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Abstract 

Rice (Oryza sativa) is an important model monocot specie and crop plant. 

Completion of the rice genome sequence in 2002 facilitated and accelerated studies 

into various processes, from growth and development to the response to various 

abiotic stresses. The research presented in this thesis outlines studies on 

1) germination in rice, 2) responses to anaerobiosis in rice, 3) a transcriptome 

comparison between rice and Arabidopsis (Arabidopsis thaliana) during development 

and in response to abiotic stress and 4) the identification of superior reference genes 

for transcriptomic studies in rice. 

To gain an understanding of germination in monocots, the first study presented 

utilised whole genome microarrays in combination with metabolite profiling to gain 

insight at the transcriptome and metabolome levels (Study I). It was observed that 

during germination in rice, there was an immediate, significant change to metabolite 

levels, followed by large changes to the transcriptome, followed by further changes in 

the metabolome. Early changes in the transcriptome revealed a large number of genes 

that were transiently expressed during germination, identifying a molecular switch. 

Detailed transcriptomic and sequence analysis in this study also indicated that the 

reshuffling of the transcriptome is likely to be mediated by changes to both the rate of 

mRNA synthesis and degradation. This was supported by the in silico identification of 

over-represented putative cis-acting regulatory elements (CAREs) in the promoter and 

3’untranslated region (UTR) regions, respectively. 

Rice is unique, as it has the ability to germinate and grow both in the presence 

and absence of oxygen. It was of interest to compare responses under aerobic 

germination conditions (Study I) to responses under anaerobic germination conditions. 

Although this comparison between aerobic and anaerobic germination would yield 

insight into the differences between germination under each condition, this alone is not 

enough to develop an understanding of the primary response to changes in oxygen 

levels, as any differences observed may be due to the specific developmental stage 

and/or due to secondary responses. Thus, additional experimental strategies were 

undertaken to define oxygen dependent changes in the transcriptome and 

metabolome. This was achieved by i) analysis of the transcriptomic and metabolomic 

changes that occur under aerobic and anaerobic germination in rice, ii) analysis of 

embryos switched from aerobic to anaerobic growth conditions, and iii) vice versa 

(Study II). Only a relatively small number of transcripts displayed differential expression 

at the early time points during aerobic and anaerobic germination, with most changes 

occurring at 3 hours after imbibition (HAI) or later. This indicated that the earliest 
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stages of germination are developmentally programmed and proceed largely 

unchanged, irrespective of external conditions. Despite over 9,000 transcripts and 

~100 metabolites changing in abundance under any one comparison, only 1866 

transcripts and 23 metabolites changed under all three experimental conditions, 

defining core aerobic and anaerobic transcripts and metabolites. In addition to 

previously characterised changes to the abundance of metabolites and transcripts 

associated with carbohydrate metabolism, novel changes were observed in several 

transcripts encoding lipid metabolism functions. The in silico prediction of putative 

CAREs that may regulate these changes in transcript abundance and cognate 

transcription factors (TFs) that may bind these CAREs, provides a framework for 

experimental testing of regulators of the aerobic and anaerobic responsive genes in 

rice. 

Arabidopsis and rice are widely accepted as the model species for dicots and 

monocots, respectively. Numerous studies used both of these models species 

independently to identify organ, developmental and abiotic stress responses at the 

transcriptome level. The third study presented in this thesis (Study III) involved a 

comparison of the organ specific transcriptomic signatures and response to abiotic 

stress in Arabidopsis and rice. Organ specific gene expression in rice and Arabidopsis 

displayed little overlap in terms of gene orthology, suggesting that sub-functionalisation 

of genes has occurred between these two species. In contrast, a significantly larger 

percentage of stress responsive genes had orthologues in the respective other specie 

compared to the percentage of orthologues in the respective genome. However, not all 

of the orthologues showed comparable transcriptomic responses between rice and 

Arabidopsis. For cold and heat stress, despite the comparable number of changes 

between both species, more transcripts of orthologous genes were responding in an 

opposite manner than the same manner, between Arabidopsis and rice. Many of these 

genes had functions annotated as “stress response” or “redox biology”, suggesting 

significance differences in the temperature stress response between Arabidopsis and 

rice. This conclusion was also supported by the in silico prediction of putative CAREs in 

the promoter regions of orthologous stress responsive genes in Arabidopsis and rice, 

as little overlap was observed in predicted over-represented CAREs, even for 

orthologous genes that responded in a similar manner in both species. 

In contrast to typical assumptions, the above results reveal that gene orthology 

is not necessarily a good indicator of commonality in expression patterns of genes 

between species. However, such approaches are often used to define reference or 

house-keeping genes in various species. For example, orthologues of genes identified 

as reference genes (stably-expressed) in Arabidopsis are often used as reference 
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genes in other species without any systematic testing. Thus, to determine suitable 

reference genes for rice, comprehensive microarray datasets were used to analyse 

expression during development, under abiotic and biotic stress conditions and following 

hormone treatments. This analysis identified a unique set of superior reference genes 

for rice and their stable expression was verified by quantitative RT-PCR (QRT-PCR). 

As expected, these genes were not orthologous to the reference genes previously 

identified in Arabidopsis.  

The analyses carried out in these studies not only gave greater insight into 

various processes in rice but also revealed the advantages and disadvantages of 

model species. While some of the responses observed in rice during germination, in 

response to anaerobiosis and under various abiotic stresses are also observed in 

Arabidopsis, many were also unique to rice. Furthermore, the in silico predicted CAREs 

that may be involved in driving the observed expression patterns differed significantly, 

indicating potential divergence in regulation under different conditions/between 

species. Due to the ~140 million years since monocot-dicot divergence, any observed 

similarities between these two species are likely to represent processes that are widely 

conserved across various plant taxa, whilst differences may reflect processes in which 

significant divergence has occurred over time. Thus, care needs to be taken in 

translational approaches using a single model. Furthermore, these studies highlight the 

usefulness of cereal specie research and indicate that deeper, more focussed study in 

the rice model may be warranted if biotechnological approaches are to achieve their 

potential to maintain and increase plant productivity, as is demanded by an ever 

increasing need for food. 
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1.1 Rice as a model and crop plant 

Land plants are thought to have evolved from algae more than 400 million years 

ago (Gray, 1985). The diversity of land plant forms evidenced today is most likely due 

to significant developmental changes that have taken place in this time period. Early or 

primitive land plants had no specialised reproductive organs, with the earliest plants 

relying on spores for reproduction (Gray, 1985). The fossil records indicate that 

approximately 200 million years ago the first flowering plants (angiosperms) appeared 

(Bateman et al., 2006) and today flowering plants dominate the landscape. One of the 

most significant families of flowering plants is in the Poaceae family of grasses, which 

includes all the major cereal species such as corn, sorghum, sugarcane, wheat, barley, 

rye, oats and rice. Of the flowering plants, there are two primary classes: 

i) dicotyledons that include species such as beans, cotton, sunflowers as well as the 

model plant, Arabidopsis thaliana (Arabidopsis) and ii) monocotyledons that include the 

aforementioned grasses. From all the cereal grasses, rice is one of the most consumed 

cereals on earth and is part of the staple food for more than half of the world’s 

population. The cultivation of plants and rice in particular, is considered to be one of the 

most important developments human history and is thought to have begun more than 

12,000 years ago. Rice is believed to have originated in Asia, where it has grown for 

centuries in various locations, from India to Vietnam, Thailand and China (Jueng et al., 

2005). Given the large climatic changes in the history of the planet and in the areas in 

which rice growth has spread over time, the Oryza family (rice grasses) consists of 

several species that have adapted to different environments. The predominant species 

consumed today is Oryza Sativa, which is further divided into two main cultivated 

sub-species including indica, which typically grows in more tropical climates, whilst the 

other species, japonica typically grows in more temperate climates (Jueng et al., 2005). 

Today, this diversity has allowed rice to be grown on every continent with the exception 

of Antarctica. 

 

Rice is the model monocot specie for several reasons. Firstly, it is a crop plant 

of significant agricultural importance, supplying 20% of the calorific needs of the world’s 

population. As a model for other grasses, it is excellent for genetic studies as it has a 

significantly smaller genome size of ~394 Mbp, compared to other cereal crop species 

such as wheat, which has a genome size that is >40 times larger than rice 

(~17,000 Mbp; (Sorrells et al., 2003)). In the year 2000, the first plant genome was 

sequenced for the model dicot plant, Arabidopsis and in 2002, the rice genome (Oryza 

Sativa) was sequenced (Goff et al., 2002; Yu et al., 2002), opening the door for in-

depth genetic and biochemical studies in dicot and monocot plants. These technologies 

enable scientists to gain a global snapshot of cellular processes at various levels of 
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regulation. It is important to note that although rice is closely related to the other cereal 

grasses such as wheat, it also has significant differences. Specifically, rice has the 

somewhat unique capacity to grow in the absence of oxygen, typically due to 

submergence with water (Lasanthi-Kudahettige et al., 2007). This is another reason for 

research using rice as a model, as understanding the mechanisms that enable this 

survival could allow for the development of greater flood tolerance in related cereal 

grass species such as maize, wheat, oats and barley. 

