables 2 and 3 respectively.  Analyzing a large 

number of metabolites often makes it difficult to highlight physiologically relevant changes, 

which is why this study focused on aspartate and glutamate due to the well-known physiological 

importance of these amino acids in plant growth and development. 
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Table 2 Summary of metabolites analyzed by GCMS at 21 days.  

 High Density Low Density 

  High N Low N High N Low N 

Alanine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 

Citrate 5.34E-02 ± 1.24E-02 3.25E-02 ± 5.58E-02 6.26E-02 ± 3.03E-02 3.00E-04 ± 0.00E+00 

Ethanolamine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 

Fructose MeOX1 6.78E-01 ± 2.22E-01 7.75E-01 ± 8.62E-01 1.21E+00 ± 2.79E-01 1.14E+00 ± 3.36E-01 

Fructose MeOX2 4.36E-01 ± 1.62E-01 5.09E-01 ± 5.67E-01 7.22E-01 ± 1.72E-01 6.15E-01 ± 1.66E-01 

Galactose MeOX1 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 

Glucose MeOX1 7.51E-01 ± 2.66E-01 1.01E+00 ± 1.23E+00 1.36E+00 ± 3.00E-01 1.28E+00 ± 4.12E-01 

Glucose MeOX2 6.62E-02 ± 2.07E-02 8.13E-02 ± 1.06E-01 1.72E-01 ± 8.01E-02 1.45E-01 ± 3.32E-02 

Glycerol 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 

Glycine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 

Isocitrate 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 

Leucine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 

Malate 8.04E-01 ± 5.28E-01 3.00E-04 ± 0.00E+00 7.89E-01 ± 2.95E-01 7.19E-01 ± 7.46E-01 

Myo-inositol 1.39E-01 ± 2.23E-02 2.76E-01 ± 2.56E-01 1.61E-01 ± 1.06E-01 1.06E-01 ± 4.75E-02 

Phosphate 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.16E-01 ± 1.25E-01 3.00E-04 ± 0.00E+00 

Pyroglutamate 1.01E-02 ± 3.53E-03 3.00E-04 ± 0.00E+00 1.98E-01 ± 3.73E-02 3.00E-04 ± 0.00E+00 

Quinate 3.13E-01 ± 1.65E-02 5.01E-01 ± 2.16E-01 3.78E-01 ± 1.85E-01 5.59E-01 ± 5.38E-02 

Serine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 1.45E-01 ± 6.32E-02 3.00E-04 ± 0.00E+00 

Succinate 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 2.62E-02 ± 2.09E-02 3.00E-04 ± 0.00E+00 

Sucrose 6.60E+00 ± 2.31E+00 2.23E+01 ± 2.70E+01 7.32E+00 ± 1.99E+00 2.14E+01 ± 2.51E+01 

Threonate 1.14E-02 ± 1.15E-02 3.00E-04 ± 0.00E+00 3.04E-02 ± 1.52E-02 3.00E-04 ± 0.00E+00 

Threonine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 6.33E-02 ± 2.89E-02 3.00E-04 ± 0.00E+00 

Valine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 

 

Legend: Weights are shown in mg/g fresh weight, zero(0), minimum (3E-04), maximum (53.37), blanks are replaced with 2E-04, 

detection limit was set at 0.0003 
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Table 3 Summary of metabolites analyzed by GCMS at 31 days  

 High Density Low Density 

  High N Low N High N Low N 

Alanine 3.00E-04 ± 0.00E+00 1.16E-02 ± 1.08E-02 4.14E-02 ± 7.19E-03 2.01E-02 ± 3.64E-03 

Citrate 5.53E-02 ± 5.36E-02 6.86E-02 ± 4.99E-02 1.31E-01 ± 4.51E-02 1.13E-01 ± 2.62E-02 

Ethanolamine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 7.02E-03 ± 2.33E-03 4.96E-03 ± 3.14E-03 

Fructose MeOX1 1.11E+00 ± 1.70E-01 6.23E-01 ± 1.57E-01 2.53E+00 ± 5.67E-01 1.29E+00 ± 3.37E-01 

Fructose MeOX2 6.97E-01  ± 7.42E-02 3.68E-01 ± 1.02E-01 1.20E+00 ± 4.71E-01 8.12E-01 ± 1.98E-01 

Galactose MeOX1 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.65E-03 ± 1.41E-03 2.68E-03 ± 2.20E-03 

Glucose MeOX1 1.40E+00 ± 1.62E-01 7.55E-01 ± 2.43E-01 2.26E+00 ± 4.73E-01 1.44E+00 ± 5.06E-01 

Glucose MeOX2 1.50E-01 ± 6.55E-02 6.70E-02 ± 2.82E-02 4.34E-01 ± 9.07E-02 2.50E-01 ± 5.09E-02 

Glycerol 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 3.30E-02 ± 3.18E-02 1.50E-02 ± 2.31E-03 

Glycine 3.00E-04 ± 0.00E+00 8.36E-03 ± 6.04E-03 2.20E-02 ± 7.39E-03 1.46E-02 ± 1.66E-03 

Isocitrate 1.10E-02 ± 9.32E-03 2.95E-02 ± 2.43E-02 1.43E-02 ± 6.43E-03 4.77E-02 ± 1.55E-02 

Leucine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 5.16E-03 ± 3.10E-03 1.21E-03 ± 7.84E-04 

Malate 4.49E-01 ± 9.42E-02 5.76E-01 ± 1.44E-01 8.69E-01 ± 1.22E-01 7.09E-01 ± 3.99E-02 

Myo-inositol 1.48E-01 ± 1.05E-01 1.07E-01 ± 4.61E-02 3.54E-01 ± 6.42E-02 1.92E-01 ± 5.53E-02 

Phosphate 1.77E-01 ± 5.77E-02 3.11E-01 ± 1.91E-02 3.04E-01 ± 7.35E-02 3.45E-01 ± 1.22E-02 

Pyroglutamate 1.42E-02 ± 1.42E-02 3.00E-04 ± 0.00E+00 5.77E-02 ± 9.91E-03 3.56E-02 ± 3.17E-03 

Quinate 2.44E-01 ± 8.26E-02 3.40E-01 ± 7.23E-02 3.95E-01 ± 1.15E-01 4.29E-01 ± 6.15E-02 

Serine 3.00E-04 ± 0.00E+00 3.00E-04± 0.00E+00 2.19E-02 ± 1.11E-02 8.50E-03 ± 1.95E-03 

Succinate 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 2.96E-02 ± 7.78E-03 1.87E-02 ± 3.38E-03 

Sucrose 9.08E+00 ± 3.89E+00 9.02E+00 ± 1.41E+00 1.36E+01 ± 4.70E+00 9.85E+00 ± 2.37E+00 

Threonate 1.45E-03  ± 1.99E-03 3.00E-04 ± 0.00E+00 3.14E-02 ± 7.74E-03 1.63E-02 ± 5.87E-03 

Threonine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 8.00E-03 ± 1.64E-03 2.14E-03 ± 2.48E-04 

Valine 3.00E-04 ± 0.00E+00 3.00E-04 ± 0.00E+00 1.33E-02 ± 6.60E-03 3.12E-03 ± 2.01E-03 

 

Legend: Weights are shown in mg/g fresh weight, zero(0), minimum (3E-04), maximum (53.37), blanks are replaced with 2E-04, 

detection limit was set at 0.0003  
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2.3.3 Cluster analysis of genes responsive to density stress identified co-regulated entities 

 

For the analysis, model-based clustering was performed using multivariate Gaussian 

distributions with an eigen-decomposed covariance structure (Fig. 11).  The clusters were also 

confirmed using Parsimonious Gaussian mixture models (PGMM; McNicholas and Murphy, 

2008) (see Appendix).   Out of 21,179 genes, 426 genes showed differential expression at 21 

days and 707 genes showed differential expression at 31 days due to high density stress 

treatment using three-fold cut-off. Eight clusters were identified when analyzing the global 

transcriptome changes at 21 days (Fig. 11 A).  Genes in cluster 1 represent entities that were 

most strongly up-regulated under the most optimal conditions for growth examined; i.e., low 

density and high nitrogen.  Cluster 4 entities were responsive more to the optimal low density 

growth condition independent of nitrogen supply.  The majority of genes in cluster 2 were 

responsive to both the density and nitrogen stress conditions.  While entities in cluster 5 behaved 

similarly to cluster 2 with respect to responsiveness to density stress, the mean trend of the 

entities in cluster 5 under nitrogen stress changes under low and high density.  Clusters 6, 7 and 8 

represent genes that are responsive to nitrogen limitation at low density but are not responsive to 

nitrogen stress at high density. 

Genes were sorted into 7 groups based on expression profiles at various growth 

conditions at 31 days (Fig. 11 B).  Groups 3, 4 and 7 are composed of differentially expressed 

entities that showed highest response under the more optimal low density and high nitrogen 

growth condition.  The genes in cluster 2 are differentially regulated with regard to the density 

condition and are not affected by nitrogen supply.  Entities in group 5 were responsive to density 

treatment, as well as nitrogen under low density growth conditions.  At high density the 

expression of the genes from this group did not differ under different nitrogen supply conditions.  
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B 

 

Figure 11 Cluster analysis of differentially expressed genes at 21 (A) and 31 (B) days in rice 

plants grown under varying density and nitrogen treatments identified 8 and 7 groups of genes 

respectively with similar levels of regulation in response to the varying density and nitrogen 

supply levels.  



35 

 

 Entities in group 1 were responsive only to high density and high nitrogen growth condition and 

showed very little change under the other three conditions.  

2.3.4 Similarity between high density and nitrogen limitation stress diminishes over time 

 

Pair-wise comparison of differentially expressed entities was performed to further analyze 

transcriptome data in this study (Table 4).  In addition, genes that show differential expression in 

response to both treatments were further analyzed to determine the direction of the expression 

changes (Table 5).  Differentially expressed entities with higher than two-fold change, With 

respect to the optimal growth condition, were examined across all the sub-optimal growth 

conditions.  Large differences between global transcriptome changes were found across 

developmental time points for both high density stress and nitrogen limitation.  When comparing 

21 day and 31 day old plants under nitrogen stress, 38% of the differentially expressed genes 

were the same.  In contrast, less than 25% of the differentially expressed genes were the same for 

any of the density stress conditions tested including that where there was a combined nitrogen 

limitation and density stress (Table 4).  While some of the differences seen for the different time 

points likely corresponded with developmental differences, others may represent the effects of 

changing stress characteristics due to plant size and nutrient requirements.   Approximately 80% 

of the differentially expressed entities had the same direction of expression at both time points 

for all stress conditions tested (Table 5).  Pair-wise comparisons of different stress conditions 

demonstrate that 51% of density stress responsive genes at the earlier 21 day time-point are also 

found to be differentially expressed under nitrogen limiting conditions, with the direction of 

expression the same for 98% of those genes (Table 4).   The level of stress with regard to growth 

limitation between nitrogen and density stress was closer at that time-point given that density 

stress increases as the plants get larger.  Therefore, a large proportion of global transcriptome 
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changes associated with high density stress and nitrogen limitation are highly similar at 21 days.  

However, at 31 days 34% of genes responsive to density stress were also shared with entities 

responsive to nitrogen limitation.  The similarity in the direction of expression of those genes 

remained relatively high at 86% (Table 5).  Therefore, the similarities in response to nitrogen 

limitation versus high density stress decreased as the plants grew larger and thus the density 

stress was increased. 

