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CHAPTER I 
 
 

INTRODUCTION 

 

 Reactive oxygen species (ROS) are a consequence of aerobic metabolism.  These 

are small reactive molecules that can be rapidly generated by several different 

mechanisms.  They can also be efficiently removed by several different mechanisms.  

These characteristic features make them serve as signaling molecules in all aerobic life 

forms. 

ROS are a common feature of many plant stress interactions.  Traditionally ROS 

have been viewed as detrimental molecules because of their cytotoxic effects.  The role 

of ROS in plant signaling has recently received heightened attention as perception has 

shifted towards the view that ROS are essential for many plant systems.  ROS play 

pivotal roles in diverse aspects of plant life including stress interactions, stomatal 

opening, root development, programmed cell death, and cell wall lignification.  

Consequently the plant must finely regulate the levels of ROS to maintain normal plant 

growth and development.  This fine control is provided by the enzymatic and non-

enzymatic antioxidants in the cell.  Important antioxidant enzymes include catalase, 

superoxide dismutase, and ascorbate preoxidase.  Ascorbate, glutathione, polyamines, 

gamma-amino butyric acid, mannitol, and flavonoids are examples of non-enzymatic 

antioxidants.  The subtle balance between ROS levels and antioxidants is termed as redox 

homeostasis.  Maintaining redox homeostasis is critical for cell survival because of the 

role of ROS as signaling molecules.  A shift in the balance to favor ROS can induce 
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programmed cell death while a shift favoring antioxidants influences the cell cycle 

progression. 

 Inside plants there are several different types of ROS – singlet oxygen, peroxide, 

superoxide, and hydroxyl radicals.  Singlet oxygen is mostly produced in the chloroplasts 

by energy transfer reactions while a series of electron transfer reactions during the 

conversion of triplet oxygen to water lead to the sequential production of superoxide, 

hydrogen peroxide, and hydroxyl radicals [1-4].  Different ROS molecules are produced 

in different cellular compartments and the type of ROS molecule produced is in fact 

dependent on the inciting stimulus.   

We used ozone, O3, as a model abiotic inducer of ROS.  Ozone is most widely 

known for its role in the upper layers of the stratosphere blocking ultraviolet light.  When 

ozone is present in the troposphere it acts as a chemical oxidant with detrimental effects 

on living cells.  The usage of ozone for studying the role of ROS in plants has some 

characteristic benefits.  Most notably, as a gas, ozone enters through the stomata of plants 

inducing the formation of ROS within the plant tissue.  Methods of application for other 

ROS require the infiltration of the leaf tissue by physical force.  This can result in 

secondary physical damage to plant tissue independent of ROS.  This physical damage 

can initiate signal transduction much like that of ROS.  This unwanted side-effect can 

complicate the interpretation of results.  Additionally, physical application by infiltration 

does not treat the whole plant simultaneously.  Different volumes of the treatment ROS 

are often injected into each treated leaf and have the potential to influence how the plant 

responds.  Application of the gaseous ozone circumvents these difficulties and allows for 
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an in planta activation of ROS providing a useful tool for analyzing oxidative signaling 

pathways. 

 I chose to study the effects of ozone induced oxidative stress on the model legume 

Medicago truncatula.  M. truncatula, barrel medic, is a close relative to the economically 

valuable alfalfa, Medicago sativa.  Like alfalfa it is a trifoliate, or a plant which produces 

a set of three leaflets.  However, unlike alfalfa, it has a diploid genome making it more 

suited to genetic experimentation.  It has been used extensively to study the process of 

nodulation [5-11].  A whole genome sequence of this model legume is available.  

Genomic resources such as whole genome affymetrix gene chips, oligonucleotide arrays, 

transposon insertion lines, and the ability to perform transformation has made this a 

popular plant model. 

 While M. truncatula is of moderate economic importance as a forage crop in 

some parts of the world, a great deal of interest in it, and legumes as a family, are for its 

ability to synthesize diverse groups of metabolites.  These metabolites can play positive 

roles in human and animal health.  While flavonoids are common throughout the plant 

kingdom, iso-flavonoids are much more restricted to the legume family [12].  These 

compounds are synthesized from flavanones and have been found to have estrogenic, 

antiangiogenic, antioxidant, and anticancer activities in humans.  The compound 

medicarpin is synthesized in the flavonoid pathway and has been found to be a 

phytoalexin.  Additional compounds like triterpene saponins are toxic to monogastric 

animals and can hinder ruminant digestibility negatively impacting forage efficiency. 

 In an effort to expand our knowledge of ROS signaling in plants we chose to 

apply acute ozone to M. truncatula.  Analysis of a resistant and a sensitive variety 
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simultaneously allowed us to examine the role of ROS as an oxidative stressor and also 

identify signaling mechanisms that lead to resistance.  Legumes contain a variety of 

useful chemical compounds produced by unique secondary metabolic pathways.  

Analyzing the responses to ozone of secondary metabolic pathways has the potential to 

provide insight into novel legume oxidative stress response pathways.  This 

understanding is important not only for the purpose of identification of response 

pathways but also for identification of novel antioxidant metabolites that may be 

harnessed for developing nutritional supplements to improve the health of those suffering 

with hypertension, diabetes, and cancer.  
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CHAPTER II 
 
 

REVIEW OF LITERATURE 

 

 Plant stress interactions are a complex and broad field encompassing many 

different stressors.  Typically stress is divided into two categories based on the inciting 

stimulus: biotic and abiotic.  Biotic stress is caused by living organisms such as bacteria, 

fungi, viruses, and nematodes while abiotic stress is typically caused by changes in the 

physical environment. 

 ROS are a common feature in plant stress, Figure 1.  ROS have been found to 

result from stress caused by wounding, light, drought, pathogen, heat, cold, and heavy 

metal.  Plants are capable of producing ROS in various organelles, the most prolific ROS 

producer being the chloroplast.  The Mehler reaction occurs at photosystem I (PSI) and 

involves an electron being passed onto O2 instead of ferridoxin [1].  The passing of an 

electron onto O2 results in the creation of superoxide [1].  This reaction is also called the 

water-water cycle because the electron starts from water in photosystem II and is reduced 

back to water by ascorbate peroxidase (APX), Figure 2 [2].  This cycle serves to protect 

the chloroplast from photo-oxidative damage and has been suggested to serve as a 

mechanism for electron flow around PSI under conditions where normal electron 

acceptors are not available [3]. 

 An additional method by which chloroplasts can produce ROS is a result of 

photo-excited chlorophyll in the triplet state reacting with molecular oxygen, resulting in 

the formation of singlet oxygen [4].  The formation of singlet oxygen can result in 

degradation of the D1 protein and quenching of photoreceptors [4].  The half-life of 
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singlet oxygen produced by this method has been calculated as 200 nanoseconds with an 

ability to diffuse up to 10 nm [13, 14]. 

 

Figure 1: Role of ROS in plant stress interactions 

published in Buchanan B., Gruissem W., and Jones 

R. (2000) Biochemistry & Molecular Biology of 

Plants. Rockville Maryland: American Society of 

Plant Physiologists [15] 

 

Plant produced ROS are not an unimportant by-product of plant-stress 

interactions.  ROS can act as signaling molecules leading to differential gene expression 

through changes in the redox homeostasis.  Transcription of chloroplast encoded genes 

for psaAB can be altered by the redox state of plastoquinone [16].  In Escherichia coli 

and yeast ROS have been shown to use redox-sensitive transcription factors, OxyR and 

Yap1 respectively, to alter gene expression [17, 18].  The interactions between Yap1 and 
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ROS are particularly novel as ROS not only slightly increases DNA binding efficiency 

but also induces a profound change in cellular localization through interactions with the 

protein’s cysteine-rich domain [17].  Under non-oxidative stress conditions Yap1 is 

localized in the cytoplasm, but under oxidative stress conditions it localizes to the 

nucleus, allowing ROS to regulate its function through nuclear import and not through 

dramatic alterations to DNA binding affinity [17].  Examples such as Yap1 show that 

ROS does not have to be present in a specific cellular compartment such as the nucleus to 

have a direct effect on transcription factors.  

 

Figure 2: Ascorbate-Glutathione Cycle also called the Halliwell-Asada pathway 

MDA: monodehydroascorbate, DHA: dehydroascorbate, GSH: glutathione, GSSG: 

glutathione disulfide 

 

A major control on ROS is antioxidants which function to protect an organism 

from oxidative damage.  Ascorbate and glutathione comprise the ascorbate-glutathione 

cycle, Figure 2, and are considered the first line of defense in response to oxidative stress 

[19].  The ascorbate-glutathione cycle uses enzymatic reactions to recycle oxidized 
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ascorbate and glutathione back to their reduced state.  The enzymes comprising this cycle 

are ascorbate peroxidase (APX), monodehydroxyascorbate (MDA) reductase, 

dehydroascorbate (DHA) reductase, and glutathione reductase (GR), Figure 2.  The 

pathway is most notable for its role in reducing hydrogen peroxide in the chloroplast and 

is called the Halliwell-Asada pathway [20, 21].   