1.2 Germination 

The typical life cycle of flowering plants involves several distinct developmental 

stages, beginning from a dormant seed, which undergoes the process of germination to 

finally form an established plant during the vegetative stage. For rice, this life cycle 

takes about 3 to 6 months, beginning from a tiny seed that germinates and eventually 

grows into a 60-100 cm grassy green plant, ready for seed harvest after the 

reproductive developmental stage (Shao et al., 2001). One of the most critical stages of 

this life cycle is germination. The process of germination begins with the uptake of 

water by the dry seed, known as imbibition, and is considered to end when a part of the 

embryo emerges from the structures surrounding it (Bewley, 1997). The process of 

germination has been studied for years and in various species (Miyoshi and Sato, 

1997; Nakabayashi et al., 2005; Fait et al., 2006; Lu et al., 2006; Sreenivasulu et al., 

2008). Broadly, germination is proposed to consist of 3 phases; beginning with a rapid 

uptake of water (phase I), followed by a plateau phase of water uptake (phase II) and 

ending with a final water uptake phase (phase III) (Bewley, 1997). During phases I and 

II, large metabolic changes occur before the plant becomes autotrophic, these changes 

involve the utilisation of stored reserves for energy production and are necessary to 

prepare the embryo for the growth that occurs during phase III (Bewley, 1997).  

 

During germination, the large changes in metabolic activity are driven by 

underlying regulatory processes. Of these, hormonal regulation has been well 

characterised during germination and occurs by the antagonistic interaction of the 

phytohormones; abscisic acid (ABA) and gibberellins (GA), whereby ABA represses 

germination and GA promotes germination (Bewley, 1997; Holdsworth et al., 2008b). 

However, more recent studies have provided evidence suggesting a role for 

interactions with other phytohormones such as auxin, ethylene and brassinosteroids 

during germination (Holdsworth et al., 2008b). Regulation of germination has also been 

observed at the genomic level, whereby DNA hypomethylation during Brassica napus L 

(rapeseed) was observed to regulate specific gene expression (Lu et al., 2006). 

Several studies have also examined changes in transcript and protein abundance 

during germination, not only with the aim to gain insight into germination, but also to 
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dissect the underlying regulatory mechanisms that may be controlling the germination 

process (Howell et al., 2006; Sreenivasulu et al., 2008).  

 

One method to determine the requirement for regulation at different levels is by 

inhibition of those processes. For example, the examination of germination following 

transcriptional inhibition revealed that transcription was not required for de novo protein 

synthesis in imbibed cotton seeds, which suggested that endogenous mRNA was 

utilised in the early stages of the germination process (Dure and Waters, 1965). These 

findings were later supported by studies showing the presence of as many as 12,000 

transcripts in mature Arabidopsis and barley seeds (Nakabayashi et al., 2005; 

Sreenivasulu et al., 2008). In addition, a recent study closely examined transcriptional 

regulation during germination in Arabidopsis and identified novel transcriptional 

regulators as well as elucidating a role for mRNA degradation during the germination 

process (Bassel et al., 2008). It is important to note that following inhibition of 

transcription, germination was considerably delayed and only proceeded to the stage of 

radical emergence, which fulfilled the definition for germination, however subsequent 

seedling growth was prevented in these studies (Dure and Waters, 1965; Rajjou et al., 

2004). Collectively, these studies illustrate that regulation at the transcript level is 

required for maintaining the rate of germination and enabling early seedling 

establishment. Furthermore, studies have shown that following translational inhibition, 

germination was completely inhibited, demonstrating that protein synthesis is essential 

for successful germination (Rajjou et al., 2004). 

  

 Overall, it can be seen that there is a certain degree of overlap in the specific 

regulation and requirements for germination across different plant species. For 

example, the requirement of water for successful germination, the regulation of 

germination by ABA and gibberellins (Koornneef et al., 2002) and the requirement for 

translation (Dure and Waters, 1965; Rajjou et al., 2004; Holdsworth et al., 2008b) 

appear to be common for germination in flowering plants or angiosperms. The overall 

seed morphology in angiosperms is also well conserved across most species, with 

most species having i) an embryo, ii) an endosperm, iii) a perisperm and iv) a testa or 

seed coat at least at some stage during development (Bewley and Black, 1994). 

Although these aspects of seed morphology are loosely conserved, it is important to 

note that there are also significant variations in the regulation of developmental 

processes such as germination and in the morphology of flowers, roots and stems 

between species (Bewley, 1997). These differences in the finer seed morphology are of 

particular significance in terms of germination as these can determine whether 

germination can occur under different conditions. For example, differences in the size 

and nutrient storage within the endosperm impact on the success of germination and 



Chapter 1 General Introduction 

 

5 

 

survival of the germinating seedling (Bewley, 1997). Cereals such as rice produce large 

starchy seeds and most of this starch acts as nutrient storage for the embryo to utilise 

during germination, until the seedling can produce leaves and begin photosynthesis. In 

contrast, the dicot model plant, Arabidopsis produces small oil seeds that have small 

endosperms and largely rely on the presence of external nutrients for successful 

germination and seedling development (Brown et al., 1999). Therefore, an increased 

understanding of germination requires a variety of studies using a variety of seed 

types/species in order to compare common and different requirements during 

germination in different species. 

 The physiological and morphological processes that occur during germination 

have been observed and documented extensively in the past (Howell et al., 2006; 

Howell et al., 2007; Holdsworth et al., 2008a). However, the latest developments in the 

field of seed germination have largely occurred since the availability of “omics” 

technologies. Global “omics” technology was first utilised for the genome sequence and 

then extended to the transcriptome, proteome, metabolome and is still growing as 

high-throughput analysis of other cellular process become possible, such as ionome 

(complete mineral content of cell) and interactome (complete protein-protein interaction 

map of cell).Utilising these transcriptomic, proteomic and metabolomic methods, a 

greater understanding of seed maturation and dormancy has been developed for the 

model dicot plant Arabidopsis (Nakabayashi et al., 2005; Holdsworth et al., 2008a; 

Holdsworth et al., 2008b). Analysis of the transcriptomic and metabolomic data from 

these studies revealed a correlation between transcript and metabolite levels during 

germination (Fait et al., 2006). Although these –omics levels have been well 

documented for Arabidopsis, there are a limited number of studies at these levels in 

other species. This shortage is particularly evident for monocots, most likely due to the 

limited number of species that have whole genome sequence information available. 

Despite this, a small number of transcriptomic studies have been carried out in wheat, 

barley and rice (Watson and Henry, 2005; Wilson et al., 2005; Howell et al., 2006; 

Sreenivasulu et al., 2008). These studies provided the first insights into the regulation 

of transcript abundance during starch seed germination in monocot plants. One of 

these studies used barley as a model to carry out an extensive transcriptomic analysis 

during seed development and germination in monocots (Sreenivasulu et al., 2008). An 

outline of the global changes in transcript abundance that occurred between the start of 

germination (dry seed) and at 24 HAI was examined (Sreenivasulu et al., 2008). In the 

dry barley seed, 56% of the transcripts represented on the Affymetrix Barley microarray 

were detected as expressed, this increased to 61% at 24 HAI, with a large number of 

significant changes in transcript abundance observed between these times 
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(Sreenivasulu et al., 2008). These results revealed the global transcriptomic changes 

between the start and end of germination, however this single comparison limited 

exploration of the finer changes that occur during the course of germination. 

Furthermore, the lack of a completely annotated barley genome sequence prevented 

the identification of putative cis-elements in promoter regions. Thus, in silico prediction 

of CAREs were carried out using promoter sequence data from orthologous gene in 

rice as an alternative (Sreenivasulu et al., 2008).  
 

1.2.1 Rice germination under aerobic conditions 

Germination studies examining various processes have also been carried out in 

rice. For example, a study examined the effect of treatment with the phytohormone 

kinetin during rice germination in the indica subspecies and found that, treatment with 

this hormone resulted in stimulation of germination (Miyoshi and Sato, 1997). Another 

study examined the transcript abundance of genes encoding α-amylases during rice 

and barley germination and found significant differential expression of these genes, 

whereby the genes encoding high pI α-amylases were found to peak in expression 

earlier than genes encoding low pI α-amylases, indicating germination stage specific 

expression of these genes (Karrer et al., 1990). Another study focussed on 

mitochondrial biogenesis and examined the morphological changes that occurred at a 

sub-cellular level during germination in rice (Howell et al., 2006). In addition, the 

transcript abundance for several genes encoding mitochondrial localised proteins were 

also analysed by QRT-PCR and examination of this data revealed transient expression 

of specific transcripts during germination (Howell et al., 2006). Specifically, genes 

encoding mitochondrial import components were found to peak in expression early in 

the time course (2-4 HAI), whilst genes encoding tricarboxylic acid (TCA) cycle and 

respiratory chain components peaked in expression at 24 HAI (Howell et al., 2006). 