 The stress resulting from the combination of density and nitrogen differences is unique.  

The proportion of genes shared was lower than when comparing the individual stress samples.  

At the 21 day time-point the percentage of differentially expressed genes that are similar to that 

seen under either density or nitrogen stress alone are 14% and 52% respectively.  However, 89% 

of the genes shared between the combined stress and nitrogen stress have different direction of 

expression.  At the later time-point, the combined stress shared differentially expressed genes 

with the density and nitrogen stress alone at 14% and 26% respectively.   Again 90% of the 

genes when comparing the shared differentially expressed genes between the nitrogen and 

combined stress conditions have different directions of expression. 

 

  



37 

 

 

Table 4 Pairwise comparison of differentially expressed entities with 2-fold difference compared 

to optimal growth condition 

Changes compared 

to optimal (LDHN)   
21 days   31 days   

@ 21 or 31 days   
Density 

@LN   

Density 

@HN   

Nitrogen 

@LD   

Nitrogen  

@HD   

Density 

@LN   

Density 

@HN   

Nitrogen 

@LD   

 
Density 

@HN   

924 

             154 

 517 

   
Nitrogen 

@LD   

508 326 

          21  569 344 

days    1646 1870 

  
Nitrogen 

@HD   

867 488 1726 

          213 183 492 

  698 726 417 

 
Density 

@LN   

842 536 1826 690 

       237 135 390 220 

  760 864 608 778 

  
Density 

@HN   

908 555 1983 755 851 

      171 117 236 156 148 

31 553 607 488 568 576 

days   
Nitrogen 

@LD   

896 563 1892 739 736 481 

    183 109 325 171 262 243 

  672 748 529 685 593 614 

  
Nitrogen 

@HD   

881 550 1956 726 707 489 693 

  197 120 261 184 291 235 163 

  662 741 600 677 569 627 699 
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Table 5 Direction of expression of common differentially expressed entities in rice plants from 

different density, nitrogen supply and/or developmental time points to the optimal growth 

condition. 

Changes compared 

to optimal (LDHN)   
21 days   31 days   

@ 21 or 31 days   
Density 

@LN   

Density 

@HN   

Nitrogen 

@LD   

Nitrogen  

@HD   

Density 

@LN   

Density 

@HN   

Nitrogen 

@LD   

21 
Density 

@HN   

26 

            days   51/49  

  16 

  
Nitrogen 

@LD   

320 2 

            16/8  159/145  

  187 4 

  
Nitrogen 

@HD   

90 45 199 

          31/6  44/48  11/19 

  64 21 176 

31 
Density 

@LN   

30 31 78 35 

      days   108/64  32/42  44/41  72/42  

  23 18 181 38 

  
Density 

@HN   

25 17 40 31 18 

      72/35  46/35  74/56  26/29  45/45  

  19 8 39 56 25 

  
Nitrogen 

@LD   

87 30 27 59 141 29 

    27/15  40/26  122/140  12/29 1/8 113/99  

  43 13 19 58 97 4 

  
Nitrogen 

@HD   

36 30 88 18 116 6 52 

  71/41  30/15  50/36  38/62  7/4 127/71  28/18  

  40 37 59 47 161 13 60 
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2.3.5 Ethylene production is differentially regulated in rice plants grown under high density 

stress treatment 

 

An overview of processes and pathways responsive to high density stress were 

determined using MapMan analysis.  A wide variety of genes were differentially expressed in 

rice plants grown at densities.  Changes in the expression of a small number of each of the 

phytohormone metabolism and signal transduction pathway genes of abscisic acid, auxin, 

brassinosteroids, cytokinin, gibberellin and jasmonate genes were found both by cluster analysis 

and pairwise comparison according to MapMan classification (Fig. 12).  However, in the case of 

the ethylene associated genes a relatively large number of the genes involved in biosynthesis, 

signal transduction and response have modified levels of expression of at least one member of 

the corresponding gene family.   Therefore, ethylene metabolism and ethylene responsive genes 

were further investigated. 

Ethylene metabolism is differentially regulated in plants grown under high density stress 

according to differentially expressed entities identified during microarray analysis.  Changes in 

expression in 3 genes involved in ethylene biosynthesis were confirmed by qPCR (Fig. 13).  

Ethylene modulates various aspects of plant stress response in plants (Morgan and Drew, 1997).  

Expression of ethylene synthesis and response genes was analysed to determine the state of 

ethylene metabolism under high density stress.  Previous studies have used ethylene production 

gene expression, such as ACC oxidase and ACC synthase, as a proxy to measure ethylene 

hormone production (Clark et al., 1997; Wu et al., 2011).  In this study, the expression of 

ethylene response genes was conducted to support the argument that high density stress 

modulates ethylene production in rice plants.   
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Figure 12 Example of MapMan analysis output comparing high versus low density grown plants.  

Ethylene associated genes were found to be overrepresented compared to genes associated with 

other phytohormones based on functional annotation analysis.  
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Expression analysis verified whether ethylene biosynthesis genes were altered by high 

density stress.  The expression of ACC synthase genes (ACS)1, ACS2 and ACO7 increased over 

time in plants subjected to high density stress confirming microarray prediction of elevated 

ethylene production levels under high density stress.  The expression level of ACS1 was 3.7 

times higher at 21 days and 9 times higher at 31 days in high density grown plants compared to 

those grown under low density condition.  The expression of ACS2 was over 3 times higher at 31 

days in plants grown under high density treatment compared to plants grown under low density 

treatment, but there was no difference in ACC synthase 2 expression at 21 days (Fig 13).  No 

significant differences were detected in expression levels of these genes at 21 days at various 

density treatments.  However, ACO7 expression was 3 fold higher in plants grown under high 

density treatment at 21 days and 5 fold higher at 31 days.   

2.3.6 Expression of ethylene-related genes in high density grown plants was consistent with 

changes in ethylene production 

 

Plants grown under high density stress showed downstream effects of changes in ethylene 

production, such as decreased growth and accelerated senescence.  Role of ethylene has been 

well-studied in terms of a number of specific/well-known responses/physiological processes that 

have been directly or indirectly linked to the action of the phytohormone.  Since ethylene is 

known to be involved in senescence, senescence associated genes were expected to have 

different expression pattern in plants under high density stress (Burg, 1968).  In addition, 

ethylene and cytokinin are well-known antagonists (Hamant et al., 2002; Van Staden et al., 

1987).  A corresponding decrease in cytokinin production and response genes was expected in  
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Figure 13 Expression levels of ethylene biosynthesis genes ACC synthase 1, ACC synthase 2 and 

ACC oxidase 7 increased in rice plants grown under high density (HD) compared to low density 

(LD) at 21 and 31 days.  All data is mean ± s.d. Statistical significance (“*”) within a single time 

point was assigned according to one-way AOV LSD test (p<0.05, n=3).  
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Figure 14 Expression of senescence associated genes was found to be higher in plants grown 

under high density (HD) growth condition compared to low density (LD) growth condition. All 

data is mean ± s.d. Statistical significance (“*”) within a single time point was assigned 

according to one-way AOV LSD test (p<0.05, n=3).   
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plants under high density stress.  Finally, ethylene has number of direct targets, such as ethylene 

response factor and early response to drought 1 genes (Guo and Ecker, 2004; Miller et al., 1999). 

Expression of cytokinin production and response genes, senescence associated genes and 

ethylene response genes were all found to be affected by high density stress (Fig. 14 and 15).   

Several senescence associated genes were up-regulated in plants grown under high 

density stress.  Ethylene is known to induce senescence in plants, which is associated with up-

regulation of senescence associated genes (Grbić and Bleecker, 1995).  Several senescence 

associated genes were selected for analysis based on previously published results to further 

confirm changes in ethylene production (Liu et al., 2008).  The expression of glutamate 

decarboxylase was 3.7 and 2.7 fold higher in plants grown under high density stress at 21 and 31 

days respectively.  Malic enzyme and aspartic proteinase genes were found to have 3.9 and 5.8-

fold higher expression in high density grown plants only at the 21 day mark (Fig14).  Taken 

together these results suggest that at 21 days high density grown plants are undergoing 

accelerated senescence compared to the low density grown rice. 

Cytokinin is a well-known antagonist of ethylene in plants and as such is expected to 

show reduced biosynthesis and/or response under high density stress (Vogel et al., 1998).  The 

expression of the cytokinin biosynthesis gene IPT7 and response gene RR2 were 2.4 and 1.81-

fold down-regulated in plants grown under high density versus low density growth condition at 

21 days (Fig 15 B).  The expression levels of both genes were not significantly different at 31 

days for both low and high density grown plants.  Cytokinin expression followed a similar 

pattern to glutamate and aspartate accumulation (Fig 2). 
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B 

Figure 15 Expression analysis of ethylene associated genes was higher in high density (HD) 

grown rice plants compared to low density (LD) grown plants.  Ethylene responsive genes (A) 

and ethylene antagonist genes belonging to cytokinin production and response (B) demonstrated 

opposite patterns of expression under high density stress.  All data is mean ± s.d. Statistical 

significance (“*”) within a single time point was assigned according to one-way AOV LSD test 

(p<0.05, n=3).  
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Expression levels of a predicted ethylene response factor (ERF) (Os04g48350) and early 

responsive to dehydration (ERD1 genes) were elevated in high density grown rice plants in our 

experiment, further confirming increased ethylene production (Fig. 15 A).   Genes that contain 

ERF domain have been shown to respond to ethylene and are involved in ethylene responsive 

gene transcription (Ohme-Takagi and Shinshi, 1995).  The levels of ERF and ERD1 transcript 

were consistently higher in high density grown plants at both time points (Fig. 15 A).  The 

expression of ERF in high density plants was 3-fold higher at 21 day and 6.6-fold higher at 31 

day time point.  The expression of ERD1 was 4.7-fold higher at 21 days and 10-fold higher at 31 

day time point.  It should be noted that the ERD1 chloroplast precursor gene serves a double role 

in our study because it is known to respond to ethylene and is part of senescence process 

(Nakashima et al., 1997).  In combination with previous results, three out of four senescence 

associated genes tested in our study suggest that high density grown plants are undergoing 

accelerated senescence at 31 day time point (Fig 14 and 15A).  Therefore, ethylene production is 

likely up-regulated in plants grown under high density conditions as indicated by changes in the 

expression of genes associated with ethylene production and response, senescence, and cytokinin 

biosynthesis and response. 

2.4 Discussion  

 

Global transcriptome and metabolic changes of rice plants grown under high density 

and/or nitrogen limitation growth conditions were examined to determine major pathways 

involved in high population density stress response.  While previous studies have examined the 

response of crop plants to high density stress with respect to yield and therefore assessed the 

final resulting outcome, the current study aimed at identifying molecular mechanisms of high 

density stress response in rice during the life cycle of a plant (Cox, 1996; Graybill et al., 1991) 
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Zhuang et al 1997).  The negative impact of high density stress on plants is well-known, but 

there has been limited research done to determine how high population density affects plants on 

molecular and genetic level.  Moreover, the mechanisms underlying plant stress response, with 

the exception of shade avoidance, have not been examined in great detail in the context of high 

density stress.  Furthermore, since high density stress presents a number abiotic factors in a 

unique combination, the comparison between individual stresses such as nitrogen limitation were 

compared to high density stress response. 