The ability of the Halliwell-Asada pathway to efficiently recycle ascorbate and 

glutathione also has an impact on ozone sensitivity [22].  Arabidopsis mutants deficient 

in ascorbate have a heightened sensitivity to ozone [23].  In soybean, Glycine max, plants 

with higher GR and APX enzymatic activities had enhanced ozone tolerance [22].  While 

a critical component of the ozone response, ascorbate and glutathione do not account for 

all differences between ozone sensitive and resistant cultivars [24]. 

 Ascorbate and glutathione are examples of non-enzymatic antioxidants.  

Enzymatic antioxidants such as superoxide dismutase (SOD) and catalase (CAT) can also 

play key roles in the regulation of ROS in the cell.  SOD converts superoxide into 

hydrogen peroxide.  The reaction is carried out by metal ions present at its reactive site 

and SODs are categorized based on the metal ions present.  SOD is a highly ubiquitous 

enzyme with a high reaction rate and is considered the primary plant defense against 

superoxide [25].  CATs are enzymatic scavengers of hydrogen peroxide converting it into 

water and O2.  In plants CATs are predominantly localized in the peroxisomes where the 

primary function of CATs is to scavenge H2O2 produced by glycolate oxidase [26] 

 Adaptation to a stress is usually carried out by a sequential set of events called 

signal transduction.  A stress signal is received and initiates a downstream cascade 

leading to an eventual response.  Plant hormones, or phytohormones, play a critical 
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signaling role in plant stress responses.  Research into the role of phytohormones in 

ozone induced stress has focused on those involved in programmed cell death (PCD), 

namely ethylene (ET), salicylic acid (SA), and jasmonic acid (JA) [27-33].  These three 

phytohormones comprise a signaling cycle which controls PCD, Figure 3 [34].  The role 

of these three hormones in conjunction with each other is a complicated since they can 

have both pro-PCD and anti-PCD properties. 

 SA has been shown to play a dual role in ozone response having both a protective 

effect through initiation of systemic acquired resistance (SAR) but also playing a role in 

the initiation of lesion formation [35-38].  SA interacts with ROS in a positive feedback 

loop [34, 39, 40].  This results in a self amplifying signal where an ROS signal leads to 

the production of more ROS through SA [34]. 

 

Figure 3: Programmed cell death (PCD) pathway showing the initiation of PCD by 

ROS, the propagation of PCD through plant produced ROS induced by SA and ET, 

and the eventual containment of PCD by JA, Overmyer et al (2003) [34] 
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A large amount of work examining the role of SA in antioxidant control and 

subsequent antioxidant dependent regulation of PCD was performed in the NahG 

Arabidopsis mutant [41].  The NahG mutant was created by introducing the bacterial 

salicylate hydroxylase, NahG gene into transgenic plants to degrade SA thereby 

preventing its accumulation [41].  Several years after the introduction of the NahG 

Arabidopsis mutant additional research brought to light questions towards the validity of 

using this mutant.  It was found that in plants NahG degraded SA into catechol which 

induces the formation of hydrogen peroxide [42].  This revelation does not completely 

negate the importance of the work performed with this mutant.  However, it makes 

accepting conclusions made about the role of SA in regulating antioxidant levels from 

work done in this mutant suspect [33]. 

 Research on tobacco, Nicotiana tabacum, showed a unique relationship between 

SA and ozone when both resistant and sensitive cultivars were examined [43].  This 

research found that both the resistant tobacco cultivar Bel-B and the sensitive tobacco 

cultivar Bel-W3 had increases in free SA and conjugated SA in response to ozone [43].  

While both cultivars had a SA response, the temporal pattern of the SA response was 

different between cultivars, with the resistant cultivar having an earlier response than the 

sensitive [43].   

 Ethylene is one of the most diverse phytohormones in terms of the biological 

processes it is involved in, a sharp contrast to its incredibly simple chemical structure, 

C2H4.  In PCD, ET induces propagation of the lesion, Figure 3 [29, 34].  ET plays a 

similar role in controlling PCD in various aspects of plant development [44, 45].   
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Application of ET to Arabidopsis plants undergoing ozone stress increased the 

spread of PCD lesions [29].  Research using ethylene overproducing mutants, eto1 and 

eto3, showed that these mutants produced lesions in response to ozone levels normally 

not associated with lesion formation, as well as establishing that ozone induced ethylene 

production was dependent upon SA [31].  Sensitivity of Arabidopsis cultivars to ozone 

stress has been linked to differences in ethylene production between cultivars even 

allowing classification of 20 different Arabidopsis accessions for ethylene production and 

correlating ethylene production to the degree of leaf injury [46]. Correlation between 

ethylene and sensitivity to ozone was also seen in birch, Betula pendula Roth [47].  Birch 

research also highlighted the complexity that can exist as it showed ET being involved in 

both resistance and sensitivity to ozone [47].  Researchers found that a decrease in ET 

sensitivity when coupled with high ET levels resulted in PCD [47].  However, a 

functional ET signaling pathway was also required for ozone resistance [47]. 

 Once the PCD signal has been initiated by SA and spread by ET, it is eventually 

contained by JA, Figure 3 [29, 30, 32, 34].  JA is a 12 carbon fatty acid cyclopentanone 

that is a member of the jasmonate family of compounds [48].  The usage of JA as the 

signal for lesion containment can take advantage of ROS induced lipid peroxidation 

which results in the generation of substrates needed for JA biosynthesis [27].  The 

production of substrates for JA biosynthesis from ROS induced lipid peroxidation 

establishes a cycle in which the spread of ROS induced damage resulting in lipid 

peroxidation results in a larger substrate pool for synthesis of JA to contain the lesion 

[27].  Pretreatment of plants with methyl jasmonate reduced lesion spread in tobacco [49] 

and Arabidopsis [32].  However, when treatment of JA was applied to JA-insensitive 
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poplar mutants no reduction in damage was seen, showing that signaling cascades 

triggered by JA impart lesion containment and this containment was not a result of any 

molecular attributes of JA [50]. 

JA and SA, while traditionally viewed as having an antagonistic response, have 

also been observed to produce a synergistic response at low concentrations leading to the 

suggestion that plants can use the balance of SA and JA to optimize responses for 

different needs [51].  Research on pathogen responses of Arabidopsis cultivars found that 

the negative interactions between JA and SA varied among different cultivars in response 

to the same stress [52].  Alterations in the balance between JA and SA may represent a 

mechanism by which two accessions of the same species can have drastically different 

phenotypes in response to stress.  

 

Figure 4. (a) ABA induced ROS production in guard cells leading 

to stomatal closure, Wang and Song (2008) [53] (b) Visualization of 

ROS production within the guard cells using the dye DCFDA in the 

absence of ABA treatment (-ABA) and in response to ABA 

treatment (+ABA), Pei et al (2000) [54] 
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 ET, SA, and JA are not the only phytohormones involved in an ozone induced 

response in plants.  ABA is known and well studied for its role in stomatal closure, 

Figure 4 [55].  This role allows it to have a direct interaction on ozone uptake into the 

plant.  ABA induces stomatal closure through a ROS dependent process [53, 54, 56].  

The presence of ABA initiates a signaling cascade that leads to the activation of NADPH 

oxidases which generate hydrogen peroxide [57, 58].  This leads to increased levels of 

ROS in the guard cells, Figure 4b [54].   

Hydrogen peroxide in guard cells does not serve as a cytotoxic molecule but 

rather is part of the stomatal closure signaling cascade.  Hydrogen peroxide perpetuates 

the signal leading to the activation of calcium channels as well as inhibition of potassium 

channels, Figure 4a [54, 59, 60].  This leads to the removal of potassium from the cell 

resulting in reduced osmotic potential which causes stomatal closure [54, 59-61].  

Research on the ABA insensitive mutant 1, abi1, showed that in the presence of applied 

hydrogen peroxide ABA is not needed for inducing stomatal closure, Figure 5 [62].  This 

work was used to place abi1 upstream of the hydrogen peroxide burst in the signaling 

pathway for stomatal closure, but it also shows that ROS are capable of inducing stomatal 

closure independent of ABA levels. 

 ABA interacts with many other phytohormone systems and is a general negative 

regulator of pathogen resistance [63].  Research into pathogen interactions in tomato 

mutants found that high ABA levels inhibited SA-dependent defense responses [64, 65].  

ABA also plays an antagonistic role to SA-induced systemic acquired resistance with 

crosstalk possible at multiple points [66].  The interactions between ABA and SA is not 

completely one sided as the Arabidopsis protein SAZ, a repressor for a subset of ABA 
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responsive genes, was found to be repressed in response to the combined presence of SA 

and ABA providing an avenue by which SA could influence ABA pathways [67].  

 

Figure 5. Effects of treatment of (A) wild-type and 

(B) ABA insensitive mutant abi1-1 with ABA and 

hydrogen peroxide on stomata, Murata et al (2001) 

[62] 

 

 ABA and ET also have several well documented interactions most of which are 

antagonistic to each other [65].  ABA has been found to inhibit ET production in shoot 

growth [68] but able to induce ET production in developing flowers [69].  In pathogen 

resistance ABA serves an antagonistic role against JA-ET signaling pathways [70]. 