Considering the results from previous studies, it appeared that a more extensive time 

course during rice germination would not only distinguish between transcripts regulated 

early and later during the germination process but also allow the direct identification of 

putative cis-acting elements involved in the regulation of these genes. Furthermore, 

parallel analysis at other levels, such as the metabolite level would allow correlation 

analysis of transcript and metabolite abundance data and thereby give insight into 

whether changes at the transcript level can ultimately drive the observed changes at 

the metabolite level, during germination. 
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1.3 Anaerobiosis 

1.3.1 Background to anaerobiosis 

Since the environment on earth became saturated with oxygen, over a billion 

years ago, organisms developed the capacity to utilise this oxygen for various 

molecular process and ensure survival of the species in this environment (Lenton et al., 

2004). In this way, oxygen-utilising photosynthetic organisms thrived and continue to 

thrive on earth (Lenton et al., 2004). However, in history and today, there are areas on 

the planet with almost no oxygen available. Just over 70% of the earth’s surface is 

covered in water, restricting oxygen diffusion in these areas, and as a result several 

species have developed mechanisms to survive under these and other oxygen 

deprived conditions for various amounts of time (Kennedy et al., 1992). The eukaryotic 

tree dates back to 1-2 billion years ago, when the mitochondrial endosymbiosis was 

established, followed by the plastid endosymbiosis about 1 billion to 500 million years 

ago, producing the plant lineage. Various species of yeast, vertebrate and invertebrate 

species as well as certain species of plants have the ability to survive and/or grow in 

anaerobic conditions (Bunn and Poyton, 1996; Kwast et al., 1998; Branco-Price et al., 

2008). The mechanisms by which these species survive anaerobic conditions can differ 

greatly and can vary with age and condition for each species. There are considered to 

be three main types of aerobic/anaerobic organisms; i) obligate anaerobic organisms 

that can only survive under anaerobic conditions and therefore die in the presence of 

oxygen, ii) facultative anaerobes that can tolerate and survive under anaerobic 

conditions and lastly, iii) aerobic organisms that can only survive in the presence of 

oxygen. For each type of organism, different pathways and mechanisms work 

collectively to ensure survival of the species.  

 

The mechanism of survival for the obligate anaerobic organisms, specifically 

bacteria, have been extensively studied revealing that under anaerobic conditions, 

these bacteria rely only on fermentation, typically lactic acid fermentation or anaerobic 

respiration for optimal growth and energy production (Zeikus, 1980). Interestingly, 

studies have also shown that the mechanism of survival between the prokaryotic 

obligate anaerobes and facultative anaerobes differs significantly (Bunn and Poyton, 

1996). For eukaryotic facultative anaerobes, survival under anaerobic conditions is 

generally not optimal and tends only to occur to ensure survival. For example, yeast 

and rice are facultative anaerobes that have been shown to rely on alternative 

pathways or ethanol fermentation to produce enough energy (as ATP), required to 

ensure survival under low oxygen conditions or in the absence of oxygen (Bunn and 

Poyton, 1996). In yeast, several studies have analysed changes in transcript and 

metabolite levels in response to changes in oxygen availability (Sweere et al., 1988; 
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Kwast et al., 1998). These studies have shown that under anaerobic conditions, the 

transcripts encoding proteins involved in the fermentation pathways and the associated 

metabolites are up-regulated (Sweere et al., 1988; Kwast et al., 1998). Under 

anaerobic conditions, these fermentation pathways do produce ATP; however the 

quantity of ATP produced is significantly less than the amount produced by oxidative 

phosphorylation and other oxygen dependant pathways that support growth under 

aerobic conditions (Zitomer and Lowry, 1992; Bunn and Poyton, 1996). In these 

facultative anaerobic species, as well as the completely aerobic species, it is shown 

that the oxygen dependant pathways produce the maximum amount of ATP, facilitating 

the energy demanding cellular processes required for optimal cell viability (Zitomer and 

Lowry, 1992; Bunn and Poyton, 1996; Kwast et al., 1998).  

1.3.2 Plants under anaerobiosis 

Plants are complex eukaryotes that have evolved a number of different 

strategies to deal with changes in the environment and various stresses, compared to 

simple eukaryotes like yeast. In plants, most cases of anaerobic conditions are a result 

of flooding. However, the level of tolerance to anoxia can be vastly different depending 

on the species, the duration of anoxia and the developmental stage at which it occurs 

(Bailey-Serres and Voesenek, 2008). Overall, with respect to germination, it appears 

that starch storing seeds tend to display greater tolerance to anoxia than oil storing 

seeds (Raymond et al., 1985). Despite these variations in tolerance between different 

plant species, one common mode of response to anoxia in plants, is avoidance (Howell 

et al., 2007; Bailey-Serres and Voesenek, 2008; Branco-Price et al., 2008). This is 

referred to as “low oxygen avoidance syndrome”, which is displayed by significant 

morphological changes that increase the likeliness of the plant being exposed to 

aerobic conditions (Howell et al., 2007; Bailey-Serres and Voesenek, 2008). Typically, 

this is demonstrated by rapid elongation/growth of tissues that will allow the aerial parts 

of the plant to be exposed to the aerobic environment (Voesenek et al., 2006; Branco-

Price et al., 2008). However, this method only enables survival of the plant if the anoxic 

conditions do not last too long or if the flooding is not too deep. If conditions do not 

become aerobic within a given amount of time, most species of higher plants perish. 

Hence, most higher plants including agricultural and land species, are widely 

considered to be intolerant to low oxygen conditions.  

 A small number of higher plants have shown significant tolerance to anaerobic 

conditions, one example the flood tolerant perennial plant Populus x canescens (gray 

Poplar), which has the capacity to survive these anaerobic conditions over relatively 

long periods of time (Kreuzwieser et al., 2009). Specifically, it has been demonstrated 

that gray Poplar is highly tolerant to floods that can completely cover the base and 
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roots of the tree for extended periods of time, from weeks to months. A recent study 

using this flood tolerant gray poplar species, revealed various molecular and 

physiological changes that occurred following flooding (Kreuzwieser et al., 2009). This 

study examined global changes in transcript and metabolite abundance in leaf and root 

tissues after flooding. It was observed that the greatest number (~5000 transcripts, 

~10% of genes in the genome) were observed to be significantly changing in 

abundance in the roots, which were grown under hypoxic conditions, whilst the aerial 

parts of the poplar plants remained exposed to a normoxic environment (Kreuzwieser 

et al., 2009). Broad analysis of these transcripts revealed that a large number of the 

encoded proteins are involved in carbon and nitrogen metabolism (Kreuzwieser et al., 

2009). Specifically, it was evidenced that the differential expression of these transcripts 

could reflect a re-organisation of carbon/nitrogen metabolism that occurs in response to 

the flooding of the roots (Kreuzwieser et al., 2009). Furthermore, a shift of transcript 

abundance for genes encoding energy and carbohydrate metabolism functions was 

observed, with an increased starch breakdown observed in leaves (Kreuzwieser et al., 

2009). These changes in starch and sucrose metabolism correspond with observations 

in other species including rice and Arabidopsis under anaerobic conditions, where 

these pathways were also shown to be affected (Liu et al., 2005; Lasanthi-Kudahettige 

et al., 2007).  

Analysis of the metabolites changing in abundance under hypoxia, 

complemented the transcriptomic findings and revealed that a translocation of sucrose 

occurred via the phloem, possibly due to the observed change in sucrose metabolism 

that occurs in order to maintain carbohydrate supply to the roots growing under 

anaerobic conditions (Kreuzwieser et al., 2009). Other significantly changing transcripts 

encoded components of glycolytic metabolism and ethanol fermentation, which are 

known to be affected under anoxic conditions, in a variety of plant species (Kennedy et 

al., 1992; Liu et al., 2005; Lasanthi-Kudahettige et al., 2007; Kreuzwieser et al., 2009). 

Analysis of the metabolites also revealed that the -aminobutyrate (GABA) shunt was 

up-regulated (Kreuzwieser et al., 2009), which was of interest given that components of 

the TCA cycle such as isocitrate dehydrogenase (IDH) are known to be differentially 

regulated under anaerobic conditions (Kennedy et al., 1992). Taken together, it was 

proposed that the observed up-regulation of the GABA shunt pathway could act to 

by-pass the IDH reaction in the TCA cycle, thereby stabilising cytoplasmic pH in 

response to the build up of ethanol during the fermentation reactions in the anaerobic 

roots of the flooded poplar plants (Kreuzwieser et al., 2009). 

 Given that poplar is known to be flood tolerant, changes in the regulation of the 

affected pathways reveals the response to flooding, without distinguishing between the 
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immediate stress response and the specific response to hypoxia. To examine the 

anaerobic response in an intolerant specie, several studies have used Arabidopsis as a 

model. A global transcriptome study revealed that over ~1200 transcripts (~4% of all 

genes in the genome) were found to be significantly changed in abundance under 

anaerobic conditions in Arabidopsis, which was a much smaller proportion (only ~4%) 

than the proportion of differentially expressed genes under anaerobic conditions in 

Poplar (~10%) (Liu et al., 2005; Kreuzwieser et al., 2009). Overall, the studies 

examining the anaerobic response in Arabidopsis revealed a selective down-regulation 

of genes encoding energy demanding processes such as transport, translation and 

various other biosynthetic pathways (Branco-Price et al., 2005; Liu et al., 2005; Loreti 

et al., 2005; Van Dongen et al., 2008). In addition to these, changes in glycolytic flux, 

starch and sucrose metabolism pathways were also observed under anaerobic 

conditions in Arabidopsis and poplar, indicating that these pathways are particularly 

affected by oxygen availability, whether or not the species is tolerant or intolerant to 

anoxic conditions (Liu et al., 2005; Kreuzwieser et al., 2009). 