2.4.1 High density and limiting nitrogen stresses share similarities in response with varying 

impact on growth parameters and metabolism 

 

Plant response to high density and nitrogen limitation were found to be similar with 

respect to several factors.  Both stressors had similar effect on plant growth and development, 

such as biomass accumulation, total and reproductive tiller numbers, chlorophyll concentration 

and plant height (Fig.  6, 7, 8).  Nitrogen supply and the number of plants grown per unit area are 

known to be correlated with a number of plant growth parameters.  However, there were 

significant differences in the impact of these two treatments on plant growth.  Previous research 

has shown the positive effect of high nitrogen supply and low density on various aspects of plant 

growth and development (Fagade and Datta 1971; Wu G 1998).  Since the negative effects on 

plant growth of limiting nitrogen and high density are known, this study was interested in 

determining the relative contribution of each factor, as well as any responses unique to either 

stressor.  The results of this study provide further support for nitrogen limitation/deficiency as a 

significant component of high density stress (Table 4 and 5).   However, it was unknown whether 

all of the changes linked to nitrogen limitation were shared with high density stress.  

Furthermore, density stress is known to activate genes that are not involved in nutrient deficiency 



48 

 

or abiotic stress, such as herbivory, bacterial and fungal infections responsive genes (Masclaux et 

al., 2012).   

Metabolite and global transcriptome analysis revealed similar physiological responses 

triggered by both nitrogen limitation and high density stress.  Decreases in accumulation of 

aspartate and glutamate were observed under high density stress and nitrogen limitation (Fig 9).  

Pairwise comparison of global transcriptome changes identified a large proportion differentially 

expressed entities to be similar between nitrogen limitation and high density grown plants.   

Nitrogen is known to be one of the most important factors for plant growth (Lam et al., 1996).  

The amount of various resources, such as nutrients, physical growth space and light, are all 

limited by the increase in the number of plants per unit area under the high density treatment.  

Therefore, one can speculate that nitrogen limitation plays a very significant role in high density 

stress, particularly in the early stages of growth and development.  Furthermore, nitrogen supply 

is directly linked to glutamate and aspartate accumulation.  However, nitrogen alone does not 

necessarily explain the drastic reduction in growth under high density stress condition.  Stress 

combinations can produce results that are different than the additive effects of individual 

stressors.  For example, the combination of heat and drought elicits unique responses in plants 

that are not observed under individual treatments (Mittler, 2006). 

2.4.2 High population density growth condition and nitrogen limitation induce similar 

global transcriptome changes in rice plants at the early stages of development 

 

Comparison of global transcriptome changes due to high density and limiting nitrogen 

stresses revealed a large number of the same genes responsive to both treatments.  Furthermore, 

the similarity between changes in global transcriptome induced by high density and nitrogen 

limitation decreased over time.   In a recent study, genes related to nitrogen metabolism were 
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demonstrated to be enriched among high density stress responsive genes (Masclaux et al., 2012).  

While our results confirm the previous findings, they also demonstrate that global transcriptome 

changes due to high density stress are significantly different from nitrogen limitation at later 

stages in plant growth and development despite large contribution of nitrogen limitation to the 

observed phenotypic changes.  Biotic stress was another common functional category of genes 

induced by high density stress in both Arabidopsis and Solanum nigrum (Masclaux et al., 2012; 

Schmidt and Baldwin, 2006).  MapMan analysis identified a number of entities similar to 

Arabidopsis genes involved in biotic stress response, such as RPM1 (AT3G07040), NB-ARC 

(AT3G14470) and ATHCHIB (AT3G12500), among differentially expressed genes due to high 

density stress.   However, biotic stress response associated genes were not highly enriched in our 

study according to agriGO analysis (Table S3) (Du et al., 2010).  Therefore, our results stand in 

contrast to previous findings in Arabidopsis where pathogen defense pathways were strongly 

down-regulated in response to high population density stress (Geisler et al., 2012). 

2.4.3 Plant-plant communication via ethylene is a factor in high density stress response 

 

Our findings suggest that rice plants utilize ethylene to communicate proximity to other 

neighbouring plants in a high population density environment.  Ethylene associated genes have 

been detected in high population density studies in Arabidopsis and Solanum nigrum (Masclaux 

et al., 2012; Schmidt and Baldwin, 2006).  The major phytohormone-responsive gene categories 

induced by high population density stress in Arabidopsis were related to benzothiadiazole 

(salicylic acid analogue), abscisic acid and methyl jasmonate, while ethylene represented a lesser 

proportion of differentially regulated genes (Masclaux et al., 2012).  Only a single ethylene 

receptor homologue in Solanum nigrum was identified to be responsive to high density stress 

(Schmidt and Baldwin, 2006). A relatively large number of ethylene related genes were found to 
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be differentially expressed compared to other phytohormones in rice plants due to high density 

stress.  Therefore, ethylene might play a role in high density stress response in rice and serve as a 

plant-plant communication signal.  Expression analysis of well-known ethylene associated genes 

confirmed changes in ethylene production further implicating the phytohormone in high density 

stress response.  A number of studies in tobacco and Arabidopsis demonstrated that ethylene is 

involved in shade avoidance response (Pierik et al., 2003; Pierik et al., 2004; Pierik et al., 2005; 

Pierik et al., 2009).  In tobacco ethylene-insensitive mutant plants were out-competed by the 

wild type neighbours due to inability of the mutants to sense changes in blue light (Pierik et al., 

2003; Pierik et al., 2004).  On the other hand, ethylene was implicated in sensing changes in 

R:FR ratio in Arabidopsis plants (Pierik et al., 2009).  However, research centered on the role of 

ethylene in high density stress response of monocots, especially agronomically important plants 

such as rice, has been lacking.  Our results support previous findings in model dicots, as well as 

suggest involvement of ethylene in shade avoidance response in rice and possibly other 

monocots. 

Changes in light quality, characterized mainly by changes in red to far red ratio, ethylene 

production and touch based mechanisms can all contribute to the shade avoidance response in 

rice under high density stress.  The contribution of ethylene to shade avoidance response was 

initially underestimated (Pierik et al., 2004).  The importance of this phytohormone in plant 

response mechanisms to external stimuli as the driving force behind growth and developmental 

changes are now well known (Keuskamp et al., 2010).  Ethylene production could be a major 

factor in neighbour recognition in rice plants under high density stress in conjunction with R:FR 

ratio and blue light perception machinery.  The more upright architecture of rice plants 

minimizes the amount of shade imposed on neighbouring plants compared to Arabidopsis and 
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tobacco plants.  In Arabidopsis ELONGATED HYPOCOTYL 5 (HY5) is known to act 

downstream of R/FR and blue light receptors, and bind promoters of genes involved in auxin and 

ethylene signal transduction (Chattopadhyay et al., 1998; Lee et al., 2007).  However, the HY5 

gene was not differentially expressed in rice plants in response to high density stress in this 

study.  Moreover, a recent study in Arabidopsis demonstrated that touching of leaves precedes 

R:FR driven phytochrome signaling (de Wit et al., 2012).  Therefore, the shade avoidance 

response of rice plants to their neighbours may be primarily driven by ethylene and potentially 

touch-related pathways during the initial stages of growth decreasing the involvement of light-

based sensing. 

2.5 Conclusions and limitations 

 

The molecular basis of high density stress response has not been studied extensively.  

The main factor for this is mostly likely the multitude of factors involved in high density stress, 

such as various resource limtations.  A multiple stress combination approach could be necessary 

to decipher all of the pathways involved in high density stress response.  Similarities between 

limiting nitrogen and high density stress response were found with respect to a number of 

developmental and physiological characteristics, such as biomass accumulation, decrease in tiller 

number, chlorophyll, aspartate and glutamate concentration.  Furthermore, high density stress 

resulted in global transcriptome changes similar to those elicited by nitrogen limitation at the 

early stages of plant growth and development.  Changes in ethylene production in response to 

high density stress implicate ethylene as a plant-plant communication signal under high density 

stress.  While the molecular mechanisms of ethylene driven shade avoidance response are 

beginning to emerge, future studies in crop plants remain to be conducted (Pierik et al., 2009; 

Polko et al., 2013).  Ethylene-related pathways might be a good target for breeding of plants 
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more tolerant to high density stress.  The results of the present study were limited by the number 

of replicates. Due to technical and space issues, a single growth bin per time point per treatment 

was used, therefore multiple bins per time point per treatment will be needed to produce more 

reliable data in future studies.  In addition, confinement of a given set of biological replicates to a 

small area within a growth chamber may have been prone to light quality inconsistencies.  More 

extensive studies using multiple time points during plant growth and development combined 

with more sensitive ‘omic’ methods, such as RNAseq, may identify additional factors involved 

in high density stress response leading to crop improvement.  The research presented above 

demonstrates the importance of multi-dimensional approaches to studying density stress 

responses and highlights the need for further investigations into the impact of combinatorial 

stresses on plant development and yield. 

2.6 Materials and Methods 

Plant growth, tissue collection and physiological measurements 

The plants were grown in Rubbermaid containers (61x41x32 cm) at 450 µmol m
-2

 s
-1

, 16h day at 

27
o 
C/8h night at 23

o 
C and 75% relative humidity.  High density treatment was defined as 40 

plants per container and low density treatment was defined as 6 plants per container, uniformly 

spaced.  Minimum of 6 biological replicates were used for physiological measurements collected 

from a single bin per treatment per developmental time point.  The samples for gene expression 

and metabolite analysis were collected from 21 and 31 day old plants (n=6) from a single bin at 6 

hours after lights were turned on.  The tissues were frozen immediately in liquid nitrogen to 

prevent degradation. 

Gene Expression: Microarray and qRT-PCR 
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Total RNA was isolated from 100 mg of frozen tissue with TRIzol reagent (Invitrogen).  RNeasy 

(Qiagen) columns were used to purify the RNA samples.   1mg of total RNA was converted into 

cDNA using Superscript (Quanta) kit (n=3). 

For global expression analysis, Rice Genome OneArray
®

 Microarray chips were used (n=3 per 

treatment and time point).  Labelling, hybridization, and scanning of the chips were carried out 

by the University of Guelph Genomics facility (Guelph, Ontario, Canada) according to the 

manufacturer’s protocols (www.phalanxbiotech.com).  The .cel files were loaded into 

GeneSpring GX 11 (Agilent Technologies) and the GC-RMA normalization algorithm was 

applied. A minimum 2-fold change between normalized averages were used as a cut-off point 

setting for further analysis.  MapMan pathway analysis was used to assign differentially 

expressed entities to functional bins (Thimm et al., 2004).  AgriGO analysis was carried out on 

differentially expressed entities to determine enriched gene ontology terms (Du et al., 2010). 

A PerfeCTa SYBR Green SuperMix (Quanta Biosciences) and an Applied Biosystems 7300 Real 

Time PCR instrument were used, and resulting data were analysed by the 2
–∆∆Ct

 method to obtain 

fold difference in expression between genes of interest (Livak and Schmittgen, 2001). 

Further analysis was carried out using quantitative real-time PCR (qRT-PCR).  25µl reactions 

were performed using PerfeCTA SYBR Green SuperMix, ROX (Quanta) with 5µl cDNA from 

diluted Superscript reaction.  The data for 3 biological and 3 technical replicates was analyzed 

using Sequence Detection Software Version 1.2.3 by Applied Biosystems.  Relative 

quantification was achieved by comparing expression of genes of interest to actin2 control gene. 