 The interplay between the various phytohormones mediated by the ROS-

antioxidant balance will eventually lead to fine tuning the repertoire of genes that are  

activated or repressed in response to oxidative stressors like ozone.  Studying the 

transcriptional reprogramming in response to ozone can provide a better understanding of 

the mechanisms governing plant resistance or sensitivity to ozone.  Microarray 
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technology provides an opportunity to examine the changes in thousands of genes or even 

the entire transcriptomes of an organism. 

 

Figure 6: The path of a gene through the central dogma of biochemistry from 

translation to transcription with examples of controls on gene expression including 

miRNA and siRNA gene silencing, ribosomal loading, and P-body formation, 

Pontes and Pikaard (2008) [71] 

 

 Gene regulation is not a simple process of turning off and on transcription of 

certain genes.  While transcriptional regulation plays a critical role in gene regulation it is 

not the sole method of control available to an organism.  Genes can be controlled at all 
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levels leading to eventual protein synthesis in translation, with proteins having numerous 

control mechanisms beyond that. 

 Translation is performed when a ribosome binds to an mRNA transcript and then 

initiates protein synthesis, Figure 6.  Since mRNA’s are many nucleotides long a single 

mRNA can be translated simultaneously by multiple ribosomes.  The degree to which a 

mRNA is loaded with ribosomes is a method of translational regulation.  Examining 

which mRNAs are actively bound to ribosomes will give us a clearer view of changes in 

protein expression than a traditional total RNA examination.  This is because not all 

mRNA is translated.  Post-transcriptional regulatory mechanisms such as small 

interfering RNA (siRNA) and micro RNA (miRNA) dependent gene silencing can lead to 

mRNA degradation, Figure 6.   

 

Figure 7: Induced differential ribosome loading of the reporter 

RNA MFA2P in yeast 30 minutes after the addition of glucose 

and  the disappearance of MFA2P from P-bodies showing the 

transfer of MFA2P transcripts from P-bodies to the 

polyribosome complex, Brengues et al (2005) [72] 
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P-bodies play a role in both mRNA storage and mRNA degradation [71-73].  P-

bodies have been implicated in both siRNA and miRNA based degradation, Figure 6 [71, 

74].  While mRNA degradation serves an important role in gene regulation it is an 

irreversible one, in the sense that once an mRNA is degraded the only way it can be 

replaced is through synthesis of a replacement mRNA via transcription.  Conversely, 

transcripts which are stored in P-bodies are not necessarily degraded.  An important 

aspect of translational regulation are genes which are only temporarily stored in the P-

bodies, Figure 7 [72].  The shuttling of mRNA between P-bodies and polyribosome 

complexes can result in the silencing and activation of a gene in a transcription 

independent manner, Figures 6 & 7 [72].  This shuttling represents an important form of 

regulation that is not taken into account when examining changes in gene regulation 

using total RNA.  

Few papers have examined how differential ribosomal loading affects the 

transcriptome of plants in response to stress.  These few papers examined the response to 

hypoxia stress [75, 76] and drought stress in Arabidopsis [77, 78] and tobacco [79].  

Research on drought stress in Arabidopsis found that differential translation can 

completely negate the effects of differential transcription [77].  A microarray experiment 

looking at oxidative stress caused by H2O2 in Saccharomyces cerevisiae showed 

significant effects on ribosomal loading and concluded that translational control was key 

to the ability to adapt to oxidative stress [80].  Previous research has also revealed that 

polyribosome loading on mRNA is generally decreased in response to stress [75, 76, 81-

85].  The transfer of mRNA from polyribosome complexes to P-bodies results in 
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translational repression despite the continued presence of the mRNA in the cell.  In 

addition pre-existing mRNAs being stored in P-bodies could be returned to polyribosome 

complexes representing a potential key adaptation to a given stress. 

 The integration of various levels of gene regulation data on the genome scale in 

plants is still in its infancy.  To the best of our knowledge this type of integrated analysis 

with reference to differences between resistant and sensitive accessions has not been 

done.  A few studies have examined and integrated transcriptional and translational 

information, however, these in depth comparisons usually are not conducted on two plant 

varieties showing different phenotypes in response to stress [75-78].   

My dissertation examines how both an ozone resistant and ozone sensitive 

ecotype of M. truncatula respond to ozone stress by analyzing both differential 

transcription and differential ribosome loading.  In further analyses, I examine the 

translational regulation using polysomal RNA from these two accessions in microarray 

analysis.  The integration of total RNA microarray, poly-ribosomal loading, and poly-

ribosomal RNA microarray data should enable development of a coherent view of 

molecular events during oxidative signaling in two M. truncatula accessions showing 

contrasting phenotypic responses to ozone. 
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CHAPTER III 
 
 

PHYSIOLOGICAL AND BIOCHEMICAL RESPONSES TO ACUTE OZONE-

INDUCED OXIDATIVE STRESS IN MEDICAGO TRUNCATULA 

 
 In any naturally occurring population of organisms there is genetic diversity.  This 

genetic diversity can cause different populations within the same species to respond 

differently to the same stimuli.  Ecotypes are populations within a single species in nature 

that are localized to a geographic area.  We examined 38 different M. truncatula ecotypes 

for their phenotypic response to acute ozone stress and classified the symptoms observed.  

An image of representative trifoliate leaves from all ecotypes screened in this study, 

ranking from most resistant to most sensitive is in the appendix (Figure A1).  We 

identified only one ecotype, JE154, as resistant to ozone stress.  The rest of the ecotypes 

showed varying levels of sensitivity based on ozone-induced symptoms on leaves. 

 For further biochemical and physiological analysis we selected eight ecotypes 

showing varying sensitivities to ozone. We examined levels of ascorbate (reduced and 

oxidized forms), glutathione (reduced and oxidized forms), lipid peroxidation, and total 

ROS to determine if any of these biochemical parameters had a direct correlation to the 

phenotypes seen in response to acute ozone fumigation.  We also measured stomatal 

conductance, transpiration, and net photosynthesis rates for each of the eight ecotypes to 

determine if these physiological traits had a correlation to the ozone-induced phenotype.  

These physiological and biochemical assays revealed that there was no one parameter 

that could serve as a predictor of ozone sensitivity, highlighting the complexity of the 
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ozone resistance phenotype.  This study suggested that ozone resistance is a complex trait 

probably governed by multiple loci. 

 We also examined the responses of the ozone-resistant JE154 and ozone-sensitive 

Jemalong to chronic ozone, drought stress, and a combination of ozone and drought stress 

applied simultaneously.  JE154 was resistant to chronic ozone and drought stress 

individually and when applied together.  Jemalong was found to be sensitive to both 

chronic ozone and drought stress. 

 The results from this study are published in the journal Plant Physiology and 

Biochemistry in January 2007 pages 70-79.  Puckette performed all aspects of the 

experiments in this article.  Hua Weng provided assistance for statistical analysis.  Dr. 

Sathvanarayana Elavarathi provided technical support in the operation of the Li-Cor 6400 

portable photosynthesis system.  A copy of this publication is attached in the Appendix 

X.1. 
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 CHAPTER IV 
 
 

TRANSCRIPTOMIC CHANGES INDUCED BY ACUTE OZONE IN RESISTANT 

AND SENSITIVE MEDICAGO TRUNCATULA ACCESSIONS 

 
 The identification of the ozone resistant JE154 ecotype and the sensitive 

Jemalong cultivar led to the examination of differences in transcriptional regulation 

between these two lines.  Microarrays containing more than 17,000 genes were used for 

analyzing temporal changes in the ozone-induced transcriptome for both JE154 and 

Jemalong.  In order to determine time-points for transcriptome analysis we examined the 

ROS profiles in JE154 and Jemalong during and following ozone treatment.  Both lines 

showed an ozone derived ROS burst at one hour.  At the 12 hour time point, 6 hours after 

the end of ozone treatment, a higher ROS level was observed in Jemalong but not JE154.  

We selected the one hour and 12 hour time point representing a time point with an ozone 

derived ROS burst and a time point with a plant produced ROS burst in the sensitive 

cultivar.  The end of the ozone-treatment period at six hours was selected as the 

intermediate time point for the microarray analysis. 

 RNA for microarray analysis was isolated from two independent biological 

treatments with technical replications for both the treatment and each of the time points.  

Data analysis utilized the bioinformatics software GENESIS to examine responses on a 

transcriptomic scale.  A simple macro was compiled in Microsoft Excel to translate 

information on gene ontologies provided by the Noble Foundation into the proper format 

required for GENESIS. 
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 This study showed that the same GO categories were differentially altered in both 

JE154 and Jemalong.  However, the timing and repertoire of genes within the GOs were 

very different between the two lines.  A large amount of differential expression was seen 

in the resistant ecotype at the one hour time point compared to relatively unaltered gene 

expression in the sensitive cultivar at one hour.  At the two later time points the pattern 

was reversed with the sensitive cultivar having a greater amount of differential expression 

than the resistant ecotype.   

Differential regulation at one hour in JE154 included many genes responsive to 

phytohormones as well as differential regulation of genes in the flavonoid pathway.  