As outlined earlier, significant variations in the level of anoxia tolerance can be 

displayed depending on the species, the level and during of anoxia, as well as the 

developmental stage at which the anoxia occurs. Of all the higher plants, only six 

species including the African legume Erythina caffra, four species of Echinochloa and 

rice, Oryza Sativa are known to successfully germinate and even grow in the complete 

absence of oxygen (Kennedy et al., 1992). Given the agricultural importance of rice 

and this unique ability to tolerate anoxia, rice has become the most extensively studied 

plant in terms of anoxia tolerance research for higher plants. Interestingly, despite the 

close relation between rice and the other grass species such as wheat, barley and 

oats, the latter species are intolerant to anoxia and fail to successfully germinate under 

anoxic conditions. A study compared the anoxia response between wheat, barley and 

rice and found that unlike wheat and barley, rice possesses and up-regulates the 

expression of genes encoding proteins essential for starch breakdown functions, 

including specific α-amylases that are essential under anaerobic conditions 

(Guglielminetti et al., 1995). In addition, other pathways have also been observed to be 

affected under anaerobic conditions in rice, including the breakdown of sucrose via 

sucrose synthase, an increase in glycolysis and the use of pyrophosphate (PPi) linked 

enzymes; phosphofructokinase-PPi dependent (PFK-PPi) and pyruvate 

orthophosphate dikinase (PPDK) as an alternative to the use of ATP for the catalysis of 

glucose during glycolysis (Huang et al., 2008; Magneschi and Perata, 2009). 

Collectively, these studies revealed significant differences in the glycolytic pathways 

and starch and sucrose metabolism that may be part of the survival mechanisms of rice 
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grown under anaerobic conditions. In addition to these studies, extensive genetic and 

biochemical studies has also enabled the identification of the locus that appeared to be 

responsible for submergence tolerance (SUB1A-1 locus) in rice (Xu et al., 2006). This 

SUB1a-1 gene encodes a TF containing an ethylene responsive element (ERF) 

domain and activity of this TF was found to increase the accumulation of signaling 

repressors; Slender Rice-1 (SLR1) and SLR1-like proteins that repress the ethylene 

stimulated GA response (Fukao and Bailey-Serres, 2008). Although the discovery of 

the SUB1A locus was a significant finding, it does not fully explain the successful 

germination of rice under completely anaerobic conditions, given that the complete lack 

of oxygen prevents the synthesis of ethylene and other hormones, thereby preventing 

their signalling and downstream effects (Magneschi and Perata, 2009). Thus, further 

investigation at both the regulatory and metabolic levels is necessary to further our 

understanding of the anaerobic response in rice. 
 

Under completely anaerobic conditions, rice has the ability to successfully 

germinate and even develop to the stage of coleoptile emergence. Thus, recent studies 

have examined coleoptiles (Lasanthi-Kudahettige et al., 2007) and germinating seeds 

(Howell et al., 2006; Howell et al., 2007) under anaerobic conditions to develop an 

understanding of the biochemical changes that occur during at these developmental 

stages. Global transcriptome data was compared between rice coleoptile tissues 

collected from 4-day-old aerobic vs. anaerobically grown coleoptiles, revealing that 

over 3000 transcripts (~6% of the genome) were significantly differentially expressed 

between the coleoptiles from the seedlings grown under each condition (Lasanthi-

Kudahettige et al., 2007). Closer analysis of the function of the encoded proteins 

revealed that a large number of these significantly changing transcripts encoded 

proteins involved in carbohydrate metabolism, such as sucrose breakdown, glycolysis 

and α-amylases (Lasanthi-Kudahettige et al., 2007), corresponding with the anoxia 

responses observed in other species under anaerobic conditions (Liu et al., 2005; 

Kreuzwieser et al., 2009). As expected, a down-regulation of genes encoding oxygen-

dependent enzymes was also observed, indicating a possible energy conservation 

mechanism occurring under anaerobic conditions (Lasanthi-Kudahettige et al., 2007; 

Magneschi and Perata, 2008). In addition, the transcripts encoding expansins, heat 

shock proteins, ERF TFs and enzymes involved in reactive oxygen species metabolism 

were also observed to be significantly changing in abundance, under anaerobic 

conditions (Lasanthi-Kudahettige et al., 2007). Considering the large changes in the 

global transcriptome observed under anaerobic conditions in rice, as well as the finding 

that several of these encode TFs, studies have taken steps to identify regulatory 

components for these transcripts (Mohanty et al., 2005; Lasanthi-Kudahettige et al., 
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2007; Mattana et al., 2007; Magneschi and Perata, 2009). Examples of these include 

the identification of putative motifs that represent potential TF binding sites as well as 

the experimental determination of the activity of these sites (Mohanty et al., 2005; 

Lasanthi-Kudahettige et al., 2007; Mattana et al., 2007; Magneschi and Perata, 2009). 
 

In addition to the examination of anaerobically grown coleoptiles, growth of rice 

under completely anaerobic conditions has also been examined in germinating seed 

(Howell et al., 2007). The analysis of germination under aerobic and anaerobic 

conditions in this study was carried out with a focus on mitochondrial biogenesis, as 

these are the sites of oxygen consuming processes such as respiration and ATP 

production via oxidative phosphorylation (Howell et al., 2007). In terms of mitochondrial 

structure, it was revealed that mitochondrial structure is largely similar under aerobic 

and anaerobic conditions, despite differences in respiration (Howell et al., 2007). In 

contrast, analysis of the transcript abundance for genes encoding proteins located in 

the mitochondria revealed significant differences under aerobic and anaerobic 

conditions (Howell et al., 2007). Specifically, the transcripts encoding components of 

the TCA cycle and mitochondrial electron transport chain were up-regulated under 

aerobic germination, whilst this up-regulation was not seen for anaerobically grown 

seedlings (Howell et al., 2007). Furthermore, measurement of the mitochondrial import 

capacity via the general import pathway revealed an increased capacity under aerobic 

germination, which was not observed under anaerobic germination (Howell et al., 

2007).  

Interestingly, some of the metabolic tolerance strategies employed by rice 

appear to overlap with other flooding tolerant plants and also yeast (Zitomer and Lowry, 

1992; Kreuzwieser et al., 2009). The most conserved of these pathways involved in 

anaerobic tolerance, include ethanol fermentation and the subsequent up-regulation of 

alcohol dehydrogenase (Kennedy et al., 1992; Bailey-Serres and Voesenek, 2008). 

Similarly, the repression of energy demanding processes is also conserved in anoxia 

tolerance mechanisms in yeast and plants (Bunn and Poyton, 1996; Branco-Price et 

al., 2005; Branco-Price et al., 2008). Specifically, a conserved repression of 

mitochondrial respiration/oxidative phosphorylation pathways is seen both in yeast and 

the anoxia tolerant plant species (Kwast et al., 1998; Howell et al., 2007). In plants, this 

suppression has been demonstrated by the ~10-fold lower rate of ATP production, due 

to a restriction/lack of oxidative phosphorylation seen in plant cells grown under 

anaerobic conditions (Branco-Price et al., 2008; Huang et al., 2008). Overall, studies 

examining germination and growth under anaerobic conditions reveal that rice appears 

to have developed not only the capacity to exercise the avoidance strategies but also 

to significantly alter metabolism in order to maintain a viable energy budget in a low 
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oxygen or completely anaerobic environment (Kennedy et al., 1992; Howell et al., 

2007; Lasanthi-Kudahettige et al., 2007; Bailey-Serres and Voesenek, 2008). 

1.4 Global overview of rice transcriptome 

1.4.1 Genome to transcriptome 

The complete sequences of the Arabidopsis (2000) and rice genomes (Goff et 

al., 2002; Yu et al., 2002) have been widely used by many plant scientists, with 

thousands of publications that utilise this sequence data in a variety of studies from 

transcriptomic investigations, in which the genome sequence data is utilised to design 

primers or probes required for analysis of transcript abundance to proteomic studies 

that utilise genome sequence information for the prediction of protein coding regions. 

The complete genome sequence of both Arabidopsis and rice has facilitated the 

development of genome microarrays for both species. The availability of these 

microarrays has enabled numerous, individual studies to examine transcriptomic 

changes under a given set of conditions. In many instances, microarray data 

submission to freely available public microarray databases, is a prerequisite for 

publication and has seen the establishment of compulsory microarray data repositories 

such as GEO (http://www.ncbi.nlm.nih.gov/geo) and ArrayExpress 

(http://www.ebi.ac.uk/arrayexpress). As with the submission of sequence data, the 

submission of transcriptome data allows the data to be used by the wider scientific 

community and has many impacts beyond the immediate study that produced the data. 