Metabolic profiling 

100 mg of frozen tissue was used for polar fraction extraction using 4:1 methanol/acetone 

solution.  The polar fraction was lyophilized and derivatized using methoxyamine and N-methyl-

http://www.phalanxbiotech.com/
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N-trimethylsilyl-trifluoroacetamide as previously described (Roessner et al., 2000). A 1 µl 

aliquot of derivatized sample was injected into the splitless injection port of a Varian 1200 GC-

MS system (Varian). Chromatography was performed on 6 biological replicates using an Rtx-

5MS column (Chromatographic Specialties, Brockville, Ontario, Canada). 

 Data analysis was performed using the automated mass spectral deconvolution and identification 

system (AMDIS, http://chemdata.nist.gov/mass-spc/amdis). The resulting components were 

filtered in GASP (Nuin P, 2004) using a signal to noise ratio of 5 as a cut-off requirement. 

Component data were normalized to ribitol, and average normalized component area was 

compared between samples. The Golm Metabolite Database was used for component 

identification (Kopka et al., 2005). 

Statistical analysis 

Statistical significance was determined using Statistix 9.0 software program.  The mean values 

were analyzed using one-way AOV LSD test with p<0.05. 

Cluster analysis 

Using the measurements on all 

4 conditions, the genes were clustered via a model‐based clustering approach for each time point 

separately. Model‐based clustering assumes that the population is a convex combination of 

probability densities; i.e., that a mixture of subpopulations each with its own mean and 

covariance structure.  In the analysis, Gaussian parsimonious clustering models (GPCM; Celeux 

and Govaert, 1995) was used, a subset of which is implemented in the R package mclust (Fraley 

et al., 2012).  This family of model utilizes eigen‐decomposed component covariance structures. 

A two-step clustering strategy was used for the analysis of each time point (for full explanation 

of cluster analysis see supplementary file “Cluster analysis”). 

http://chemdata.nist.gov/mass-spc/amdis
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Step 1: In this step, using the measurements on all 4 conditions, the genes were clustered via a 

model-based clustering approach for each time point separately. This step ensures that genes that 

follow a similar trend are clustered together. In this step, a subset of GPCM available in the R 

package mclust were used. 

Step 2:  In the second step, the measurements on the four conditions from each component were 

split according to the plant density. This resulted in a two dimensional data such that the first set 

contained expression levels under high and low nitrogen, and high density and the second set 

contained expression levels under high and low nitrogen, and low density. Each component was 

analyzed using k-means with k=2. k-means partition the data into k clusters in which each 

observation belongs to the cluster with the nearest mean. If there is a change in expression levels 

at either high or low nitrogen conditions between low and high densities, the resulting clusters 

will represent the expression levels at low and high densities.  

The data was also analyzed using other clustering approaches. 

 1. Parsimonious Gaussian mixture models (McNicholas and Murphy, 2008, PGMM) for step 

1 and k-means with k = 2 for step 2. PGMM utilizes a latent factor structure for the data and is 

available in the R package pgmm (McNicholas et al., 2011). 

 2. GPCM for step 1 followed by GPCM with G=2 for step 2. 

 2. PGMM for step 1 followed by GPCM with G=2 for step 2. 
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3.1 Abstract 

Anthocyanin production is a characteristic response of flowering plants to unfavourable 

environmental conditions.  The potential roles of flavonoids and anthocyanins in plant growth 

were investigated by growing Arabidopsis thaliana anthocyanin production mutants (transparent 

testa) under limiting nitrogen and high light conditions.  Inability to produce kaempferol or 

subsequent intermediate compounds by some transparent testa lines was correlated with less 

biomass accumulation in mature plants compared to wild type control plants under all growth 

conditions tested.  However, under both limiting nitrogen and high light chronic stress 

conditions, mutant lines defective in later steps of the anthocyanin production pathway produced 

the same or more biomass than wild-type plants.  No difference in senescence between 

transparent testa and wild type plants was found using chlorophyll catabolism and SAG12 

expression measurements and no mutants were impaired in the ability to remobilize nutrients 

from the vegetative to reproductive tissues.  Moreover, the absence of anthocyanin and/or 

upstream flavonoids does not affect the ability of plants to respond to limiting nitrogen by 

reducing photosynthetic capacity.  These results support a role for kaempferol and quercetin 

accumulation in normal plant growth and development.  Further, the absence of anthocyanins has 

no effect on plant growth under the chronic stress conditions tested. 
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3.2 Introduction 

Plants respond to environmental changes by implementing a number of physiological, 

metabolic and developmental changes.  Production of anthocyanin in Arabidopsis thaliana is a 

clear visible marker of plant response to unfavourable growth conditions (Chalker-Scott, 1999).  

Environmental stresses, in particular, are well known to stimulate production of anthocyanin.  

Low availability of nutrients such as nitrogen and/or phosphorus, wounding, pathogen infection, 

jasmonate treatment, drought, and ultraviolet, visible and far-red radiation have all been 

associated with anthocyanin accumulation in various tissues (Bhatla and Pant, 1977; Diaz et al., 

2006; Hipskind et al., 1996; Hughes et al., 2010; Kolesnikov and Zore, 1957).  Previous studies 

have linked production of anthocyanin pigment to modulation of hormone responses, UV-B 

protection, photoperception, antimicrobial activity, and feeding deterrents against pathogens and 

herbivores (Dixon and Steele, 1999; Harborne and Williams, 2000; Winkel-Shirley, 2001).  

Anthocyanin is utilized by plants as a light attenuator in high light environments, especially 

during winter months in the leaves of the evergreen herb Galax urceolata (Hughes et al., 2005).  

The role of anthocyanin in the plant response and development to chronic unfavourable 

conditions of limiting nitrogen and high light has not been examined before in Arabidopsis 

thaliana over the course of the whole plant life cycle. 

Anthocyanins are naturally occurring secondary metabolites that belong to a group of 

chemicals called flavonoids, which are present in all orders of land plants (Rausher, 2006).  The 

wide array of anthocyanin colours, including pink, red, orange, scarlet, purple, blue or blue-black 

to yellow, stems from the structural diversity of these molecules due to various hydroxylation 

and glycosylation patterns of precursors (Bloor, 2001; Davies and Schwinn, 2003).  

Anthocyanins are present in many tissues such as leaves, stems, roots, tubers, fruits and seeds 

(Williams and Grayer, 2004).  However, they have primary importance in flowers, where their 
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main function is to attract pollinators (Saito and Harborne, 1992).  Some tissues only accumulate 

anthocyanins under specific environmental conditions (Faragher, 1983; Leng et al., 2000; 

Schoeneweiss and Grunwald, 1979). 

 Flavonoids are a large and diverse group of colourless polyphenolic secondary 

metabolites that are produced as intermediates in the anthocyanin biosynthesis pathway 

(Williams and Grayer, 2004).  Although they have been linked to a variety of physiological and 

developmental processes, such as auxin transport, flavonoids are not essential for plant growth 

(Jacobs and Rubery, 1988).  An important function of anthocyanin molecules appears to be 

protection from harmful effects of solar radiation.  Arabidopsis mutants unable to produce 

epidermal flavonoids were found to be hypersensitive to UV-B radiation (Landry et al., 1995).  

The ability of flavonoids to absorb light at 280-320 nm is thought to be utilized by plants to 

prevent DNA damage (Stapleton and Walbot, 1994).  In Arabidopsis, flavonoids have been 

shown to prevent photooxidative and photoinhibitory damage (Harvaux and Kloppstech, 2001).  

They are also known to induce virulence and nodulation genes (Mulligan and Long, 1989; 

Zerback et al., 1989).  Relevant to this study, flavonoids are produced in response to various 

stresses as precursors for anthocyanin accumulation. 

The general anthocyanin biosynthesis pathway is carried out in a series of biochemical 

reactions; mutants at each step of the anthocyanin production pathway are denoted transparent 

testa (tt), due to the absence of tannins in the seeds causing pale seed color(Shirley et al., 1995b).  

These mutants correspond to genes in structural (tt3, tt4, tt5, tt6, tt7, tt18) and regulatory (tt1, ttg, 

ttg1, PAP1) components of the pathway.  Each transparent testa mutant is unique with respect to 

which flavonoids are absent and/or accumulate in the plant (Peer et al., 2001).  Therefore, these 

mutants can be used to identify the flavonoids that are of particular importance in plant stress 
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response.  Adverse environmental conditions are expected to highlight and/or magnify any 

differences between anthocyanin production mutants and wild type plants.   

Several parameters of plant development, with a particular focus on leaf senescence, were 

examined to assess the response of transparent testa mutants to challenging environmental 

conditions.  Leaf senescence is an active and regulated degenerative process leading to changes 

in gene expression, metabolism and cell structure (Ma et al., 2011; Zhang et al., 2010).  The 

earliest and most noticeable change in cell composition is chlorophyll breakdown, where carbon 

and nitrogen assimilation are replaced by catabolism of chlorophyll and associated 

macromolecules (Hortensteiner and Krautler, 2010).  Chlorophyll breakdown can be used as an 

indicator of senescence and nutrient remobilization.  Analyzing leaf colour has been used 

previously to correlate leaf anthocyanin concentration and chlorophyll levels with senescence 

rates in sugar maple (Schaberg et al., 2008).  Arabidopsis accumulates nutrients and biomass in 

rosette leaves until the floral transition; after the transition, nutrients are remobilized from rosette 

leaves to inflorescences (Diaz et al., 2005).  Drought, nutrient limitation, extreme temperatures 

and oxidative stress by UV-B irradiation and ozone can all lead to premature senescence (Lim et 

al., 2003).  Production of anthocyanin and acceleration of senescence is well-documented under 

limiting nitrogen and high light conditions (Hughes and Smith, 2007; Peng et al., 2008).  It is 

important to note that anthocyanin production does not have a direct effect on leaf nitrogen 

concentration, as was demonstrated in evergreen angiosperms (Hughes et al., 2011). 

The effects of both high light and growth under limiting nitrogen stress conditions can be 

monitored over the whole plant life cycle.  Although the immediate metabolic, physiological and 

gene expression changes associated with acute stresses are known, moderate stress conditions 

were used here to better understand the effect of the absence of anthocyanin and its precursors on 
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plant growth and development over the whole life cycle, as opposed to a time point immediately 

following acute stress treatment (Davies, 2000; Martinez et al., 2005; Peng et al., 2007).  Non-

stress (optimal), limiting nitrogen and high light conditions were used to examine growth and 

development of a set of anthocyanin biosynthesis mutants spanning the whole flavonoid 

pathway.  Biomass accumulation in the upstream (tt4 and tt5) and the downstream mutant lines 

(tt6, tt7, tt3 and tt18) were studied under various growth conditions.  The senescence rates of 

plants were compared by chlorophyll degradation measurements, as well as SAG12, RBCs and 

CAB1 expression.  The ability of the anthocyanin production mutants to degrade chlorophyll and 

subsequently accumulate inflorescence biomass was assessed under high light conditions to 

determine the photoprotective role of anthocyanin and flavonoids intermediates.  Our results 

support a role for flavonoids for normal plant growth and development.  Further, under both 

limiting nitrogen and high light stress, the downstream mutants grew at least as well as wild-type 

implying that anthocyanin production is not crucial under these conditions. 