JE154 not only rapidly up-regulated transcripts for the flavonoid pathway but also 

sustained their induced expression throughout all three tested time points.  Jemalong up-

regulated transcripts for the flavonoid pathway at the six hour time point but had a 

subdued response in comparison to the resistant ecotype at the 1 and 12 hour time points. 

 This research was published in the journal BMC Plant Biology in April 2008, 

Volume 8, article 46.  Puckette performed the ROS analysis, RNA isolations, ozone 

treatment, data analysis, Real-Time PCR, wrote initial drafts of the manuscript, and 

assisted in the microarray hybridizations.  Dr. Mahalingam performed the microarray 

hybridizations and Dr. Tang at the Noble Research Foundation supplied the microarray 

slides.  A copy of this publication is attached in the Appendix X.2. 
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CHAPTER V 
 
 

OZONE RESPONSIVE GENES IN MEDICAGO TRUNCATULA: ANALYSIS BY 

SUPPRESSION SUBTRACTION HYBRIDIZATION 

 
 Microarray technology is described as a close-ended technique, because it can 

only provide information on genes that are printed on the slide.  Thus, the transcriptional 

gene regulation analysis of the response to ozone in resistant, JE154, and sensitive, 

Jemalong, accessions of M. truncatula by microarrays was restricted to only the 17,000 

genes printed on these microarrays.  There was a possibility that novel genes important to 

the ozone response were not represented on these microarrays.  To identify potential 

ozone response genes not present on these microarrays an open-ended analysis was 

performed using the suppression subtraction hybridization (SSH) technique to analyze 

gene expression.  As a PCR based strategy this technique simultaneously aids in the 

normalization of the cDNA population and exponential amplification of the differentially 

expressed genes.  Conducting the subtraction analysis with the control RNA sample as 

the tester and the RNA from the stressed sample as the driver, enabled the identification 

of genes that were repressed in response to stress treatment.  In this study a total of four 

subtracted libraries were constructed.  The forward subtraction libraries from JE154 and 

Jemalong identified genes that are induced in response to ozone.  The reverse subtraction 

libraries from the two lines enabled identification of ozone-repressed genes.  

 Sequence analysis of the clones from the four SSH libraries revealed that there 

were only 15 unknown sequences out of 455 sequences. This low number of unknown 

sequences shows that there is good coverage of ozone responsive genes in the existing M. 
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truncatula EST database.  Examination of M. truncatula library sequences to determine 

their possible functions utilized a compendium approach using the GENEVESTIGATOR 

program.  In order to use this program, Arabidopsis homologs of the M. truncatula genes 

were identified.  These Arabidopsis locus identifiers were then fed into the program to 

retrieve the expression profiles seen in response to stressors and Arabidopsis mutations.  

This data highlighted the importance of phytohormones in the response to ozone, as well 

as displaying a hitherto unknown similarity between ozone stress and low nitrate stress. 

 This manuscript has been provisionally accepted for publication pending real-time 

PCR analyses and rewriting sections of the discussion.  Puckette performed all aspects of 

the SSH technique, differential screening, macroarray analysis, sequence data analysis, 

and prepared drafts of the manuscript.  The SSH procedure for the JE154 ecotype was 

done by Lila Peal.  Sequencing of the SSH library inserts was done by Jarrod Steele and 

Yuhong Tang at the Noble Foundation in Ardmore OK.  A copy of the submitted 

manuscript is attached in the Appendix X.3. 
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CHAPTER VI 
 
 

REGULATION BY DIFFERENTIAL TRANSLATION IN RESPONSE TO OZONE IN 

MEDICAGO TRUNCATULA  

 
 Translation of a transcript into a protein involves three basic steps initiation, 

elongation, and termination.  The final aspect of my thesis examines the effects of ozone-

induced oxidative stress on the initiation step of translation by examining differential 

ribosome loading in M. truncatula.  This represents an important site of regulation as 

research has found the initiation of translation to be the most important step in regulating 

protein synthesis [86].  Transcripts that are not associated with ribosomes will not be 

translated into proteins.  A transcript with more ribosomes loaded will be more frequently 

translated than the same transcripts with a single ribosome loaded.   

 In the first step we examined the differences in ribosomal loading comparing non-

polyribosomal and polyribosomal fractions by examining the polyribosomal gradient 

profiles generated by the gradient fractionator.  Since the initiation step of protein 

synthesis is the most crucial regulatory step in protein synthesis we hypothesized that the 

RNA associated with poly-ribosomal fractions will better represent the proteome. 

By coupling a poly-ribosome bound transcript isolation technique with microarray 

technology we gained insight into the constituents of the proteome.  Not only can we 

better predict constituents of the proteome but this technique also allowed us to analyze 

which transcripts are either being enriched for or repressed against in the polyribosome 

fraction in response to ozone.  A long standing criticism of transcriptional profiling is that 

it does not closely reflect changes in the proteome [87].  Conversely, methods used to 
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examine the proteome tend to be complicated, expensive, cumbersome, and/or lack 

sensitivity when compared to transcriptional profiling.   

Coupling poly-ribosomal analysis with microarray technology provides a unique 

opportunity to combine the strengths of both transcriptomic and proteomic techniques.  

Research has found a close correlation between changes in ribosomal loading and protein 

synthesis in yeast and animal cells [86, 88, 89].  This type of examination is relatively 

inexpensive and easy to perform and only requires that microarray technology be 

available.  Unlike a traditional total RNA based microarray experiment only transcripts 

that are actively associated with ribosomes and thus are entering translation are analyzed.  

Transcripts which are not being translated due to storage in P-bodies, mRNA silencing, 

or other inhibitors of the loading of ribosomes onto a transcript will not be represented.  

While this method can’t account for all aspects affecting the potential activity of a 

protein, it does allow for a better view of how an organism responds on the proteomic 

level when compared with traditional transcriptional profiling, using total RNA or 

mRNA, or conventional 2D-PAGE analyses of the total proteome. 

Integration of results from transcriptional and translational profiling provides a 

powerful method to identify highly expressed genes in the ozone response.  Transcripts 

which are undergoing both transcriptional and translational regulation will likely 

represent key aspects of the ozone response. 

It found that JE154 and Jemalong alter their polyribosome profiles differently 

after one hour of treatment with ozone.  For both JE154 and Jemalong most transcripts 

with differential translational regulation are not differentially transcribed in response to 

ozone.  JE154 had 283 genes that showed signs of differential regulation both in 
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transcriptional and translational analysis while Jemalong only had 13.  This experiment 

and the data reported here demonstrate how differential ribosome loading can be used to 

augment the data derived from general differential gene expression in response to ozone 

induced oxidative stress. 
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CHAPTER VI.1 
 
 

METHODOLOGY 

 
 

VI.1.a  Polyribosomal RNA isolation and purification: 

Gradient preparation: 

 This procedure was originally developed by Dr. Riki Kawaguchi from the 

laboratory of Dr. Julia Bailey-Serres at University of California-Riverside [77, 79].  

Open-top polyclear ultracentrifuge tubes (Seton Scientific Co; Los Gatos, Ca) of 13 x 

51mm size were used for poly-ribosome isolation.  Sucrose gradients were made in these 

centrifuge tubes and stored at -80°C until usage.    Sterilized sucrose salts solution, pH 

8.4, (40mM Tris base, 20mM KCl, 21mM MgCl2) was pre-made for making the sucrose 

gradients.  Gradients were constructed in a series of four layers and allowed to freeze at -

80°C between additions of each layer.  Layers were added into centrifuge tubes as 

follows: 0.75mL of layer 1 (88% 2M sucrose, 1% sucrose salts mix), 1.50mL of layer 2 

(66% 2M sucrose, 1% sucrose salts mix), 1.50mL of layer 3 (44% 2M sucrose, 1% 

sucrose salts mix), 0.75mL of layer 4 (29% 2M sucrose, 1% sucrose salts mix). 

 A detergent mix (20% Triton X-100, 20% Brij 35, 20% Tween-40, 20% NP-40) 

was pre-made for isolations.  Mixing of the detergent mix was facilitated by warming the 

solution at 42°C till all the ingredients were in solution.  Gradients were placed into rotor 

buckets and thawed at 37°C for one hour then stored at 4°C for at least one hour before 

usage. 

Tissue homogenization and ultracentifugation: 
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Leaf tissues were ground using liquid nitrogen and ground tissue was placed in 

2mL tubes up to the 750µl marking.  To each 2mL tube 1.25mL of polysome extraction 

buffer (0.2M Tris pH 9.0, 0.2M KCl, 1mM EGTA pH 8.3, 36mM 1M MgCl2, 8% β-

mercaptoethanol, 5.6mM cycloheximide, 6.5mM chloramphenicol, 50% detergent mix, 

2% polyoxethylene 10 trydecyl ether (PTE), 1% deoxycholic acid, 1% heparin) were 

added and mixed by stirring with a spatula.  Tubes were then placed on ice for 10 minutes 

with occasional inversion for thorough mixing of ingredients.  Samples were then 

centrifuged for 2 minutes at a speed of 13,000rpm at 4°C using an accuSpin MicroR 

tabletop centrifuge (Fisher Scientific).  Following centrifugation, 700µl of supernatant 

was layered on the thawed pre-made sucrose gradients.  Four such leaf isolations would 

provide sufficient supernatant for six gradients.  Tubes were balanced to within 0.001g 

using a Mettler Toledo balance using either excess isolation supernatant or extraction 

buffer.  The tubes were then subjected to ultra-centrifugation using a Beckman Optima 

LE-80K ultracentrifuge (Beckman-Coulter) at 4°C for 2 hours and 20 minutes at 40,000 

rpm with a Beckman 4182 rotor (Beckman-Coulter).   