In particular, it allows individual investigators that have carried out a limited number of 

hybridisations, to compare their data to tens or hundreds of other experiments and thus 

give greater insights into biochemical processes and regulatory mechanisms, which 

often prompts new experiments or hypotheses.  

1.4.2 The rice transcriptome so far 

The rice genome was the second plant genome to be completely sequenced, 

significantly adding to the value of rice as the model monocot plant (Goff et al., 2002; 

Yu et al., 2002). Thus, following the release of the rice genome sequence, there was a 

requirement for the use of genome-wide technologies to allow functional genomics 

analysis for all rice genes. The agricultural importance and representative monocot 

model status of rice, saw the rapid development of public databases with annotation 

information available for all rice genes (Yuan et al., 2005; Ohyanagi et al., 2006; 

Ouyang et al., 2007; Tanaka et al., 2008) as well as the development of the rice 

genome microarray. Several studies began utilising microarray technology to examine 

the rice transcriptome. Examples of the types of microarrays included the Affymetrix 

Rice genome microarray chip that contains 57,302 probesets, the Agilent 44 K 

http://www.ncbi.nlm.nih.gov/geo
http://www.ebi.ac.uk/arrayexpress
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oligonucleotide microarray, the 70-mer custom rice oligonucleotide array and several 

other custom-made rice oligonucleotide arrays. Although these studies used 

microarrays on various platforms, they have provided significant and useful insight into 

organ, development and stress transcriptome profiles. However, the use of different 

platforms makes the direct integration between these studies difficult, as normalisation 

protocols and differences in expression cannot be compared directly across different 

platforms. Nevertheless, it was observed that the largest number of microarrays 

deposited to the public repositories was carried out using the Affymetrix platform for 

rice as well as Arabidopsis. Use of a single platform is particularly important as it 

maximises consistency between samples due to the standard array design, use of 

internal controls and standardisation of procedures, from cDNA and cRNA generation 

to hybridisation, staining and scanning methods. Furthermore all data analysed on a 

common platform has the advantage of uniform normalisation, enabling comparability 

and ultimately facilitating the examination of transcript expression across different 

samples, even for samples analysed in different laboratories. The predominant use of a 

single platform such as Affymetrix microarrays has enabled combined data 

normalisation and analysis, which has facilitated the creation of databases such as 

Genevestigator (Zimmermann et al., 2004). Using these principles, the Genevestigator 

database allows the visualisation of expression levels for a given gene or genes of 

interest under all conditions/all tissues for which the microarrays are publically available 

(Zimmermann et al., 2004; Hruz et al., 2008). 

  For rice, there is now a wide range of microarray experiments that have used 

the Affymetrix platform to analyse the rice transcriptome for various organs, 

developmental stages/tissues, under abiotic (heat, cold, drought salt), biotic (fungal, 

bacterial, viral) and hormone experimental designs. As at the 1st of August 2009, this 

number added up to a total of 129 different biological samples analysed, which were 

made up of 2 or more biological replicates per sample, resulting in a total of 366 high 

quality Affymetrix microarrays. Of these 366 microarrays, 48 microarrays were carried 

out to examine changes in the rice transcriptome during germination under aerobic 

(Study I) and anaerobic conditions (Study II). Similarly, 57 microarrays were carried out 

for samples collected from various developmental tissues, at different developmental 

stages and for seedlings following drought, salt and cold treatment (Jain et al., 2007). 

The focus of the aforementioned study was the analysis of the changes in transcript 

abundance for all genes encoding F-box proteins in rice (Jain et al., 2007). As 

explained above, the public availability of microarrays can extend the usefulness of 

microarray data beyond the context of the study in which they were carried out, as was 

demonstrated by the finding that since the public release of the microarrays from this 
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study (Jain et al., 2007), other studies have utilised this data for analysis in combination 

with other microarrays (Hu et al., 2009; Huang et al., 2009a). Thus, the advantages in 

the availability of large sets of publically available rice microarray data on a common 

Affymetrix platform has been demonstrated and further supported by their re-analysis 

in new studies, ultimately leading to the development of novel insights into the rice 

transcriptome under various conditions.  

1.4.3 Rice verse Arabidopsis comparisons 

The use of microarray data beyond the immediate experiments for which they 

were performed have clearly been demonstrated by the extensive use of databases 

that house these datasets such as Genevestigator (Zimmermann et al., 2004) as well 

as in studies that collate and analyse datasets from different experiments to generate 

new hypotheses, pose new questions or gain novel insight(s) into various biological 

processes (Hu et al., 2009; Huang et al., 2009a, 2009b). Similarly, for Arabidopsis 

there is an even larger number of publically available microarray datasets that have 

been used in this way. Examples of these studies include a study that identified 

superior reference genes that are now widely used by the scientific community 

(Czechowski et al., 2005), another study that defined of core transcripts responsive to 

oxidative stress (Gadjev et al., 2006), and a study that utilised publically available and 

condition independent/specific transcriptomic data to examine co-expression leading to 

the identification of specific MYB TFs regulating aliphatic glucosinolate production 

(Hirai et al., 2007).  

However, it is also possible to use microarray data to compare processes 

between species. Arabidopsis is clearly established as the plant dicot model and its 

selection as a model was carried out largely on the basis of biological convenience, in 

terms of the small genome and short life cycle, rather than agricultural importance. 

Despite this, there is no question of the usefulness of Arabidopsis as a model plant, 

given that decades of research in Arabidopsis has subsequently lead to a greater 

understanding of many important plant cellular processes such as innate immunity 

(Jones and Dangl, 2006), circadian rhythms (Chory et al., 1989a; Chory et al., 1989b), 

ubiquitin cycle (Parry and Estelle, 2006), RNA silencing (Matzke et al., 2001) and many 

other processes. Although this research has allowed a greater understanding of plant 

processes in general, it is unclear how well, and which specific processes observed in 

Arabidopsis are conserved in other plants such as rice. Given that a complete and 

annotated genome sequence, as well as a common transcriptomic analysis platform 

(Affymetrix), exists for both rice and Arabidopsis, comparison between these two 
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species would be informative to define widely conserved and distinct transcriptomic 

responses in plants. 

When considering any comparisons between species, it is important to consider 

the evolutionary distance between the model and target species (Flavell, 2009). In the 

history of plants, it is believed that the monocots are separated from the dicots by 

~140 million years (Chaw et al., 2004). This significant divergence justifies the need for 

a separate model to represent the monocot cereal grasses; hence the establishment of 

rice as the second plant model species. It is clear that since the sequencing of both 

genomes, orthologous genes could be defined based on sequence similarity (Remm et 

al., 2001). This has lead to the general assumption that orthologous genes are 

regulated in the same way across different species. This assumption has also been 

somewhat reinforced by studies that show conserved roles for gene products between 

species. For example, the role for ABA and GA signalling in germination is generally 

considered to be conserved in plants, with reports of conservation in barley (monocot), 

rice (monocot), Arabidopsis (dicot) and other plants species (Koornneef et al., 2002). In 

contrast, areas of divergence have also been observed between species, for example 

the divergence of receptor-like kinases between rice and Arabidopsis (Shiu et al., 

2004). Despite this, conclusions about “plants” still tend to be made following research 

carried out using the Arabidopsis model.  

 Typically, comparative studies between rice and Arabidopsis have involved 

comparison of genes at the sequence level, leading to conclusions in relation to 

evolution and conservation of genes. For example, several studies have examined TF 

families between Arabidopsis and rice and made conclusions about their evolution, 

largely based on sequence information (Dubouzet et al., 2003; Wu et al., 2005; Yanhui 

et al., 2006). A comparison of the WRKY family of TFs between Arabidopsis and rice, 

involved mostly sequence and domain comparisons and indicated that this family was 

also conserved in both Arabidopsis and rice, as well as in protist and algae species 

(Wu et al., 2005). Similarly, a study comparing the MYB family of TFs between 

Arabidopsis and rice concluded that this family was clearly conserved in both species; 

however after the divergence from monocots, there was a significant expansion event 

that occurred for the MYB family in Arabidopsis (Yanhui et al., 2006). Another 

comparative study examined the drought responsive element binding (DREB) genes in 

Arabidopsis and rice, this study not only involved sequence comparisons but also 

carried out functional comparison with Arabidopsis plants transformed with an OsDREB 

gene (Dubouzet et al., 2003). It was observed that despite the highly conserved binding 

site of the TF between the orthologous genes, it was apparent that the rice 

DREB1-type ERF/AP2 domain containing genes were more conserved between each 
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other, compared to the Arabidopsis orthologues (Dubouzet et al., 2003). The last study 

is an example of the few studies that have not only examined orthology but also 

examined conservation of function.  