3.3 Materials and methods 

 

Plant lines and growth conditions 

All plants were grown in the Phytotron facility at the University of Guelph.  Arabidopsis 

thaliana seeds were obtained from the ABRC stock center in Ohio.  Structural mutants from 

different steps of the anthocyanin biosynthesis pathway were chosen to delineate whether 

anthocyanin or any upstream flavonoid precursors are correlated with any growth and/or 

developmental differences exhibited by affected lines under chronic unfavourable growth 

conditions.  Loss-of-function lines of structural genes chalcone synthase (tt4), chalcone 

isomerase (tt5), flavanone 3-hydroxylase (tt6), flavonoid 3’-hydroxylase (tt7), dihydroflavonol 4-
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reductase (tt3) and anthocyanidin synthase (tt18) were tested here.  Plants homozygous for 

mutant genes were easily identifiable by pale seed coat (Shirley et al., 1995b).  Different mutants 

accumulate varying flavonoid compounds depending on the exact position of the mutation in the 

anthocyanin biosynthesis pathway.  For example, tt4 has no detectable flavonoids, tt5 is able to 

produce and accumulate naringenin chalcone, tt6 is a leaky mutant that contains naringenin, 

naringenin chalcone, kaempferol and quercetin, tt7 predominantly over-accumulates kaempferol 

and also contains some naringenin chalcone, and tt3 produces excess quercetin, kaempferol and 

contains naringenin chalcone(Peer et al., 2001).  The precise flavonoid concentration of the tt18 

mutant line is currently unknown, but the position of the TT18 gene in the anthocyanin 

biosynthesis pathway suggests thattt18 mutants should be deficient in their ability to accumulate 

condensed tannins.  All of the tested mutants are in the Landsberg background except for 

anthocyanidin synthase (tt18), which is in the Columbia background.  Due to difference in the 

background ecotypes both Landsberg and Columbia wild type plants were used as controls.  

None of the mutant lines produce visible anthocyanins under any of the growth conditions used 

in this study.   

For limiting nitrogen condition experiments, the growth chamber was set at 150 µmol m
-2

 s
-1

, 

16h day at 23
o 
C/8h night at 18

o 
C and 75% relative humidity.  Nutrient free LB2 (Sun Gro 

Horticulture Canada Ltd) soil was used.  The plants were supplied with nutrient solutions (10mM 

KH2PO4, 2mM MgSO4, 1mM CaCl2, 0.1 mM Fe-EDTA, 50 µM H3BO4, 12 µM MnSO4, 1 µM 

CuSO4, 0.2 µM Na2MoO4) once a week.  Limiting nitrogen condition was achieved by supplying 

plants with 2.5 mM KNO3 solution.  Otherwise 10 mM KNO3 was used to supply plants with 

non-stress amount of nitrogen for other growth conditions.  High light treatment experiments 
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were performed by raising the amount of light to 400 µmol m
-2

 s
-1

.T5 Sylvania fp54 841 HO Eco 

light bulbs were used for these experiments. 

Biomass measurements 

Plants were harvested and frozen in liquid nitrogen prior to freeze-drying.  After floral transition 

the inflorescence was separated from the rosette.  Samples were freeze-dried (~12 hours) using 

Labconco 7934020 freeze-drying system.  The dry samples were weighed using the Mettler 

AE163 analytical scale.  The measurements were taken at 4 separate time points spanning the 

floral transition at around 21 days. 

Chlorophyll and carotenoid measurements 

Chlorophyll and carotenoid levels were measured by first extracting the pigments from freeze 

dried samples.  The samples were ground using chrome-steel beads until broken down into fine 

powder.  An 80% acetone: 20% water solution was added to the samples and vortexed briefly to 

re-suspend plant tissue.  The extraction was performed with 1.5 mL of acetone solution two to 

three times or once the extraction solution was clear.  Sub-sample of 250µl of the extract was 

transferred to a PMMA cuvette along with 750 µl of fresh acetone solution and absorbance at 

480, 645 and 663 nm was taken.  The absorbance values were plugged into the following 

formulas in order to calculate the desired pigment concentrations in mg/g dry weight 

(MacKinney 1941, Davies 1976): 

 Chlorophyll a = 12.72 * A663 – 2.58 * A645 

 Chlorophyll b = 22.87 * A645 – 4.67 * A663 

 Chlorophyll a+b = 8.05 * A663 + 20.29 * A645 
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 Carotenoids = A480 +0.114 * A663 – 0.638 * A645 

RNA Isolation and Real-Time PCR 

Total RNA was isolated from frozen tissue with TRIzol reagent (Invitrogen).  RNeasy (Qiagen) 

columns were used to purify the RNA samples.  Superscript (Quanta) kit was used to synthesize 

cDNA.  RBSC, CAB1 and SAG12 expression was determined using quantitative RT-PCR 

method.  Gene expression was measured using the 7300 Applied Biosystems Real Time PCR 

machine.  The measurements of three technical and three biological replicates were carried out at 

two time points during plant development/growth for each gene of interest.  For qRT-PCR, 25µl 

reactions were performed using 12.5µlof PerfeCTA SYBR Green SuperMix, ROX (Quanta), 

5µlof cDNA, 6.5µlof H2O and 1µl of primers.  The data was analyzed using Sequence Detection 

Software Version 1.2.3 by Applied Biosystems.  Relative quantification was achieved by 

comparing expression of genes of interest to actin7gene control, which was chosen based on eFP 

Browser results (bar.utoronto.ca).   

Statistical analysis 

Statistical analysis was carried out using Statistix 9.0 software program.  The mean values were 

analyzed using one-way AOV LSD test with p<0.05.  Columbia and Landsberg plants were 

analyzed separately to account for developmental differences between the two ecotypes. 
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3.4 Results 

3.4.1 Senescence-triggered yellowing of transparent testa rosette leaves is common among 

all mutant lines under all adverse growth conditions at 24 DAG 

 

Leaf yellowing is a convenient visible marker of leaf senescence and reflects chloroplast 

degradation in mesophyll cells, which is the first step in senescence-associated programmed cell 

death (Oh et al., 1997).  The colour of senescent leaves is due to unmasking and retention of 

carotenoids rather than to the new biosynthesis of yellow pigments (Thomas et al., 2009).  

Chlorophyll levels are an easily measured parameter for determining the degree of senescence 

(Hortensteiner and Feller, 2002).  Wild type plants and anthocyanin production mutants do not 

display significant differences in the colour of rosette leaves prior to floral transition.  However, 

shortly after the floral transition at 21 DAG, the rosette leaves of all anthocyanin production 

mutants began losing chlorophyll.  Approximately 24 DAG, wild type plants accumulated visible 

amounts of anthocyanin and did not show the early yellowing observed in transparent testa lines 

(Fig. S1A).  Limiting nitrogen and high light treatments of 400 µmol/m
2
/s induced nearly 

identical early yellowing phenotypes in the transparent testa lines (Fig. S1B).  The type of stress 

or the location of a mutation in the anthocyanin biosynthesis pathway did not affect the timing or 

severity of yellowing of the rosette leaves of transparent testa lines. The anthocyanin mutant 

lines used in this study have been shown to not produce any anthocyanins (see for example 

Rausher, 2006).  We confirmed that these did not produce any anthocyanins by 

spectrophotometric analysis even under high light at the onset of senescence. 
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Figure 16 Wild type control and anthocyanin biosynthesis mutants showed differences in 

phenotype in response to challenging environmental conditions.  Wild type (Ler) plants (A) 

accumulated anthocyanin and did not display early yellowing at 21 DAG.  Anthocyanin 

biosynthesis mutants (B) displayed early yellowing as indicated by the arrow.  Wild type plants, 

similar to transparent testa lines, do not show any signs of stress at 24 DAG when grown under 

optimal conditions (C). 

  

A) B) 

C) 
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3.4.2 Establishing the base line by growing plants under non-stress/optimal growth 

conditions 

 

Adverse environmental conditions, such as insufficient nutrient levels, result in a 

significant decrease in shoot biomass accumulation (Hermans et al., 2006).  Therefore the 

negative impact of a treatment on plant growth and development can be assessed by measuring 

dry weight accumulation during the life cycle.  The total dry weights of anthocyanin production 

mutants was determined and compared to wild type plants.  Biomass accumulation during early 

stages of development was nearly identical regardless of growth conditions.  Differences in total 

plant biomass were observed between various anthocyanin production mutants as well as the two 

different ecotypes of Arabidopsis, particularly towards later stages of growth (Fig. 1).  The need 

to use two different ecotypes as wild type controls was reinforced by this result. 

Two different growth conditions, limiting nitrogen and high light, were compared to non-

stress growth conditions (10mM NO3 and 150 µmol/m
2
/s light level) to test the effect of 

anthocyanin production on plant fitness and to establish a baseline for chronic stress treatments 

(Fig. 1A).  Plants grown under non-stress conditions did not accumulate visible amounts of 

anthocyanin at 24 DAG time point (Fig. S1C).  Anthocyanin production mutants did not display 

early leaf yellowing observed under nitrogen limitation and high light growth conditions at 24 

DAG.  Under non-stress growth conditions tt4 and tt5 lines accumulated the least biomass 

compared to the rest of the plants at 24 DAG (Fig. 1A).  The tt6 mutants grew somewhat better 

in comparison to tt4 and tt5, but did not grow as well as other mutants or the wild type control.  

The more downstream mutants tt3, tt7 and tt18 accumulated the most biomass out of all 

transparent testa lines used in this experiment in comparison to wild type plants (Fig. 1).  There 

was a clear difference between anthocyanin production mutants upstream and downstream of the 
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flavonoid 3’-hydroxylase step in the anthocyanin biosynthesis pathway.  The mutant lines in the 

first three steps of the anthocyanin biosynthesis pathway (tt4, tt5 and tt6) accumulated between 

34-54% less biomass compared to wild type controls, while the mutants lines in the subsequent 

steps (tt7, tt3 and tt18) showed a reduction of 11-26% as calculated from Figure 1.  Overall, 

anthocyanin production mutants did not grow as well as wild type controls with respect to total 

biomass accumulation at 24 DAG.  Therefore, in order to assess the effect that a given treatment 

has on anthocyanin production mutants, one has to account for the difference observed under 

optimal/non-stress growth condition.  The anthocyanin production mutants were compared to 

their respective wild type control lines under any given treatment. 

3.4.3 Growth pattern of anthocyanin production mutants did not change when grown under 

limiting nitrogen 

 Landsberg and Columbia wild type plants responded differently to the limiting nitrogen 

condition.  The decrease in biomass of Landsberg wild type plants was more prominent than that 

of Columbia wild type plants, suggesting that the Landsberg ecotype is more sensitive to the 

limiting nitrogen treatments used here.  A similar pattern in growth variation was observed 

between different mutants under nitrogen limitation compared to non-stress growth conditions.  