Poly-ribosome fractionation: 

During centrifugation the ISCO model 640 density gradient fractionator 

(Teledyne-Isco) was turned on at least 30 minutes prior to usage.  After completion of 

ultra-centrifugation, gradients were loaded onto the gradient fractionator and run at a 

flow rate of 1mL/minute while measuring the absorbance at 254nm.  A characteristic 

profile for isolation from plant tissue was observed, Figure 8, allowing for identification 

of absorbance peaks.  Based on the characteristic absorbance profiles fractions were 

collected into two pools representing the non-polyribosome bound fractions and the poly-
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ribosome bound fractions.  The split between the fractions occurred 22 seconds after a 

characteristic dip folowing the mono-ribosome peak.  To the pooled non-polyribosome 

bound fraction, 7mL of DEPC treated 8M guanidine HCl was added.  To the pooled 

polyribosome bound fraction 5mL of DEPC treated 8M guanidine HCl was added.  Each 

tube was then vortexed for 3 minutes and the samples were split into two 13mL screw 

cap tubs (Sarstedt).  This split was necessary to fit the total volume into tubes which 

would be usable in available centrifuge rotors.  For each of the non-polyribosome bound 

tubes, 5.25mL of 100% ethanol was added and samples were vortexed for 1 minute and 

placed in -20°C overnight.  For the tubes containing polyribosome fractions 3.75mL of 

100% ethanol was added and then vortexed for 1 minute before being stored at -20°C 

overnight. 

 

Figure 8: Examples of poly-ribosome profiles isolated from 

plant tissue (a) published in Combe et al [84], (b) and (c) 

published in Bhat et al [85] 

 

Poly-ribosomal RNA purification: 
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 The following day tubes were centrifuged at 4°C for 50 minutes at a speed of 

9600rpm in a Beckman GS15R table top centrifuge (Beckman-Coulter).  Supernatant was 

poured off, tubes inverted and allowed to dry for 20 minutes.  Extraction buffer was 

prepared by adding 10µL β-mercaptoethanol to 1mL of the RLT buffer from the Qiagen 

RNeasy Plant mini kit (Qiagen).  For each pair of split tubes 450µL of the extraction 

buffer was added and mixed in by vortexing.  The solution was then transferred to the 

second solution tube and vortexed again.  After vortexing, 250µL of 100% ethanol was 

added to the first tube and mixed by pipeting.  This solution was also transferred to the 

second tube.  All fractions from the same sample were pooled into a single tube resulting 

in a total volume of around 4mL.  From these pooled fractions, 700µL was placed onto 

an RNeasy mini spin column and let sit for 3 minutes.  Columns were then centrifuged 

for 18 seconds at 13,000 rpm.  Flow through was then reapplied to the column and 

allowed to sit again for 3 minutes.  Columns were again spun for 18 seconds at 13,000 

rpm with the flow through discarded this time.  This was repeated until all of the pooled 

fractions had been run through a column.  Once all of the pooled fractions had been run 

through the spin column, 700µL of wash buffer RW1 from the Qiagen kit was added to 

the column and spun for 18 seconds at 13,000 rpm and the flow through was discarded.  

Then 500µL of buffer RPE (with ethanol added as per kit instructions) was added to the 

column and spun for 18 seconds at 13,000 rpm again discarding the flow through.  Wash 

buffer RPE (500µL) was added again to the column and centrifuged for 2 minutes at 

13,000 rpm.  Columns were transferred to new 2mL tubes and spun for 1 minute at 

13,000 rpm to ensure the removal of all buffer RPE.  Columns were then placed in 1.5mL 

collection tubes and 50µl of RNase free water was added to the column and allowed to sit 
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for 5 minutes.  Columns were centrifuged for 1 minute at 13,000 rpm to elute the RNA 

from the column.  To ensure all the RNA was retrieved, another 50µl of RNase free water 

was added and allowed to sit for 5 minutes.  Centrifugation was again performed for 1 

minute at 13,000 rpm resulting in a 100µl final sample of poly-ribosome bound RNA.   

To this, 20µL of DEPC treated 3M sodium acetate (pH 5.3) and 500µL of 100% 

ethanol were added and the mixture was allowed to sit at -80C overnight.  The next day 

tubes were centrifuged at 4°C for 45 minutes at a speed of 13,000rpm.  The resulting 

supernatant was aspirated off and 250µL of 80% ethanol was added.  Tubes were again 

centrifuged at 4°C for 5 minutes at 13,000rpm.  The resulting supernatant was aspirated 

off and the pellet allowed to air-dry for 2 minutes.  The pellet was dissolved in 21µL 

DEPC treated water and was stored at -80°C till usage.  The concentration and quality of 

the RNA was analyzed on the BioAnalyzer (Agilent). 

 

VI.1.b Evaluation of polyribosome isolation gradient profiles 

 Gradient traces reporting the absorbance at 254nm were scanned into digital files 

using an EPSON perfection 3170 photo scanner.  ImageJ version 1.40g software 

available from NIH was used to analyze the scanned area of the 80S and mono-ribosome 

peaks as well as the area of the poly-ribosome peaks.  The ratio of these numbers was 

then taken to reflect any change in translational regulation by ribosomal loading in 

response to ozone. 
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VI.1.c  Microarray slide printing and analysis of print quality 

 The 17,000 oligonucleotide set of M. truncatula (originally from the Operon 

company) was a kind gift from Dr. Yuhong Tang of the Samuel Roberts Noble 

Foundation.  These oligos were resuspended in 25mM DMSO and were in 384 well 

plates.  Oligos were printed on amino-silane coated GAPS slides (Corning) using the 

GeneMachines Omni Grid Robot at the OSU Microarray Core Facility.  The oligos were 

printed in a format of 32 rows x 16 columns per grid and in total there were 24 grids 

place in 4x6 pattern. 

In order to assess the quality of the print job we used the Syto61 stain, a DNA 

specific stain.  This procedure for Syto-61 staining was kindly provided by Dr. Peter 

Hoyt, OSU microarray core facility.  Microarray slides were placed in the staining 

solution (1% 100x TE, 10% of 95% ethanol, and 0.02% 5mM Syto-61) for 5 to 10 

minutes at room temperature.  Slides were then rinsed by brief placement into the 

washing solution (0.1% Tween 20).  After the initial rinse, slides were placed in the 

washing solution for 10 minutes at room temperature.  Slides were rinsed in ddH2O and 

then placed in ddH2O for 10 minutes at room temperature.  Finally, slides were dried by 

centrifugation at 500rpm for 5 minutes using a Beckman GS15R centrifuge (Beckman) 

and subsequently scanned using the Cy5 or Alexa 647 channel on the ScanArray Express 

array scanner (PerkinElmer Life Sciences, Boston MA). 
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VI.1.d Microarray hybridization  

cDNA synthesis: 

 For each hybridization, 40µg of poly-ribosomal RNA from the control sample and 

the corresponding one-hour ozone treated tissue samples was used.  Polyribosomal RNA 

was mixed with 2µL of amino-oligo dT (1µg/µL) in a final volume of 28µL.  This 

mixture was heated for 10 minutes at 65°C.  During this time a reverse transcription 

master mix was prepared (10µL 5X 1st strand buffer, 5µL 0.1M DTT, 1.5µL 10X amino 

allyl dNTP mix, 1.5µL RNaseOUT) and incubated at 42°C.  Samples were allowed to 

cool at room temperature for 10 minutes then centrifuged for 1 minute.  After 

centrifugation 18µL of the reverse transcription master mix was added per tube along 

with 2µL (200U/µL) Superscript II reverse transcriptase.  Samples were allowed to 

incubate at 42°C for 1 hour.  Samples were then centrifuged for 30 seconds and 2µL of 

fresh reverse transcriptase added, samples were again allowed to incubate at 42°C for 1 

hour.  After the second hour of incubation samples were centrifuged for 1 minute.   

RNA hydrolysis and cDNA purification: 

To each tube 10µL of 0.5M EDTA (pH8.0) and 10µL of freshly prepared 1M 

NaOH were added and incubated for 15 minutes at 65°C.  After incubation, 10µL 1N 

HCl was added to neutralize the reaction. 