Despite the importance of considering the response and function genes and not 

only sequence orthology, many studies have carried out translational research based 

on orthology alone. For example, a study utilising rice transformed with Arabidopsis 

NPR1 revealed that when this gene was over-expressed, greater resistance to 

bacterial infection was observed, which was consistent with the characterisation of this 

gene in Arabidopsis as being part of the systemic acquired response pathway in 

Arabidopsis (Chern et al., 2001). In contrast, a study utilising transgenic rice plants that 

constitutively expressed Arabidopsis genes known to be part of the abiotic stress 

responsive pathways; CBF3/DREB1A (CBF3) and ABF3, displayed differing 

resistances to that observed in Arabidopsis (Oh et al., 2005). The transgenic rice plants 

expressing Arabidopsis CBF3 showed greater resistance to drought and salt stress, 

whilst only showing marginal resistance to cold stress, which was in contrast to 

Arabidopsis, where CBF3 confers resistance to cold stress (Oh et al., 2005). 

Furthermore, constitutive expression of CBF3 and ABF3 in Arabidopsis resulted in 

stunted growth, in contrast to the normal, non-stunted growth of the transgenic rice 

plants over-expressing these genes (Oh et al., 2005). Overall, it is evidenced that in 

translational research, there are also cases where differing responses are observed, 

thereby cautioning the singular use of orthology with model genes as a basis for 

making conclusions across all plants.  

Finally, with regards to elucidating conserved processes between species, 

studies have examined different avenues of regulation at the transcript level, between 

orthologous genes. For example, several miRNAs have been found to be highly 

conserved between Arabidopsis and rice, implicating conserved regulation by these 

miRNAs (Sunkar and Zhu, 2004). Another example of conservation between 

Arabidopsis and rice, is for the well characterised regulation by DRE/CRT transcription 

factors (Dubouzet et al., 2003). This study showed a high level of conservation of 

cis-elements between rice and Arabidopsis, based on comparison of the known binding 

sites (Dubouzet et al., 2003). However, it has also been shown that although a gene 

may have an orthologue or multiple orthologues, the potential regulatory regions 

including promoter sequences, UTRs and intron sequences are not as well conserved 

in primary sequence between species (Flavell, 2009). Therefore a detailed comparative 

analysis of CAREs between Arabidopsis and rice has the potential to give greater 

insight into the exact extent of conservation in regulation that exists between the two 

model species. 
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1.5 Aims and approach 

It is clear that both Arabidopsis and rice are model species that have been 

useful in a variety of research areas. However, studies in Arabidopsis have progressed 

to a greater extent than in rice. In addition to the numerous other features that made 

Arabidopsis the first model plant to be sequenced, this gap is largely due to the simple 

practical reason that growing rice requires greater resources. Intensive research in rice 

takes place in a variety of locations, from Asia, where it is the dominant cereal to the 

USA and Europe, where various institutes for rice research also exist. To fully exploit 

both model species, it would be beneficial to use the strength of each model plant and 

generate and/or analyse similar datasets from both plants. For example, the unique 

ability of rice to withstand anaerobic conditions positions it as a model for studying 

processes of resistance to anaerobiosis in plants. Thus, the aims of the studies 

proposed in this thesis were to carry out a number of investigations that would fill the 

existing knowledge gap between rice and Arabidopsis (Study I and IV), exploit the 

unique characteristics of rice (Study II) and analyse comparable datasets between 

Arabidopsis and rice (Study III). Specifically, the following investigations were carried 

out: 

i) Study I involved a detailed analysis of germination under aerobic conditions in rice 

at the transcriptome and metabolome levels. This research was undertaken to gain 

understanding of the process of germination, from imbibition to the end of 

germination in a monocot plant, making it the first comprehensive study of its kind 

for monocots.  

The experimental design involved a comprehensive time course beginning from 

dry seed to 1, 3, 12 and 24 HAI. Analysis of transcript and metabolite levels in 

parallel over the time course enabled comparative analysis that gave insight into 

potential coordination between these levels. Expression analysis across public 

microarrays allowed the identification of germination specific genes.  

ii) Study II was undertaken to investigate the primary response of rice to changes in 

oxygen availability. Three different experimental designs were utilised to define 

oxygen responsive transcripts and metabolites. 

The 3 way experimental design was as follows: 1) a comparison of aerobic vs. 

anaerobic conditions for dry seeds and germinating seeds at 1, 3, 12 and 24 HAI, 

2) seedlings grown for 24 h under aerobic conditions were transferred (or 

switched) to anaerobic conditions for 3 and 6 h and 3) seedlings grown for 24 h 

under anaerobic conditions were transferred to aerobic conditions for 3 and 6 h. 
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Based on common up or down-regulated patterns, core aerobic/anaerobic 

responsive transcripts and metabolites were identified. These core transcripts were 

then analysed to revealed over/under-represented functional groups based on the 

function of the encoded proteins. In addition, novel insight into oxygen responsive 

metabolites was gained, collectively revealing how metabolism may be 

reprogrammed in response to changes in oxygen availability. 

iii) Study III involved the analysis of comparable transcriptome datasets from 

Arabidopsis and rice. The aim was to investigate conserved and distinct 

transcriptomic responses during development and under abiotic stress; including 

drought, salt, cold and heat treatment. 

Utilisation of all public transcriptome data on the same microarray platform enabled 

comparative analysis between rice and Arabidopsis, during development and 

under abiotic stress. Organ specific genes and orthologues in both species were 

compared to determine conservation of this specificity during development. 

Comprehensive analysis of common and oppositely regulated orthologous genes 

between rice and Arabidopsis were examined to determine convergence or 

divergence in transcriptomic responses under these stresses. Lastly, stress 

responsive sets of transcripts were analysed for putative CAREs to give novel 

insight into the level of conservation in regulatory features, specifically the 1 kb 

upstream regions of orthologous genes between rice and Arabidopsis.  

iv) The final study, Study IV was undertaken was to identify superior reference genes 

for use in transcriptomic studies in rice.  

This study involved analysis of all rice public transcriptome data on the same 

microarray platform. Specific mathematical and statistical methods were used to 

identify the most stably expressed genes, across the significantly different 

developmental tissues and across a wide range of experiments following 

independent biotic, abiotic and hormone treatments. A previous, similar study 

utilising all public Arabidopsis transcriptome data identified superior reference 

genes on this basis (Czechowski et al., 2005).  

Overall, these studies were designed to enhance the use of rice as a model plant. 

Novel insight was gained into the cellular processes and regulation that occurs at the 

transcriptomic level and metabolomic levels in rice. Comparison to public microarray 

data from other rice studies and comparable studies in Arabidopsis, gave the findings a 

novel angle of analysis by providing insight into the greater context of the data. 

Processes that were defined as common between both Arabidopsis and rice, 
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separated by ~140 million years, are likely to be conserved in a wide variety of plant 

species. In contrast, it is expected that species specific responses may also be 

observed and should be considered in regards to the representative power of particular 

model species. 
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Foreword to Study I 

 Germination is a critical stage in the life cycle of a plant and therefore has been 

an intensively studied area in plant biology. The analysis of germination using 

high-throughput technology not only significantly adds to existing knowledge, but also 

allows global similarities and differences to be identified between species. The 

divergence of monocots from dicots is thought have occurred ~140 million years ago 

(Chaw et al., 2004), resulting in distinct characteristics between these groups. For 

instance, Arabidopsis (the dicot model specie) has a relatively short life cycle and 

produces small, oil storing seeds, whilst rice (the monocot model specie), has a longer 

life cycle and produces large, starch storing seeds. To date, various studies have been 

carried out examining the germination process in the dicot model species, Arabidopsis, 

(Nakabayashi et al., 2005; Fait et al., 2006). In contrast, previous analysis of 

germination in monocots has been limited (Sreenivasulu et al., 2008). Thus, Study I 

aimed to generate a greater understanding of germination in rice, specifically at the 

transcriptome and metabolome levels.  

Rice was the first crop specie to have its genome sequenced, setting it up to be 

the model of choice for cereal grass species. In addition, an established growth system 

for studying germination (Howell et al., 2006; Howell et al., 2007) and the availability of 

Affymetrix whole genome rice microarrays facilitated global transcriptomic analysis. A 

comprehensive time course beginning from dry seed (embryos) and including 1, 3, 

12 and 24 HAI was employed, enabling the identification of novel temporal patterns of 

expression. Transient expression patterns were observed for a group of transcripts 

encoding transcription factors, revealing the developmental switches that occur during 

germination in rice. In addition, evidence for transcriptional and post-transcriptional 

regulation of transcript abundance during germination was also seen. Future studies 

confirming protein expression and binding activity of the transiently expressed 

transcription factors and the transcripts regulated by these, would confirm the direct 

regulatory role of these factors in the germination process. Overall, Study I not only 

provided deeper insight into germination in monocots, but also produced high quality 

data that could be used for comparison to germination studies from different species or 

for comparison to rice germination under different conditions.  