Mutants in the later steps (tt3, tt7 and tt18) of the anthocyanin biosynthesis pathway were able to 

outperform those in the early steps (tt4 and tt5).  The tt4 and tt5plants once again accumulated 

less biomass; i.e.8.88 mg and 5.92 g, respectively, relative to the wild type control (12.32g) at 

the limiting nitrogen condition at 24 DAG (Fig. 1C).  On the other hand, tt3, tt7 and tt18 mutants 

were able to accumulate slightly more biomass, compared to their respective wild type controls 

grown under the limiting nitrogen condition.  Early step anthocyanin biosynthesis mutants once 

again performed more poorly compared to the more downstream mutants, which is consistent 

with our finding under non-stress growth conditions (Fig. 1A, C). 
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Figure 17 Biomass accumulation of anthocyanin production mutants and wild type controls prior 

and post floral transition at 20 DAG.  Plants were grown under optimal (A), high light (B) and 

limiting nitrogen (C). All data is mean ± s.d.  Bars with the same letters are not statistically 

different according to one-way AOV LSD test (p<0.05, n=5).  

C) 
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3.4.4 Chronic exposure to moderately high light throughout the plant life cycle has a 

significant effect on the tt4 and tt5 mutant lines 

 Previous research linked anthocyanin production to protection from excess solar radiation 

(Ahmad et al., 1995; Takahashi et al., 1991).  In contrast to previous studies on protective 

properties of anthocyanin that focused on short-term effects of high light treatments, the 

performance of anthocyanin production mutants was examined relative to wild type plants under 

chronic, moderately challenging condition over the entire plant life cycle.  High light treatment 

was defined as 400 µmol/s/m
2
 because the wild type plants produced visible amounts of 

anthocyanin suggesting that irradiance was perceived as a stressor, and Arabidopsis plants were 

able to grow and set seed under these conditions.  This treatment allowed better monitoring of 

the effects of high light on biomass accumulation and chlorophyll levels over the entire life cycle 

of Arabidopsis. 

Significantly larger difference in biomass accumulation between mutant lines in the first 

two steps of the anthocyanin biosynthesis pathway (tt4 and tt5) and the mutant lines in the 

subsequent steps (tt6, tt7, tt3 and tt18) under high light compared to the other growth conditions 

tested were observed (Fig. 1B).  Mutants defective in the first two steps of the anthocyanin 

production pathway (tt4 and tt5) accumulated 11.9 mg and 5.2 mg respectively, compared to 

30.9 mg for the wild type control plants.  On the other hand, the remaining lines were equal or 

performed slightly better than the wild type control.  Two downstream mutant lines, tt6 and tt7, 

showed a significant increase in biomass accumulation compared to wild type control under high 

light conditions.  Difference in biomass accumulation in tt18 plants relative to wild type control 

under high light treatment was not significant.  Due to growth differences between Landsberg 

and Columbia ecotypes under certain conditions, the anthocyanin production mutants were only 

compared to their respective wild type controls (Fig. 1B, C). 
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3.4.5 Chlorophyll levels are not correlated with presence/absence of anthocyanin and the 

upstream flavonoid precursors 

The bleaching phenotype observed in anthocyanin production mutants under various 

stress conditions could be indicative of accelerated chlorophyll breakdown due to either earlier 

senescence or photo-damage.  Anthocyanin and flavonoids have been shown to protect plants 

from high light damage by reflecting and/or absorbing excess amounts of solar and UV radiation 

(Feild et al., 2001; Harvaux and Kloppstech, 2001).  Protective properties of anthocyanin and 

upstream flavonoids were tested by measuring the chlorophyll levels of whole plants under high 

light conditions.  It was found that the chlorophyll levels vary between different transparent 

testa lines.  Although mutants such as tt3, tt4 and tt5 contained more chlorophyll per unit of dry 

weight compared to wild type plants at most time points sampled, others such as tt6 and tt7 had 

lower chlorophyll concentration levels (Fig. 2).  In in agreement with previous studies, there was 

no correlation between the presence of anthocyanin and chlorophyll concentration (Gould et al., 

2000).  In addition, the data suggest that there is no correlation between a specific mutation in 

the anthocyanin production pathway and the chlorophyll catabolism rate throughout the growth 

and senescence of transparent testa lines under high light treatment. 

Carotenoid accumulation in plants grown under high light treatment was examined to 

determine whether this compound helps plants deal with excess irradiance.  Carotenoid levels 

were highest in tt3, tt4 and tt5 lines, whereas tt6, tt7 and tt18 plants produced less or similar 

amounts of light protecting flavonoids compared to wild type (Fig. 3).  The tt5 line was the most  
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Figure 18 Chlorophyll a/b concentration of anthocyanin production in rosette leaves of mutants 

and wild type controls.  The measurements were taken at peak chlorophyll levels around the time 

of floral transition. All data is mean ± s.d. Bars with the same letters are not statistically different 

according to one-way AOV LSD test (p<0.05, n=5).  
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Figure 19 Carotenoid production was induced in anthocyanin production mutants and wild type 

controls by exposure to high light throughout plants’ life cycles.  All data is mean ± s.d. Bars 

with the same letters are not statistically different according to one-way AOV LSD test (p<0.05, 

n=5). 
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adversely affected by high light treatment, as indicated by the greatest reduction in biomass 

accumulation and the highest carotenoid concentration compared to other transparent testa and 

wild type plants. 

3.4.6 Chlorophyll catabolism in rosette leaves and inflorescence growth are not influenced 

by anthocyanin and flavonoid precursors 

 

It has been proposed that anthocyanin is able to protect the machinery responsible for 

remobilization of nutrients from chlorophyll catabolism (Feild et al., 2001).  Changes in 

inflorescence biomass and rosette leaf chlorophyll concentration were used to assess the ability 

of plants to remobilize and utilize the recycled material from the rosette leaves to support 

inflorescence growth.  Rosette chlorophyll levels of all anthocyanin production mutants and wild 

type control plants decreased gradually through the life cycle as shown in Figure 4.  There were 

no observable differences in the rate of chlorophyll catabolism between different mutant lines 

and wild type control plants (Fig.4B).  All transparent testa lines, with the exception of tt5, were 

able to accumulate inflorescence biomass steadily throughout their life cycle (Fig. 4A).  

Therefore, the ability of plants to remobilize nutrients was not affected by the presence of 

anthocyanin and/or upstream flavonoid precursors. 
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Figure 20 Inflorescence biomass accumulation (A) and rosette chlorophyll a+b levels (B) were 

measured throughout plants life cycle to get an estimate of its ability to remobilize nutrients from 

vegetative to reproductive tissues. All data is mean ± s.d. (n=5)  
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3.4.7 Comparison of expression of chlorophyll and senescence-related genes in anthocyanin 

biosynthesis mutants 

 To test whether the early yellowing phenotype first observed under limiting nitrogen 

conditions is correlated with the absence of anthocyanin leading to earlier senescence, the 

expression levels of the SENESCENCE ASSOCIATED GENE 12 (SAG12) was assessed by qRT-

PCR.  SAG12 is a well known molecular marker for senescence (Noh and Amasino, 1999).  At 

14 DAG, tt3, tt5, and tt6 showed a small increase of less than 1.4 fold in relative SAG12 

expression levels compared to wild type plants (Fig.5A).  At 24 DAG, increases in expression of 

SAG12 were observed in tt3, tt4, tt5 and tt6 lines compared to the Landsberg wild type control.  

The changes in SAG12 expression in tt3 and tt4 lines were larger compared to other tt lines, 

however, they are not nearly as high a change as compared to experiments where senescence is 

occurring (see for example Fisher-Kilbienski et al., 2010) and thus are not likely to be 

physiologically significant.  The relative amounts of SAG12 transcript in tt6 and tt7 increased 1.5 

fold compared to that of wild type plants (Fig.5B), however, it is unlikely that these small 

differences are physiologically significant. 

Reduction in expression of the Rubisco small subunit (RBCs) and chlorophyll a/b binding 

protein (CAB1) genes is associated with reduced photosynthetic activity as plants senesce 

(Smart, 1994; Weaver et al., 1998).  In addition, these genes serve as markers for the normal 

limiting nitrogen response (Peng et al., 2007).  In order to provide additional support for the 

chlorophyll concentration observation, expression levels of CAB1 and RBCs were measured by 

qRT-PCR.  Levels of CAB1 and RBCs transcript in almost all of the anthocyanin production 

mutants were nearly equal to wild type controls at both time points (Fig. 5).  Therefore the 

limiting nitrogen response of plants at both molecular genetic and physiological levels was not 

affected by the presence of anthocyanin and/or varying flavonoid profile. 
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Figure 21 Comparison of expression levels of senescence associated gene 12, small subunit of 

Rubisco and chlorophyll a/b binding protein in transparent testa mutants to Landsberg and 

Columbia wild type controls using quantitative RT-PCR.  The plants were grown under limiting 

nitrogen conditions to induce production of genes associated with plant’s response to the 

treatment.  The first set of samples was taken at 14 DAG when plants did not display any signs 

of stress (A).  The sampling was repeated at 24 DAG when wild type controls have accumulated 

visible amounts of anthocyanin and the mutants showed pronounced yellowing phenotype (B). 

All data is mean ± s.d.  
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3.5 Discussion 

This study was designed to gain understanding of the role that anthocyanin pigment 

and/or its upstream flavonoid precursors play in the response of plants to challenging 

environmental conditions at specific developmental time points when plants are particularly 

susceptible to such treatments.  Mild chronic growth conditions of limiting nitrogen and 

moderately high light stress conditions were chosen to ensure that the plants were able to 

complete their life cycles and produce seeds. 

Anthocyanin pigment has been implicated both directly and indirectly in the ability of 

plants to tolerate chronic unfavorable conditions.  For example, mutants in the anthocyanin 

production pathway were found to be hypersensitive to UV-B (Li et al., 1993b; Philpott et al., 

2004).  In a previous study, a few different transparent testa lines were analysed for final yield 

and whether they simply had lower vigor as opposed to having lower tolerance for adverse 

growth conditions such as drought, cold, and UV-B (von Wettberg et al., 2010).  While 

mutations in the anthocyanin production pathway were correlated with decreased final yield, 

even under optimal growth conditions the authors did not report pathway-related trends.  A 

photoprotective role for anthocyanins may be one of the alternative mechanisms that plants can 

employ to deal with high light conditions (Hughes and Smith, 2007).  It is important to note that 

upstream flavonoid precursors must be considered since these molecules could play a role in 

overall growth and development of a plant.  From an evolutionary standpoint, prevalence of 

anthocyanin production pathways among flowering plants suggests that compounds produced by 

this pathway must be advantageous for plant growth and survival (Rausher, 2006).  For example, 

red leaf color could have evolved as a defensive response to pest colonization as noted by 

Hamilton and Brown in their co-evolution hypothesis (Hamilton and Brown, 2001). 
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Figure 22 Simplified diagram of anthocyanin production pathway is shown on the left.  The 

biosynthesis genes and their respective transparent testa (tt) mutant annotations are indicated at 

each enzymatic step: chalcone synthase (Santelia et al.), chalcone isomerase (CHI), flavanone 3-

hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H), dihydroflavonol 4-reductase (DFR) and 

anthocyanidin synthase (Hermans et al.).   The effect of the mutations on biomass accumulation 

is presented in the table on the right.  Decrease (-,--,---), increase (+) and no change (0) in 

biomass accumulation relative to wild type control are shown at each condition tested.  
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The importance of anthocyanin production is evident even under non-stress growth 

conditions where, on average, all anthocyanin production mutants performed more poorly 

compared to wild type controls (Fig. 6).  The knockout lines at various steps in the anthocyanin 

production pathway were examined to investigate whether changes in growth rate were due to 

lack of anthocyanin or over-accumulation of flavonoid intermediates.  Mutants defective in early 

steps in the pathway (tt4 and tt5) that do not produce most of the flavonoid intermediates had a 

significantly negative effect on biomass accumulation at 24 DAG (Fig. 1).  This suggests that 

downstream flavonoids could be playing a role in normal plant growth and development.  While 

mutants defective in later stages of the pathway (tt6, tt7, tt3 and tt18) performed better than early 

mutants by comparison, they consistently had between 11-34% lower biomass accumulation than 

wild type plants at this time point depending on the mutant line tested.  Therefore, inability to 

produce flavonoids has a negative effect on plant growth and/or development. 