 To each sample 500µL of binding buffer PB from the Qiagen PCR purification kit 

was added and the solution applied to a Qiagen PCR purification column.  Columns were 

centrifuged for 1 minute at 13,000rpm and the flow through discarded.  To each column 

750µL of 5mM phosphate (KPO4) buffer was added and columns centrifuged for 1 
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minute at 13,000 rpm and flow through discarded.  Columns were again centrifuged for 1 

minute and then transferred to new 1.5mL collection tubes.  For each column 50µL of 

phosphate elution buffer, pH 7.0, (4µL 1M phosphate (KPO4) in a total volume of 200 

µL) was added and allowed to sit for one to two minutes then centrifuged for 1 minute at 

13,000rpm.  This step was repeated resulting in a total volume of 100µL in the collection 

tube.  Samples were then dried down in a SC110A SpeedVac Plus (ThermoSavant) on 

the medium heat setting and stored at -20°C over night. 

Microarray slide pre-hybridization: 

 Slides were hydrated before usage using warm tap water in a humidifier chamber 

and snap dried on a 65°C heating block.  The hydration and drying of the slides was 

repeated a total of three times after which slides were UV cross linked at 1800µJ x 100.  

After cross linking, slides were rinsed in 0.1% SDS for 30 seconds followed by 

autoclaved ddH2O for 30 seconds and finally placed in 95% ethanol for 1 to 2 minutes.  

Slides were then dried by centrifugation at 500rpm for 5 minutes.  After drying slides 

were then allowed to incubate at 42°C in pre-hybridization solution (5x SSC, 0.1% SDS, 

1% BSA) until needed. 

To each dried down cDNA sample 6.5µL of 0.2M NaHCO3 pH 9.0 was added 

and allowed to sit for 10 minutes at room temperature.  Then 6.5µL of appropriate NHS-

ester Cy-dye was added and the reaction incubated for 1.5 hours at room temperature in 

the dark.  Following incubation 6.5µL of 4M hydroxylamine was added to each tube and 

allowed to incubate for 15 minutes in the dark at room temperature.  After incubation 

35µL of 100mM sodium acetate pH 5.2 was added to each tube.  To each tube 500µL of 
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binding buffer PB from the Qiagen PCR purification kit to the Cy3 labeled probe and 

then mixed with the Cy5 labeled probe.  The combined probes were then loaded onto a 

Qiagen PCR purification column and spun at 13,000 rpm for 1 minute.  After discarding 

the flow through 750µL wash buffer PE was added to the column and centrifuged at 

13,000 rpm for 1 minute.  After discarding the flow through tubes were centrifuged again 

at 13,000 rpm for 1 minute to remove all of buffer PE.  After centrifugation columns 

were transferred to new 1.5mL tubes and 35µL of elution buffer EB was added.  Columns 

were spun for 1 minute at 13,000 rpm and another 35µL of elution buffer EB added to the 

column.  After centrifuging again for 1 minute at 13,000 rpm samples were dried down in 

a speed vac at room temperature. 

 Microarray slides were removed from the pre-hybridization solution and washed 

in autoclaved ddH2O for 30 seconds.  After washing in water, slides were washed in 95% 

ethanol for 30 seconds and spun dry by centrifugation at 500 rpm for 5 minutes.  

Microarray slides were placed in slide cassettes and 10µL of hybridization buffer added 

to each well.  Cover slips were washed in 95% ethanol then rinsed 3 times in autoclaved 

ddH2O and allowed to air dry before being applied to the microarray slide.  The dried 

probes were resuspended in 45µL of hybridization buffer (50µL formamide, 25µL 20x 

SSC, 5µL 2% SDS, 5µL salmon sperm DNA, 15µL ddH2O) and mixed well.  Probes 

were then denatured by boiling for 2 minutes then centrifuged for 2 minutes.  Probe was 

then applied to the slide underneath the cover slip and allowed to hybridize at 42°C over 

night. 

 After the overnight hybridization, slides were washed with rocking in a solution 

of 2x SSC and 0.1% SDS till the cover slips fell off.  After cover slips fall off slides were 
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transferred to a new solution of 2x SSC and 0.1% SDS and washed with rocking for 5 

minutes.  Slides were then put though the following series of washes with rocking: 1x 

SSC for 3 minutes, 0.2x SSC for 1 minute and 40 seconds, and finally 0.05x SSC for 15 

seconds.  Slides were then dried by centrifugation at 500 rpm for 5 minutes and scanned 

using a ScanArray Express scanner (PerkinElmer Life Sciences). 

VI.1.e Slide analysis 

 Scanned microarray slide images were loaded into the GenePix image analysis 

software (Molecular Devices) for analysis.  The resulting analysis was then submitted to 

the GPAP 3.2 microarray analysis program for analysis.  GPAP 3.2 pre-processing and 

normalization was performed using R-project statistical environment (http://www.r-

project.org) and Bioconductor (http://www.bioconductor.org) through the GenePix 

AutoProcessor (GPAP) website (http://darwin.biochem.okstate.edu/gpap, Weng and 

Ayoubi, 2004). 

VI.1.f MapMan analysis 

Data from GPAP analysis was analyzed by the MapMan program using the 

Medicago 16k mapping file downloaded from the MapMan server. 

VI.1.g Validation by Real Time PCR 

 The expression of select genes was validated using real time PCR.  Reverse 

transcription was performed using superscript III reverse transcriptase (Invitrogen) as per 

manufacturer’s instructions.  Real time PCR was performed using Maxima qtPCR 

SYBER Green master mix (Fermentas) in a GeneAmp 7500 Real Time PCR machine 
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(GeneAmp) using the cycling profile of 95°C 10 minutes followed by 40 cycles of 95°C 

for 15 seconds, 55°C for 20 seconds, and 72°C for 40 seconds.  Analysis of real time data 

used Chl A/B binding protein real time results as the standard to adjust for differences 

between samples.  Primer sequences used were Chl A/B binding protein: F-

GAAGGCCTCAGGAATGATGA, R-ACCGCAACCAACTCTGAGAC; WRKY: F-

TGGATACCACAACGCAGGAAA, R-GTGTCTGGAAAAGACTGCTCAA; 

OSUunk106: F-CCAAGCATGTTCAATCAACC, R-GCTGCTTGTCCAAAACCTGT; 

Auxin regulated protein: F-GGAAATTGTGAATCCCAAGG, R-

TGGGACATAGTCGGAGCTGT; Vesitone Reductase primers have been previously 

reported [90].



 39 

 

CHAPTER VI.2 
 
 

FINDINGS 

 
 A gradient trace was generated during each run of the gradient fractionator for 

isolating the polyribosome fractions.  This gradient trace (example shown in Figure 9) 

served as validation for the effectiveness of the poly-ribosome isolation technique.  We 

were able to successfully identify the 80S peak as well as the poly-ribosomal peaks in 

generated traces based on the similarity of these profiles to other profiles in published 

literature, Figure 8&9. 

 

Figure 9: Example of a gradient trace isolated 

showing the 80S peak and poly-ribosome 

peaks.  Vertical arrows represent the point on 

the trace where a change in fraction 

collection tubes took place. 
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 In order to examine the effects of ozone stress on poly-ribosome loading we 

measured the area on the gradient traces comprising the 80S and monoribosome (NP) 

peaks and the area comprising the polyribosome (P) peaks.  A minimum of eight and a 

maximum of 20 trace replicates were used to calculate the ratio of areas between the NP 

and P peaks.  As the p-value from a student t-test shows in Table 1 it was highly unlikely 

that the NP to P ratios for control and ozone samples were from the same data set in 

JE154.  However, this likelihood was fairly strong that no significant change in the area 

comprising the polyribosome fraction occurred in the Jemalong samples, Table 1.  This 

ozone-induced decrease in the number of transcripts in the polyribosome fraction in 

JE154 was in agreement with other reports on plant stress [75, 76, 81, 82, 84, 85, 91].  

The decrease in the area comprising the polyribosome peak was not a figment of de-novo 

synthesis of ribosomes as the average area comprising the NP area was relatively 

unaltered between control and ozone samples for both JE154 and Jemalong, Table 1. 

 

Table 1: The average number of pixels contained under the 80S/monoribosome 

peak (NP) and polyribosome peak (P) and the ratio between NP and P in ozone 

treated, 1 hour, and control samples of JE154 and Jemalong. 

. 
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 We used the polysomal RNA from control plants and ozone-treated samples in 

microarray experiments using the M. truncatula 17,000 oligonucleotide microarrays.  

Before microarray analysis could proceed we validated the usability of the M. truncatula 

microarray slides printed at the OSU microarray core facility by Syto-61 staining.  Syto-

61 staining confirmed that the oligonucleotide spotting quality was uniform and the slides 

represented a usable resource, Appendix Figure A2. 

 Microarray analysis compared one hour ozone treated and corresponding control 

polyribosome bound RNA samples for both JE154 and Jemalong.  This experiment 

identified a greater number of differentially loaded transcripts in JE154 in comparison to 

Jemalong, Figure 10.  This is presented in the form of an average M vs average A plot 

where M equals the log two transformed ratio of cy5 to cy3 (log2(cy5/cy3)) while A 

equals the half of the log two of the intensities (0.5 log2(cy5*cy3)), Figure 10.  A total of 

882 genes were differentially loaded in JE154 compared to a total of 574 in Jemalong.  