Mapping Metabolic and Transcript Temporal Switches
during Germination in Rice Highlights Specific
Transcription Factors and the Role of RNA Instability in
the Germination Process1[W][OA]
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Transcriptome and metabolite profiling of rice (Oryza sativa) embryo tissue during a detailed time course formed a foundation
for examining transcriptional and posttranscriptional processes during germination. One hour after imbibition (HAI),
independent of changes in transcript levels, rapid changes in metabolism occurred, including increases in hexose phosphates,
tricarboxylic acid cycle intermediates, and g-aminobutyric acid. Later changes in the metabolome, including those involved in
carbohydrate, amino acid, and cell wall metabolism, appeared to be driven by increases in transcript levels, given that the large
group (over 6,000 transcripts) observed to increase from 12 HAI were enriched in metabolic functional categories. Analysis of
transcripts encoding proteins located in the organelles of primary metabolism revealed that for the mitochondrial gene set, a
greater proportion of transcripts peaked early, at 1 or 3 HAI, compared with the plastid set, and notably, many of these
transcripts encoded proteins involved in transport functions. One group of over 2,000 transcripts displayed a unique
expression pattern beginning with low levels in dry seeds, followed by a peak in expression levels at 1 or 3 HAI, before
markedly declining at later time points. This group was enriched in transcription factors and signal transduction components.
A subset of these transiently expressed transcription factors were further interrogated across publicly available rice array data,
indicating that some were only expressed during the germination process. Analysis of the 1-kb upstream regions of transcripts
displaying similar changes in abundance identified a variety of common sequence motifs, potential binding sites for
transcription factors. Additionally, newly synthesized transcripts peaking at 3 HAI displayed a significant enrichment of
sequence elements in the 3# untranslated region that have been previously associated with RNA instability. Overall, these
analyses reveal that during rice germination, an immediate change in some metabolite levels is followed by a two-step, large-
scale rearrangement of the transcriptome that is mediated by RNA synthesis and degradation and is accompanied by later
changes in metabolite levels.

Germination is a series of events that begins with
imbibition, the uptake of water by the dry seed,
followed by reinitiation of metabolic processes, elon-
gation of the embryonic axis, and, by strict definition,
terminates when part of the embryo emerges from the
structures that surround it (Bewley, 1997). Germina-
tion can be divided into three phases; phases I and II

are characterized by the rapid uptake of water and a
plateau phase of water uptake, respectively. These
phases represent a period of large metabolic change
that primes the embryo to commence growth during
phase III, when further uptake of water occurs (Bewley,
1997). Once the process of germination has commenced,
utilization of stored reserves for energy production is
necessary before the plant becomes autotrophic by
establishing photosynthesis. The importance of energy
metabolism in the early stages of seed germination can
be seen in studies that inhibit germination, in phase II,
by the use of various bioactive compounds or mutants.
The alterations of transcript signatures or profiles in
these studies reveal that many are associated with
energy production and associated biosynthetic path-
ways (Carrera et al., 2007; Bassel et al., 2008).

Historically, regulation of germination has been
described by the antagonistic interaction of the phy-
tohormones abscisic acid (ABA) and GA, whereby
ABA represses germination and GA promotes germi-
nation (Bewley, 1997; Holdsworth et al., 2008a). How-
ever, evidence is growing for a role of auxin during
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this process as well as the interaction of other phyto-
hormones such as ethylene and brassinosteroids
(Holdsworth et al., 2008a). Inhibition of transcription
and translation has differential effects on germina-
tion potential. It was shown over 40 years ago that
transcription was not required for de novo protein
synthesis in imbibed seeds, which suggested that
endogenous mRNA was utilized in early stages of
the germination process (Dure and Waters, 1965).
Recent studies on seed germination have shown that
as many as 12,000 mRNA molecules are present in
mature seeds in Arabidopsis (Arabidopsis thaliana) and
barley (Hordeum vulgare; Nakabayashi et al., 2005;
Sreenivasulu et al., 2008), consistent with the role of
preexisting mRNA molecules playing a central role in
germination. While transcriptional inhibition slows
the progression of germination, radicle protrusion still
occurs, although subsequent seedling growth is pre-
vented. In contrast, inhibition of translation com-
pletely inhibits germination (Rajjou et al., 2004).

Although seed development and germination have
been studied for several decades, recent advances in
our understanding of these complex processes have
largely resulted from the expansion of available se-
quence data and the establishment of large-scale
-omics technologies. In particular, for the dicot model,
Arabidopsis, a number of studies utilizing transcrip-
tomic, proteomic, and metabolomic methods to inves-
tigate seed maturation, dormancy, and maturation have
been published (Nakabayashi et al., 2005; Holdsworth
et al., 2008a, 2008b), including one study that reports a
correlation between transcript and metabolite data
during the germination process (Fait et al., 2006).

In comparison, there is a relative paucity of similar
studies in monocots, particularly at the whole ge-
nome level, with respect to transcriptomic and me-
tabolomic studies. While some transcriptome studies
in wheat (Triticum aestivum) and barley have been
performed (Watson and Henry, 2005; Wilson et al.,
2005; Sreenivasulu et al., 2008), the lack of complete
genome sequence data prevents comprehensive whole
transcriptome analysis, including promoter analysis
once coexpressed gene sets have been identified. For
example, the most comprehensive transcriptome study
in monocots to date, using barley (Sreenivasulu et al.,
2008), reported that cis element searches were per-
formed in homologous rice (Oryza sativa) promoters,
as this sequence information is not yet available for
barley. Also, time points sampled were 24 h after im-
bibition (HAI) or more apart (Sreenivasulu et al., 2008),
meaning that early and potentially regulatory changes
in the transcriptome have not yet been thoroughly
investigated in monocots.

Rice is an important food crop and is the first crop to
have its genome sequenced, making it the model of
choice for grass species. Several conditions established
rice as the optimal choice for global germination anal-
ysis in monocots: (1) the availability of whole genome
sequence information; (2) an established growth sys-
tem for studying germination (Howell et al., 2006,

2007); (3) widespread functional annotation informa-
tion; and (4) the availability of Affymetrix whole ge-
nome rice microarrays representing 51,279 transcripts.
All of these factors together enabled comprehensive
transcriptome analysis in rice over a germination time
course and the direct link of coexpressed genes with
upstream sequence information for identification of
potential regulatory sequence elements. Sampling tran-
scripts in dry seeds (0) and 1, 3, 12, and 24 HAI and of
metabolites at 0, 1, 3, 6, 12, 24, and 48 HAI has allowed
a detailed examination of germination in rice. Further-
more, this study enables the investigation of the roles
of transcriptional and posttranscriptional processes
and whether changes in transcript levels drive changes
in metabolites during this essential phase of plant
growth and establishment.

RESULTS

Transcriptome and Metabolite Profiling of Early Stages
of Rice Germination

We have previously characterized changes in water
content and metabolic activity in rice embryos during
germination up to 48 HAI and have observed the
expected triphasic mode of water uptake with concom-
itant increases in oxygen uptake (Howell et al., 2006).
Using this same experimental system, global changes
in transcript levels were determined 0, 1, 3, 12, and
24 HAI using the Affymetrix Rice GeneChip, consisting
of 57,381 probe sets representing 51,279 transcripts.
Microarrays were performed in triplicate for each time
point, and after normalization, analysis of the data
revealed that the correlation between the replicates for
each time point was greater than 0.98. The total number
of probe sets for analysis was reduced by removing
ambiguous probe sets and those that were not called
‘‘present’’ in at least two replicates at one time point,
resulting in a final present set of 24,150 transcripts
(Supplemental Table S1). Of these, over 17,000 tran-
scripts were present prior to imbibition (i.e. represent-
ing the mRNA stored in the dry seed). Differential
expression analysis (with false discovery rate correc-
tion and a stringent cutoff of P , 0.01) revealed that 76%
(18,372) of these transcripts changed in abundance over
the time course and 67% (16,487) changed relative to
0 HAI. (Supplemental Fig. S1; Supplemental Table S1).
When successive time points are compared, there were
relatively few changes in the first hour (59 up, four
down), with most changes observed between 3 and
12 HAI (5,396 up, 4,935 down) and between 1 and 3 HAI
(1,469 up, 1,276 down), while the number of changes
between 12 and 24 HAI was considerably lower (420
up, 424 down; Fig. 1). It was apparent that almost as
many transcripts decreased in abundance as increased
at almost all time point comparisons.

Metabolite analysis was performed on the same sam-
ples used for microarray analysis and additional samples
collected 6 and 48 HAI. A total of 126 unique metabolites
were detected in the rice embryo samples, and of these,
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66 could be identified based on matching to previously
run standards (Supplemental Table S2A). Statistical anal-
ysis of metabolite abundance revealed that most (93%) of
the 126 metabolites detected showed significant (P ,
0.05) changes in abundance between at least two time
points sampled during the time course, and of the 66
metabolites identified, all were found to show significant
changes in abundance (Fig. 1; Supplemental Table S2B).
Although a number of significant changes in metabolite
abundance were observed just 1 HAI (25 of the 126
metabolites displayed significant changes between 0 and
1 HAI), the differences between 1, 3, and 6 HAI were
more subtle compared with the large changes in the
transcriptome observed from 1 to 3 HAI (Fig. 1; Supple-
mental Table S2B). In contrast, large overall changes in
metabolite profiles were observed from 12 HAI onward
(Fig. 1), with more than 50 of the metabolites displaying
a significant change in abundance at 12 HAI or later (Fig.
1; Supplemental Table S2A). Overall, examination of the
changes in metabolites and transcripts revealed a rapid
change in metabolite levels within 1 HAI, which pre-
ceded the large changes in transcript abundance at 3 and
12 HAI and was followed by further changes in metab-
olites at 12 HAI or later.