Anthocyanin accumulation has been observed under nitrogen limitation conditions (Peng 

et al. 2007).  A link between nitrogen deficiency and photoinhibition has been reported (Henley 

et al., 1991), with anthocyanins proposed to have a  role in protection against photoinhibition.  

Interestingly, the reduction in biomass accumulation by the same transparent testa lines was also 

observed under non-stress growth conditions.  In addition, several anthocyanin production 

mutants used in this study (tt7, tt3 and tt18) accumulated more biomass compared to their 

respective wild type controls under nitrogen limiting condition at 24 DAG, while tt6 grew 

slightly more slowly than wild-type and accumulated less biomass (Fig. 1 and Fig. 6).  None of 

these mutants produce a detectable level of anthocyanins, suggesting that reduced anthocyanin 

production does not result in a reduced growth rate under this moderate stress condition.  

Therefore we hypothesize that a mutation at or upstream of the flavonoid 3’-hydroxylase step in 
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the anthocyanin biosynthesis pathway, which results in the absence of kaempferol and quercetin 

flavonoids, had a negative effect on plant growth under non-stress and limiting nitrogen 

conditions.  However, mutations downstream of these steps that still do not produce 

anthocyanins, while growing more poorly under ideal conditions, grow at least as well as wild-

type under the limiting nitrogen condition tested. 

Plants up-regulate anthocyanin biosynthesis in response to light stimulus (Christie and 

Jenkins, 1996).  This role of anthocyanin has been studied in various species at high light 

intensities (Hoch et al., 2003; Karageorgou and Manetas, 2006).  Previous work has shown that 

anthocyanin acts as a protective agent preventing high levels of solar radiation from damaging 

photosynthetic machinery.  Here, where a more moderate high light condition was chosen so that 

Arabidopsis was able to complete its life cycle, growth of Landsberg wild type plants was 

decreased by approximately 30% while Columbia growth was lower by only 7%.  It was found 

that the growth of tt4 and tt5 mutants was affected most negatively by high light treatment 

compared to other transparent testa lines; i.e., the upstream mutants appeared to be more 

sensitive to high light by displaying a more pronounced decrease in growth rate.  Plants carrying 

these mutations accumulated significantly less biomass compared to other mutant lines and the 

wild type control plants.  Interestingly, as with the limiting nitrogen results, some mutant lines 

(tt6, tt7 and tt3) were able to accumulate more biomass than the wild-type control at 24 DAG.  

Consistent with our results from non-stress and limiting nitrogen condition, any mutation 

downstream of the chalcone isomerase (tt5) step performed significantly better at 24 DAG. 

A clear difference in the growth rates of mutant lines in the first two committed steps of 

anthocyanin production pathway compared to the subsequent ones was observed, as shown in 

Figure 6.  Whether under high light, limiting nitrogen or non-stress conditions, upstream mutants 
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tt4 and tt5 performed much more poorly compared to downstream mutants and wild type control 

plants.  The absence of anthocyanin production alone does not explain the drastic reduction in 

growth of the tt4 and tt5 plants given that other tt lines do not show such a decrease.  The 

mutants in the early steps of the anthocyanin biosynthesis pathway are unable to synthesize most 

of the flavonoids, including kaempferol and quercetin.  Kaempferol has been shown to 

accumulate to higher levels than other flavonoids under optimal growth conditions in 

Arabidopsis (Veit and Pauli, 1999).  Plants are also known to accumulate quercetin, which is just 

downstream of kaempferol in the pathway, in response to nitrogen depletion (Olsen et al., 2008).  

Additionally, the ratio of kaempferol to quercetin changes in response to various environmental 

conditions (Lovdal et al., 2010).  These studies imply that flavonoid intermediates can have 

additional unknown functions in normal plant growth and response to environmental stresses.  It 

is important to note that the mutant line lacking the flavanone 3-hydroxylase step (tt6) performed 

significantly better compared to tt4 and tt5 under non-stress and high light conditions.  This 

mutation is leaky and these plants contain both kaempferol and some quercetin (Peer et al., 

2001).  As such the tt6 plants were able to grow on par with tt7 and tt18 lines.  Therefore the 

absence of kaempferol and possibly quercetin leads to a dramatic decrease in biomass 

accumulation which is amplified under high light conditions.  

Under limiting nitrogen conditions the anthocyanin biosynthesis mutants also were found 

to display leaf yellowing during senescence.  SAG12 expression confirmed the senescence rates 

in all of the lines tested.  Based on these results it was concluded that both anthocyanin 

production mutants and wild type controls senesced at similar rates during the life cycle.  

Therefore the leaf yellowing that was observed in our experiments was an artifact of the absence 

of anthocyanin masking the regular process of chlorophyll degradation as opposed to accelerated 
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senescence as was originally suspected. It should also be noted that, despite differences in 

biomass accumulation, the transparent testa lines and wild type controls were at approximately 

the same developmental stages as indicated by similar levels of SAG12 expression at 24 DAG.   

The ability of plants to remobilize nutrients from rosette leaves to support inflorescence 

growth and seed development is essential for survival (Hortensteiner and Feller, 2002).  Increase 

in inflorescence biomass and decrease in rosette chlorophyll levels indicate that transparent testa 

lines are not hindered in this process compared to wild type control plants under high light 

treatment.  No correlation was observed between absence of anthocyanin or upstream flavonoid 

precursors and adverse effects on growth and development of reproductive organs in anthocyanin 

biosynthesis mutants. Therefore products of the anthocyanin biosynthesis pathway do not seem 

to play a role in the protection of nutrient remobilization machinery under the treatments used in 

our study. 

Carotenoid accumulation is another defensive strategy used by plants to protect against 

high levels of solar radiation (Koka and Song, 1978).  Therefore, in the absence of protection 

provided by anthocyanin and some precursor flavonoids, and depending on the transparent testa 

line examined, the carotenoid levels were expected to increase as a result of more photooxidative 

damage.  It is reasonable to assume that tt5mutant plants are affected the most by high light 

treatment as indicated by low biomass accumulation and high carotenoid concentration.  

Interestingly, tt4 mutants were not found to have higher carotenoid levels despite being 

negatively affected by the high light growing conditions. 

In this study mutants defective at various steps in the anthocyanin biosynthesis pathway 

were used to examine the response of plants to mild adverse environmental conditions.  The 
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experimental set up was devised to test a specific set of mild stressors at a given intensity.  A 

wide range of intensities for each stressor will have to be evaluated in order to determine whether 

developmental and growth discrepancies persist between transparent testa and wild type lines.  

In addition, other stressors, such as cold, need to be evaluated to determine whether our findings 

can be applied to other growth conditions.  Absence of anthocyanin pigment production did not 

have a significant negative effect on plant growth on its own.  Inability of plants to produce 

flavonoid precursors was found to be correlated with negative effects on growth rate under all 

conditions.  In contrast, mutations later in the flavonoid pathway that still do not produce 

anthocyanins led to a smaller decrease in biomass under more ideal conditions. There was no 

noticeable effect of these mutations on the senescence process or any effect on nutrient 

remobilization.  Interestingly some mutant lines exhibited a better growth rate than wild-type 

plants under chronic mild nitrogen and light stress, suggesting that flavonoid precursor levels 

could be manipulated in crop plants to enhance plant growth under stress conditions. 
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Chapter 4: Conclusions and Perspectives 

Plant stress significantly contributes to crop yield loss around the world.   In order to sustain 

continuing population growth plant stress response must be examined to identify novel targets 

for crop improvement.  The work presented in this thesis has several implications for possible 

avenues to improve plant growth and yield under suboptimal environmental conditions.  In 

Chapter 2, the complexity of high density stress response was comprehensively analyzed in a 

crop species using physiological, global expression profiling and metabolite profiling methods.  

In Chapter 3, the anthocyanin biosynthesis pathway was closely examined in a model plant 

species to uncover any pathway-related trends to identify specific steps crucial for normal plant 

growth and development under sub-optimal growth conditions. 

First, the response of rice plants to high density and/or nitrogen limitation stress was studied.  

Since high density stress is a combination of many abiotic and biotic factors, the response to 

multiple stresses has been shown to be unique and cannot be predicted based on individual 

factors.  Our data point to several future avenues to further examine high density stress response 

in more detail.  Nitrogen limitation and high density stress induced similar responses from rice 

plants with respect to phenotypic changes, as well as levels of glutamate and aspartate 

concentration level.  Furthermore, global gene expression profiles of plants grown under nitrogen 

limitation and high density growth conditions were found to be similar at the early 

developmental stage.  While high density stress was compared to nitrogen limitation response in 

the present study, future work can include comparison of high density stress response to the 

responses induced by other factors involved high population density growth condition such as 

other nutrient limitations.  The effect of high density growth conditions can be explored further 

by varying the severity of the treatment as only two density stress conditions were used in the 



87 

 

present study.  Lastly, while microarray technology was used for global gene expression analysis 

in the present study, RNA-Seq technology can be used for a more in-depth analysis of global 

transcriptome changes.  The new technology promises to increase dynamic range, ability to 

distinguish isoforms and allelic expression, as well as reduced background noise which can be an 

issue when using microarrays (Wang et al., 2009). 

Shade avoidance response in rice plants under high population density growth conditions is 

important for plant growth and to maximize crop yields.  While previous studies in tobacco and 

Arabidopsis implicate ethylene in shade avoidance response, our data suggest similar mechanism 

is utilized by rice plants as well.  The involvement of ethylene presents several future avenues to 

explore crop improvement strategies.  While other crop species will need to be tested to check 

the involvement of ethylene in high density stress response, manipulation of ethylene 

biosynthesis and response pathways in rice can be examined as the next step.  For example, the 

response of rice plants to treatment with ethylene analogues, production or response inhibitors 

can provide evidence whether manipulation of ethylene production is a viable option to improve 

plant growth and development under high density growth conditions in the field. 

In the second approach, Arabidopsis anthocyanin biosynthesis mutants were used to 

investigate the role of flavonoids and anthocyanin in plant growth and development under 

suboptimal growth conditions.  Protective roles of anthocyanin and flavonoid precursors have 

been previously linked to a number of environmental factors.  In some cases the particular steps 

of the pathway were highlighted to be responsible for diminishing the impact of a stressor on a 

plant.  However, some recent studies, including the one presented here, have focused more on 

dissecting the pathway into individual steps and examining the contribution of each intermediate 

precursor as well as the final product on plant growth and development.  To date, there is no 
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consensus in literature as to the exact role of each flavonoid and/or anthocyanin in plant stress 

response in general.  However, our data suggest that lack of anthocyanin production in 

transparent testa mutants is not the primary cause of any observable growth irregularity under 

adverse environmental conditions.  Moreover, the flavonoid intermediates, and quercetin and 

kaempferol in particular, of the anthocyanin biosynthesis pathway significantly contribute to 

normal plant growth and development under suboptimal growth conditions.   