This suggests that in addition to a general repression of translation in JE154 there are also 

alterations to ribosomal loading of specific transcripts.  If a general repression of 

translation were the only form of translational regulation we would have seen very little 

differences in transcript abundance between the polyribosome fractions of control and 

ozone samples.  Jemalong also showed transcript specific alterations in ribosomal loading 

but to a lesser extent than JE154.  However differential ribosome loading in Jemalong 

serves as a very important validation of translational regulation.  The total number of 

differentially translated transcripts, 574, dwarfs the number of differentially transcribed 

transcripts we found previously, 61 [90].  If transcriptional regulation alone was 

responsible these numbers would be much closer to each other. 
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Figure 10: Average M vs Average A plots of microarray data from JE154 and Jemalong 

experiments.  Average M on the Y-axis represents the magnitude of the response while 

average A on the X-axis represents the abundance of the transcript.  Data points with an 

M value greater than 1.5, green, or less than -1.5, blue, represent differentially 

expressed genes. 

 

Among transcripts with altered ribosomal loading were those associated with the 

phytohormones ET and ABA, Figure 11.  Both JE154 and Jemalong show an up-

regulation of genes associated with the ET response.  However JE154, showed a larger 

number of genes (9 of 19 detected) with enhanced ribosomal loading than Jemalong (6 of 

29 detected), Figure 11.  

 Genes associated with ABA showed a much more dramatic difference between 

the two accessions.  In JE154, four of ten detected ABA responsive genes showed 

repressed ribosomal loading and only one gene, identified as an ABA responsive protein, 

had enhanced ribosomal loading, Figure 11.  None of the genes associated with ABA 

showed altered ribosomal loading in Jemalong.  Most notable of the transcripts which had 
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repressed ribosomal loading in JE154 was nine-cis-epoxycarotenoid dioxygenase.  Nine-

cis-epoxycarotenoid dioxygenase is the rate limiting step of ABA biosynthesis [92-94].  

By repressing ribosomal loading of this rate limiting enzyme, JE154 could exert a major 

impact on ABA biosynthesis. 

 

Figure 11: Change in expression of genes identified as involved in 

ethylene and abscisic acid (ABA) signaling for JE154 and Jemalong 

between control and treated polyribosome samples displayed as a heat 

map where the color is dependent upon the degree of differential 

expression.  Red color indicates induction while blue color represents 

repression. 

 

Ribosomal loading of transcripts associated with calcium regulation showed 

significant differences between JE154 and Jemalong, Figure 12.  Despite repression of 

ribosomal loading for ABA associated genes there is significant enhancement of genes 

associated with calcium regulation in JE154, Figure 11 & 12.  As previously mentioned 
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hydrogen peroxide is able to induce stomatal closure in both wild-type and ABA 

insensitive mutants, Figure 5 [62].   

 

Figure 12: Heat map of genes associated with calcium regulation in JE154 and Jemalong 

in response to ozone. 

 

 An important finding from the transcriptome analysis with total RNA from 

Chapter IV was the differential expression of genes associated with the flavonoid 

pathway.   The flavonoid pathway was also found to be the subject of differential 

translational regulation, Figure 13.  Overall JE154 showed enhanced ribosomal loading 

for transcripts in the flavonoid pathway in response to ozone than Jemalong.  Transcripts 

coding for chalcone synthase showed enhanced ribosomal loading in both JE154 and 

Jemalong, Figure 13.  This enhancement was particularly punctuated in JE154 where all 

but one chalcone synthase had enhanced ribosomal loading.  The resulting products of 

chalcone synthase, namely isoliquiritigenin and naringenin chalcone, are key metabolic 

feed-stocks for the rest of the flavonoid pathway.  An enhancement of translation for the 

genes associated with their synthesis would provide a potentially key substrate resource 

for synthesis of other types of flavonoids. 
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Figure 13:  Heat map of genes associated with members of the flavonoid family of 

compounds for JE154 and Jemalong. 

 

 To confirm that observed differences were not dependent upon changes in 

transcriptional regulation a real time PCR was performed using total RNA, polyribosome 

RNA, and RNA isolated from the non-polyribosome fraction.  Four genes were tested 

vesitone reductase, WRKY32, auxin-regulated protein, and OSUunk106.  Vesitone 

reductase and WRKY32 had previously been identified as differentially expressed in  

 

Table 2: Real Time PCR results for selected genes in Jemalong samples.  NPF: Non-

polyribosome fraction, P: Polyribosome fraction, NC: No Change.  
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Table 3: Real Time PCR results for selected genes in JE154 samples.  NPF: Non-

polyribosome fraction, P: Polyribosome fraction, NC: No Change, ¥: previously reported 

in Puckette et al (2008), *: Transcript abundance was too low to be detected in control 

NPF samples.  

 

experiments using total RNA while auxin-regulated protein had previously been 

identified as having no change in transcript abundance [90].  OSUunk106 was a sequence 

generated in the SSH library construction that showed no homology to any existing M. 

truncatula ESTs.  Results confirmed that translational regulation does occur, Tables 2 & 

3.  This is exemplified in Jemalong by WRKY32 which shows a change from having 

more transcripts in the non-polyribosome fraction to having more in the polyribosome 

fraction in response to ozone.  In JE154 OSUunk106 shows signs of only translational 

regulation with a repression of ribosomal loading resulting in less transcripts in the 

polyribosome fraction in response to ozone in spite of no change in overall transcriptional 

expression, Table 3.  

 Differential translation for phytohormone related transcripts, calcium regulated 

transcripts, as well as transcripts involved in secondary metabolism show us that rapid 

changes in translational regulation can influence multiple aspects of signal transduction.  

Further these changes were more pronounced in the ozone-resistant JE154 compared with 

the sensitive Jemalong.  This leads us to speculate that ozone, ROS, or a derivative from 

the reaction between ROS and the cell constituents is more rapidly perceived in JE154 
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and in turn triggers multiple signaling cascades.  A lack of such early perception in 

Jemalong could contribute to its relatively passive response to ozone resulting in more 

severe cellular injuries.
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CHAPTER VII 
 
 

DISCUSSION 

 

 One of the most evident differences to ozone fumigation between JE154 and 

Jemalong is the speed of the response to ozone.  At the one hour time point, JE154 

showed massive differential transcriptional and translational regulation in comparison to 

a relatively inert response from Jemalong.  This was also carried over into a general 

down-regulation of translation seen only in JE154, Table 1.  This leads to the suggestion 

that a rapid and early response to ozone stress may be a key aspect of the resistant 

phenotype.  By rapidly inducing changes in gene regulation JE154 is capable of inducing 

adaptations to help it cope with ozone stress.  The general down regulation of translation 

coupled with the transcriptional and translational up-regulation of specific genes would 

allow JE154 to optimize usage of available resources for effectively combating the stress.  

Conversely a delayed initial response to ozone by Jemalong results in a massive oxidative 

damage to the cells.   

Analysis of ROS levels within JE154 and Jemalong show that ozone is inducing a 

ROS build-up during treatment in both JE154 and Jemalong [90].  This buildup would 

mean that many of the proteins synthesized during ozone stress would subsequently be 

oxidatively damaged.  This would represent a substantial drain of cell resources as these 

damaged proteins must be recycled and replaced.  The general down regulation of 

translation observed in JE154 would minimize the amount of resources wasted and 
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provide a greater supply of cellular resources for an adaptive response or post-stress 

recovery.   

 ROS measurements for JE154 and Jemalong also showed innately higher levels of 

ROS in JE154 compared to Jemalong [95].  This innately higher level of ROS in control 

plants could represent a key aspect to JE154s resistance and might provide the 

mechanism by which JE154 is able to rapidly respond to ozone.  An innately higher level 

of ROS in JE154 could serve to prime the plant for a rapid ozone response.   

 

Table 4: Comparison of transcriptional regulation (change 

in the abundance of a transcript) with translational 

regulation (change in ribosomal loading) in JE154 in 

response to acute ozone.  

 

 

An examination of individual genes found that translational regulation rarely 

negates transcriptional regulation.  Out of the thousands of genes examined only one in 

JE154 and two in Jemalong showed a potential negation effect between transcriptional 

and translational regulation, Table 4 & 5.  Interestingly, 508 genes in JE154 and 545 in 

Jemalong that showed changes in translational regulation showed no change in 
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transcriptional regulation, Table 4 & 5, and this is significantly larger than the number of 

genes that showed changes in both transcriptional and translational regulation.   

Table 5: Comparison of transcriptional regulation (change in 

the abundance of a transcript) with translational regulation 

(change in ribosomal loading) in Jemalong in response to 

acute ozone treatment. 

 

 

For JE154 examination of genes with differential translational regulation in Table 

4 should be interpreted in the context of the overall repression of translation, Table 1.  In 

order to perform microarray analysis concentrations of RNA are equalized so that equal 

volumes of RNA are applied for both ozone and control samples.  Our results in Table 1 

however tell us that in the case of JE154 this is not truly representative of physiology as 

fewer transcripts are being translated.  This means that genes which show a repression of 

ribosomal loading are in effect receiving two forms of down regulation simultaneously.  

Not only are they being down-regulated by the overall decrease in translation but the 

ribosomal loading of these transcripts is also being selectively repressed.   
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The number of transcripts showing both down-regulation of transcription and 

selectively repressed ribosomal loading is only 16 in JE154.  While this is a small number 

in comparison to the total number of transcripts examined one of these is nine-cis-

epoxycarotenoid dioxygenase, the rate-limiting enzyme of ABA biosynthesis.  This 

shows that JE154 is taking multiple regulatory actions to inhibit ABA biosynthesis. This 

seems somewhat contradictory as we see a large number of genes transcriptionally 

induced that are identified as responsive to ABA in the SSH library, Chapter V.  As 

mentioned earlier, Chapter II, the answer to the apparent contradiction may lie in ozone-

induced hydrogen peroxide bypassing ABA in the ABA-dependent stomatal closure 

signal transduction pathway.  An ozone derived hydrogen peroxide burst could have the 

same effect as direct application of hydrogen peroxide [62].  Ozone dependent activation 

of the ABA signaling pathway would lead to many of the same down-stream effects as 

treatment with ABA including the differential expression of ABA-dependent genes and 

activation of calcium signaling pathways.  Calcium is an important secondary messenger 

during plant stress signal transduction.  As previously mentioned changes in calcium 

transporter activity is important in the closure of stomata guard cells, Figure 4a [54, 59, 

60].  JE154’s repression of ABA biosynthesis may be brought about by a feedback 

mechanism.  The plant could be mistaking the sudden and rapid rise in ozone induced 

ROS as an ABA related event and is attempting to remedy what it perceives as an ABA 

response run rampant. 

 In JE154, transcripts with enriched ribosomal loading represent two possibilities.  

JE154 could be attempting to maintain a constant level of protein synthesis for a key 

transcript in the wake of a general down regulation of translation.  The second possibility 
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is that JE154 is translationally upregulating a specific transcript to maximize the potential 

for protein synthesis.  We surmise that maximization of translation for a given transcript 

is a greater probability for the 266 genes that are both up-regulated transcriptionally and 

also have enriched ribosomal loading, Table 4. 

 The flavonoid pathway genes showed substantial transcriptional up-regulation in 

JE154 across all three time points peaking at the six hour time point [90].  In microarray 

examination of transcriptional regulation one of the key genes up-regulated at the early 

one hour time point was chalcone synthase, Chapter IV.  A chalcone synthase gene was 

also detected in the JE154 forward library, Chapter V.  Examination of translational 

regulation showed flavonoid pathway transcripts having enriched ribosomal loading, 

particularly chalcone synthases, in JE154 at 1 hour, Figure 13.  JE154 was maximizing 

the potential for protein synthesis of the flavonoid genes by not only increasing the 

number of transcripts available but also by ensuring that large numbers of them have 

multiple ribosomes loaded. 

 Translational regulation in Jemalong differs from that in JE154.  Jemalong shows 

very little transcriptional regulation at the one hour time point [90].  Consequently there 

are very few genes which show both transcriptional and translational regulation.  

However, Jemalong has a much more profound translational response than transcriptional 

response to ozone stress.  Since Jemalong does not show a general decrease in ribosomal 

loading, genes which show enrichment for ribosomal loading most likely have enhanced 

translation.  The presence of translational regulation in the absence of transcriptional 

regulation in Jemalong supports the view that translational regulation is one of the 

earliest responses to stress [96].  More interesting, this data suggests a change in genes 
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specifically selected for differential ribosomal loading precedes any general repression of 

translation in response to stress.   
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CHAPTER VIII 
 
 

CONCLUSIONS 

 

 Analysis of several biochemical and physiological parameters relevant to 

oxidative stress response across several M. truncatula accessions showing varying 

sensitivities to ozone led us to conclude that ozone resistance is a complex trait probably 

controlled by multiple genes.  This leads to the speculation that perhaps sensitivity to 

ozone is the default and resistance the result of the cumulative effect of multiple traits.  

The spectrum of sensitivity seen among the screened M. truncatula ecotypes should 

represent the diversity of these traits.  The more resistant ecotypes would have a larger 

number of resistance traits than the more sensitive ecotypes.   

Chief among these traits is, most likely, the rapid response seen in JE154 at 

multiple levels of regulation.  The root cause of this rapid response may lie in the 

differences in innate cellular redox balance between JE154 and Jemalong.  Since JE154 

and Jemalong have different levels of endogenous ROS [90, 95], there exists the potential 

that this would induce ozone resistant traits which result in innate differences in the 

proteome and metabolome.  Without the presence of these ozone resistant traits innately 

higher levels of ROS may be ineffective as a predictor of resistance. 

 These differences could result in rapid responses to ozone stress in JE154 

compared with sensitive Jemalong.  It is possible that an ROS receptor could be present 

innately at higher concentrations in JE154 compared to Jemalong.  Upon exposure to 

ozone derived ROS the receptor is activated resulting in the initiation of a signaling 

cascade.  Triggering of the signaling cascade is directly related to the expression of the 
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receptor.  The second potential mechanism involves translational control.  An innately 

higher level of ROS could cause JE154 to have a pool of ROS responsive mRNAs 

transcribed and stored in P-bodies.  Upon the reception of an appropriate signal these 

transcripts are then transferred out of P-bodies and onto ribosomes.  In yeast such a 

transfer of mRNAs from P-bodies to ribosomes was found to occur within 30 minutes in 

response to glucose [72].  By having mRNAs pre-transcribed and stored in P-bodies we 

speculate JE154 is able to skip transcription of ozone responsive genes and proceed 

directly to translation.  These mechanisms are not mutually exclusive and it is possible 

that a combination of both is taking place in JE154.  Activation of an ROS receptor could 

be responsible for the initiation of translational regulation through movement of 

transcripts between P-bodies and ribosomal binding. 

Our results examining transcriptional regulation over a time course found that 

while the overall responses of both JE154 and Jemalong were very similar, the timing of 

these responses differed.  It is possible that this pattern is reflected in translational 

regulation as well.  The translational response seen in Jemalong could be a mirror to an 

earlier JE154 response to precedes the 1 hour time point.  It is also possible that innately 

higher levels of ROS in JE154 results in jump-starting ozone resistant traits and pathways 

rapidly.   

This leads to the speculation that the initial responses to ozone in M. truncatula 

involve the detection of ozone derived ROS followed by a rapid alteration in ribosomal 

loading for certain genes, Figure 14.  This initial selective translational regulation is 

followed by a general repression of translation.  This does not mean that all genes are 

translationally repressed but rather that, in general, translation is repressed.  Shortly after 
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or potentially simultaneously, the plant responds through transcriptional regulation.  This 

transcriptional response is further fine-tuned by additional translational regulation.  This 

allows the plant to enrich translation of key transcripts by providing a mechanism by 

which both the transcripts as well as the number of ribosomes loaded onto them are 

increased simultaneously.   

 

Figure 14: Proposed hierarchy of response to ozone induced 

stress.  An initial response by translational regulation selectively 

alters key genes.  This is followed by a general repression of 

translation.  The final level of response involves the use of 

transcriptional regulation to adapt to the stress while 

translational regulation is used to fine-tune the transcriptional 

response. 
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 Global alterations of transcription and translation provides important insight into 

the ozone response.  However, the genes whose expression is being altered play critical 

roles in the phenotype displayed.  Key players in the oxidative cell death cycle, 

phytohormones associated genes were found to be altered both transcriptionally and 

translationally.  It was found that JE154 very rapidly transcriptionally up-regulates cell 

death containment mechanisms, specifically the phytohormone JA.  If alterations in these 

genes lead to increases in JA levels it could potentially contribute to the rapid 

containment of lesions.  This response was present in Jemalong but only at later time 

points.  The potential delay of PCD containment mechanisms would give time for the 

lesions to spread. 

 Compounds with antioxidant properties such as key flavonoids could play a role 

in restoring redox balance or serve as protective conjugates to proteins similar to that of 

glutathione conjugation.  A systematic metabolite analysis that includes measurements of 

various phytohormones in these two accessions will facilitate the integration of the 

metabolome, proteome, and transcriptome. 

Using the microarray platform, this work sheds light into the advantages of 

integration of transcriptional and translational gene regulation and how some pathways 

may confer resistance to ozone in JE154.   This work has identified several factors that 

can contribute to resistance, notably rapid overall differential regulation, the potential 

priming of JE154 for rapid response through innately higher levels of ROS, and the 

differential regulation of specific genes that facilitate resistance. 
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X. APPENDICES 

 

Figure A1: Leaf examples at 24 and 48 hours after the end of treatment 
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Figure A2: Syto-61 staining of microarray chips to ensure a successful printing. 
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X.1 APPENDICES: PHYSIOLOGICAL AND BIOCHEMICAL RESPONSES TO 

ACUTE OZONE-INDCUED OXIDATIVE STRESS IN MEDICAGO TRUNCATULA 
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X.2 APPENDICES: TRANSCRIPTOMIC CHANGES INDUCED BY ACUTE OZONE 
IN RESISTANT AND SENSITIVE MEDICAGO TRUNCATULA ACCESSIONS 
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X.3 APPENDICES: OZONE RESPONSIVE GENES IN MEDICAGO TRUNCATULA: 
ANALYSIS BY SUPPRESSION SUBTRACTIVE HYBRIDIZATION 
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