Future work will be able to uncover more details about the exact role anthocyanin 

biosynthesis pathway in plant stress response, growth and development.  Our data suggest that 

kaempferol and quercetin production is important for normal plant growth and development 

under adverse environmental conditions in Arabidopsis, however, the exact mechanism of how 

flavonoid concentration affects physiological processes in the plant remain unknown.  Several 

questions emerge about the implications of these results, as well as possibility of additional 

experiments.  First, availability of anthocyanin production mutants in various species would 

make it possible to investigate the impact of flavonoid accumulation in other plants.  Secondly, it 

would be of great interest to obtain exact measurements of all flavonoids under a wide variety of 

suboptimal environmental conditions to gain further insight into the importance of the 

accumulation of specific flavonoid in plant stress response. 
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4.1 Cluster analysis of differentially expressed entities. 

Cluster analysis was performed by Sanjeena Subedi and Paul D. McNicholas of the 

Department of Mathematics and Statistics. 

4.1.1 Introduction 

The data consist of measurements on each gene at two different time points (where time 

point A represents 21 days and B 31 days), two plant densities (high density and low density) as 

well as two different nitrogen conditions (high nitrogen and low nitrogen).  This resulted in eight 

different measurements per gene.  For our analysis, each individual time point was analyzed 

separately resulting in a 4-dimensional data set for each time point.  A two-step clustering 

strategy was used for the analysis of each time point. 

Step 1: Using the measurements on all 4 conditions, the genes were clustered via a model-based 

clustering approach for each time point separately. This step ensures genes that follow a similar 

trend are clustered together. Model-based clustering assumes that the population is a convex 

combination of probability densities; i.e., that a mixture of subpopulations each with its own 

mean and covariance structure. In the analysis, Gaussian parsimonious clustering models 

(GPCM; Celeux and Govaert, 1995) was used, a subset of which is implemented in the R 

package mclust (Fraley et al., 2012). This family of model utilizes eigen-decomposed component 

covariance structures. 

Step 2: The measurements on the four conditions from each component were split according to 

to the plant density. This resulted in two-dimensional data such that the first set contained 

expression levels under high and low nitrogen, and high density and the second set contained 

expression levels under high and low nitrogen, and low density. Each component was analyzed 

using k-means clustering (Hartigan and Wong, 1979) with k = 2; k-means clustering partitions 
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the data into k clusters such that each observation belongs to the cluster with the nearest mean. If 

there is a change in expression levels at either high or low nitrogen conditions between low and 

high densities, the resulting clusters will represent the expression levels at low and high 

densities. 

4.1.2 Analysis 

4.1.2.1 Pre-processing 

The initial step of the analysis was to filter out the genes that show no differential expression 

across varying conditions. Because our primary focus is on identifying genes that show 

differential expression under different densities, genes that showed three fold change under high 

and low density while keeping the nitrogen constant were selected. Out of 21,179 genes, 426 

genes showed differential expression at time point A and 707 genes showed differential 

expression at time point B. 

4.1.2.2 Analysis of time point A 

The first step of the analysis was to cluster genes using expression levels of all 4 

conditions (AHH, AHL, ALH and ALL) using mclust. The abbreviation AHH stands for 

expression level at time point A, high density and high nitrogen. Similarly, the abbreviation AHL 

stands for expression level at time point A, high density and low nitrogen. The algorithm was run 

for 1; : : : ; 10 groups and a mixture of multivariate normal distributions with 8 components 

(groups) as seen in Figure 11A. For the second step, the genes in each component was then split 

based on density so that AHH and AHL were in one set and ALH and ALL expression levels 

were in another. The resulting data was then analyzed using k-means with k = 2 for all 8 

components individually. Figure 23 shows the expression levels from high to low nitrogen for 
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both high and low density and the black line shows the estimated expression level.  When the 

expression of a gene at low or high nitrogen conditions differs among low and high densities, the 

estimated clusters correspond to the different expression levels at low and high densities. 

However, when there is no difference in expression of genes at low or high nitrogen conditions 

among low and high densities, the estimated clusters do not correspond to low and high 

densities. All the genes in clusters 1, 6 and 7 show different mean expressions for high or low 

nitrogen conditions under low and high densities. Clusters 5 and 8 also seem to have a difference 

in expression levels under low and high densities (with very few genes as an exception). Clusters 

2 and 4 have a high number of misclassifications and the genes in cluster 3 show no change in 

the expression trend under low and high densities. The list of genes in each cluster is provided in 

a separate file. 

Again, the first step of the analysis was to cluster genes using expression levels at all 4 

conditions (BHH, BHL, BLH and BLL) using mixtures of multivariate normal distributions with 

eigen-decomposed covariance e structure.  This was implemented using the R package mclust. 

The algorithm was run for 1; : : : ; 10 groups and resulted in the selection of multivariate normal 

distribution with 7 components (groups) as seen in Figure 11B.  For the second step, the genes in 

each component were then split according to density so that BHH and BHL were in one set and 

BLH and BLL expression levels were in another. The resulting data were then analyzed using k-

means with k = 2 for all 7 components individually. Figure 24 shows the expression levels from 

high to low nitrogen in grey for both high and low density and the black line shows the estimated 

expression levels.  All the genes in clusters 3, 4 and 7 show different mean expression for high or 

low nitrogen conditions under low and high densities. Cluster 5 also seems to have a difference 

in expression levels under low and high densities (with a couple of genes as exception). Clusters 
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1 and 2 have a high number of misclassifications and the genes in cluster 6 show no change in 

expression trend under low and high densities. The list of genes in each cluster is provided in a 

separate file. 

Comments 

The data was also analyzed using other clustering approaches.  Parsimonious Gaussian mixture 

models (PGMM; McNicholas and Murphy, 2008) for step 1 and k-means with k = 2 for step 2. 

The PGMM utilizes a latent factor structure for the data and is available in the R package pgmm 

(McNicholas et al., 2011).  mclust for step 1 followed by mclust with G = 2 components for step 

2.  pgmm for step 1 followed by mclust with G = 2 components for step 2.  All these approaches 

gave similar results. This ensures that the results are not just obtained by chance and the 

clustering approaches are in agreement with one another. 
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Figure 23 The mean expression of the partitioning of each cluster using k-means with k = 2 in 

black and the expression profiles of each gene under high and low nitrogen conditions at both 

low and high densities for time point A. 
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Table 6 Clustering results of step 2 using k-means with k = 2 for all components of time point A. 
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Figure 24 The mean expression of the partitioning of each cluster using k-means with k = 2 in 

black and the expression profiles of each gene under high and low nitrogen condition at both low 

and high densities for time point B. 
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Table 7 Clustering result of step 2 using k-means with k = 2 for all component of time point B. 

 

  



111 

 

4.2 AgriGO analysis of differentially regulated entities under high density stress response 

 

Table 8.1 AgriGO analysis of differentially regulated entities sorted by biological function 

GO term Description p-value FDR 

GO:0008152 metabolic process 2.40E-30 7.90E-28 

GO:0009987 cellular process 1.30E-19 2.10E-17 

GO:0009058 biosynthetic process 1.50E-18 1.60E-16 

GO:0044238 primary metabolic process 2.80E-18 2.30E-16 

GO:0006807 nitrogen compound metabolic process 2.30E-16 1.20E-14 

GO:0006139 

nucleobase, nucleoside, nucleotide and nucleic 

acid metabolic process 2.30E-16 1.20E-14 

GO:0050896 response to stimulus 2.90E-16 1.40E-14 

GO:0044237 cellular metabolic process 3.10E-14 1.30E-12 

GO:0006950 response to stress 2.40E-12 8.50E-11 

GO:0009628 response to abiotic stimulus 1.80E-11 5.90E-10 

GO:0009719 response to endogenous stimulus 2.60E-10 7.80E-09 

GO:0032502 developmental process 3.20E-07 8.40E-06 

GO:0032501 multicellular organismal process 3.60E-07 8.40E-06 

GO:0007275 multicellular organismal development 3.40E-07 8.40E-06 

GO:0048856 anatomical structure development 2.60E-06 5.70E-05 

GO:0023052 signaling 4.70E-06 9.60E-05 

GO:0023046 signaling process 1.70E-05 0.00032 

GO:0023060 signal transmission 1.70E-05 0.00032 

GO:0007165 signal transduction 2.20E-05 0.00035 

GO:0050794 regulation of cellular process 2.20E-05 0.00035 

GO:0048869 cellular developmental process 3.40E-05 0.00051 

GO:0030154 cell differentiation 3.40E-05 0.00051 

GO:0006629 lipid metabolic process 3.80E-05 0.00054 

GO:0009056 catabolic process 0.00015 0.002 

GO:0050789 regulation of biological process 0.00031 0.004 

GO:0009908 flower development 0.00047 0.0059 

GO:0048608 reproductive structure development 0.00054 0.0063 

GO:0003006 reproductive developmental process 0.00054 0.0063 

GO:0065007 biological regulation 0.00075 0.0085 

GO:0022414 reproductive process 0.00092 0.01 

GO:0006091 

generation of precursor metabolites and 

energy 0.001 0.011 

GO:0009653 anatomical structure morphogenesis 0.0013 0.013 

GO:0009791 post-embryonic development 0.0031 0.031 

GO:0040007 growth 0.0042 0.041 
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Table 9.2 AgriGO analysis of differentially regulated entities sorted by biological function 

GO term Description p-value FDR 

GO:0000003 reproduction 0.0074 0.069 

GO:0009605 response to external stimulus 0.0094 0.085 

GO:0009991 response to extracellular stimulus 0.011 0.099 

GO:0008219 cell death 0.017 0.14 

GO:0016265 death 0.017 0.14 

GO:0015979 photosynthesis 0.02 0.17 

GO:0005975 carbohydrate metabolic process 0.023 0.19 

GO:0009607 response to biotic stimulus 0.035 0.27 

GO:0034645 cellular macromolecule biosynthetic process 0.06 0.43 

GO:0044249 cellular biosynthetic process 0.06 0.43 

GO:0009059 macromolecule biosynthetic process 0.06 0.43 

GO:0006412 translation 0.06 0.43 

GO:0007154 cell communication 0.086 0.6 

GO:0051704 multi-organism process 0.093 0.62 

GO:0009856 pollination 0.093 0.62 

GO:0016049 cell growth 0.16 0.99 

GO:0090066 regulation of anatomical structure size 0.16 0.99 

GO:0008361 regulation of cell size 0.16 0.99 

GO:0032535 regulation of cellular component size 0.16 0.99 

GO:0043412 macromolecule modification 0.84 1 

GO:0009790 embryonic development 0.17 1 

GO:0044267 cellular protein metabolic process 0.53 1 

GO:0044260 cellular macromolecule metabolic process 0.77 1 

GO:0016043 cellular component organization 0.29 1 

GO:0010467 gene expression 0.27 1 

GO:0065008 regulation of biological quality 0.59 1 

GO:0006810 transport 0.5 1 

GO:0006464 protein modification process 0.84 1 

GO:0051234 establishment of localization 0.5 1 

GO:0051179 localization 0.5 1 

GO:0019748 secondary metabolic process 0.46 1 

GO:0019538 protein metabolic process 0.5 1 

GO:0043170 macromolecule metabolic process 0.79 1 

GO:0006259 DNA metabolic process 0.99 1 

 

 