Comparing Patterns of Specific Metabolites and
Transcripts during Germination

The striking changes in metabolite levels that oc-
curred just 1 HAI were predominantly associated with

major carbohydrate metabolism (Fig. 2A; Supplemental
Table S2B). Fru-6-P, Glc-6-P, and glycerate-3-phosphate
increased 7- to 42-fold between 0 and 1 HAI and were
also observed to increase at all time points thereafter.
Other metabolites found to rapidly increase included
the tricarboxylic acid (TCA) cycle intermediates
2-oxoglutarate, aconitate, fumarate, malate, and succi-
nate, with increases ranging from 2.7- to over 16-fold.
This suggests that there is an immediate increase in the
activity of glycolysis and the TCA cycle that facilitates
early, energy-demanding processes. While most of the
changes in amino acids were seen to occur later in the
time course, g-aminobutyric acid (GABA) and Gln
were notable exceptions, displaying 4.2- and 3.5-fold
increases at 1 HAI (Fig. 2A; Supplemental Table S2B).
In addition to increases in several amino acids (Ile,
Leu, Lys, Met, Phe, Ser, Tyr, and Val), changes in the
metabolite profiles at later stages of germination also
included increases in sugars (Fru, Glc, and maltose),
compounds associated with cell wall metabolism (Ara,
Gal, Hyp, and Rib), and minor carbohydrate metabo-
lism (galactitol, sorbitol, trehalose, and Xyl).

To compare these metabolite patterns with profiles
observed for the 24,150 transcripts detected during
rice germination, transcript abundance data were nor-
malized to the highest value for each transcript and
then hierarchically clustered, resulting in four main
types of transcript profile patterns (Fig. 2B). Cluster
1 represents just under one-third of all expressed genes

Figure 1. Summary of the number of significant changes in transcripts and metabolites between successive time points during
rice germination. Transcript and metabolite profiling were performed on rice embryo tissue samples collected at various time
points during germination (0, 1, 3, 12, 24, and 48 HAI). Changes in the abundance of 24,150 transcripts and 126 metabolites
were determined, and statistical analysis was performed to evaluate significant differences between all possible combinations of
time points (Supplemental Fig. S1). Comparison of successive time points for significantly up-regulated (red) and down-regulated
(blue) transcripts (dark red and blue; left axis) and metabolites (light red and blue; right axis) revealed differences in the timing of
significant alterations in the transcriptome and metabolome. The numbers of significantly changing transcripts and metabolites
for each comparison are given above and within the columns, respectively. nd, Not determined.
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Figure 2. (Legend appears on following page.)
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and is characterized by transcripts that have relatively
low and stable levels at early stages of germination
and then increase over the time course examined.
Cluster 1 was subdivided into four subgroups (A–D)
based on when the increase in transcript abundance
was observed: cluster 1A increases from 12 to 24 HAI;
cluster 1B increases from 3 to 12 HAI, followed by
decreases from 12 to 24 HAI; cluster 1C increases
between 3 and 12 HAI and remains high at 24 HAI;
and cluster 1D increases after 1 or 3 HAI (Fig. 2B).
Cluster 2 (black) was unique in that the transcript
abundance profiles peaked in abundance after 1 or 3
HAI and then decreased to low levels again from 12
HAI (Fig. 2B), suggesting that a distinct regulatory
process has occurred that transiently affects the tran-
script abundance of over 2,000 genes. Furthermore, the
transient but dramatic increases in the transcripts that
constitute cluster 2 precede the majority of the in-
creases in transcripts observed for cluster 1, which
occur at 12 HAI or later (Fig. 2B). Cluster 3 (pink) is
defined by transcripts that decrease throughout the
time course of the study, representing almost one-third
of all expressed genes, and can be divided into two
subgroups: 3A, in which the profiles showed a general
decrease in transcript abundance, starting after 1 HAI
and continuing to 12 HAI; and 3B, in which the
decrease was not as dramatic as that observed for
cluster 3A. Cluster 4 (blue) comprises just over one-
quarter of all expressed genes and showed relatively
constant transcript levels across the time course (Fig.
2B). Interestingly, cluster 1C and cluster 3A are prac-
tically mirror images, in that they both include around
3,500 genes, and while cluster 1C shows an increase at
3 HAI, cluster 3A displays a corresponding decrease.

To understand the significance of these distinct
patterns of transcript abundance and their relationship
to the metabolome changes, three types of analysis
were conducted that each provided a different insight
into a molecular understanding of the germination
process in rice. The first analysis was performed using
the PageMan (Usadel et al., 2006) and MapMan
(Thimm et al., 2004; Usadel et al., 2005) tools adapted
for use with rice microarray data (see ‘‘Materials and

Methods’’). This type of analysis was performed by
comparing only significant changes between suc-
cessive time points and reveals which functional
categories are significantly up- or down-regulated.
PageMan analysis revealed that a variety of cellular
processes were affected over the germination process
and confirmed that the greatest number of significant
changes were observed between 3 and 12 HAI (Fig. 3).
Early changes (0 versus 1 HAI) included signaling
processes involving transcription regulation, mitogen-
activated protein kinases, and calcium. Further anal-
ysis using MapMan and selected time points (0 versus
3 HAI and 3 versus 12 HAI; Supplemental Fig. S2) also
provided further insight into the signal transduction
pathways that where utilized. For example, it showed
that transcripts of receptor kinases were up-regulated
at early stages of germination (0–3 HAI), while later
changes (3–12 HAI) involved an up-regulation of
transcripts associated with the brassinosteroid and
jasmonate pathways. Auxin-responsive transcription
factors were also up-regulated at these later time
points, while, in general, components involved in
protein degradation and modification were repressed
(Supplemental Fig. S2). However, early changes in
transcript levels were not restricted to regulatory
processes, as transcripts encoding proteins involved
in cellulose and phospholipid synthesis, as well as one
isoform of the alternative oxidase (AOX1a), were
found to be up-regulated, while transcripts associated
with abscisic acid signal transduction were down-
regulated (Fig. 3). Large changes in the transcriptome
from 3 to 12 HAI were associated with a general up-
regulation of transcripts encoding components in-
volved in the following cellular processes: cell wall
metabolism, lipid metabolism, nucleotide degrada-
tion, amino acid synthesis, carbohydrate metabolism
(TCA cycle), jasmonate synthesis, cellular transport,
organellar protein synthesis, and aspects of secondary
metabolism such as isoprenoid and phenylpropanoid
biosynthesis (Fig. 3). These observations are further
supported by a more specific comparison of metab-
olism using MapMan. This analysis showed up-
regulation of several biosynthetic pathways, such as

Figure 2. Profiles of known metabolites and hierarchical clustering of differentially expressed genes during rice germination. A,
Changes in the levels of all identified metabolites were calculated as fold changes relative to the 0-HAI time point and log
transformed. Changes are represented as a false color heat map where the color saturates at a log2 false color (FC) value of 5 (i.e. a
32-fold change). Data from a study performed using whole Arabidopsis seeds (Fait et al., 2006) are included for comparison,
where I represents seeds imbibed for 72 h at 4�C in the dark relative to dry seeds and G indicates a comparison of seeds imbibed
for 72 h at 4�C in the dark followed by 24 h of growth under germinative conditions (21�C in the light) relative to dry seeds. White
coloring indicates no significant change, and gray coloring indicates that a metabolite was not measured. The fold changes for all
metabolites detected and associated P values are shown in Supplemental Table S2B. B, From microarray analysis, all probe sets
that were called present at a minimum of one time point were normalized to the highest level of expression over the time course
of the study and hierarchically clustered using average linkage based on Euclidian distance. Four primary clusters were defined:
cluster 1 (green), transcripts that increased in abundance over the time period examined; cluster 2 (black), transcripts that were
low or absent at 0 HAI, peaked at 1 or 3 HAI, and then declined in abundance; cluster 3 (pink), transcripts that declined in
abundance over the time period examined; cluster 4 (blue), transcripts that displayed relatively stable levels of abundance
throughout the time course. Subclusters of clusters 1 and 3 are defined by differences in the time points at which changes in
transcript levels occurred. For all clusters, a graph showing the average expression level is presented. Fold changes and their
associated P values for all probe sets can be found in Supplemental Table S1.
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cellulose synthesis, cell wall synthesis, cell wall mod-
ification, tetrapyrrole synthesis, fatty acid synthesis,
and b-oxidation (Supplemental Fig. S3). Although
there were fewer changes associated with later time
points (12 versus 24 HAI), these were associated with
central processes such as photosynthesis, Suc degra-
dation, mitochondrial electron transport, tetrapyrrole
synthesis, brassinosteroid metabolism, and amino acid
synthesis (Fig. 3), indicating that central metabolic
processes are being maintained and/or induced in
preparation for seedling establishment during late
stages of germination. Furthermore, for some of these
pathways, metabolite components were also identi-
fied, and increases in these components, such as those
involved in amino acid and cell wall metabolism (Fig.
2A), correlate with general changes in transcript levels
(Fig. 3). To further investigate major carbon and amino
acid metabolism, a custom MapMan pathway image
was generated. Fold changes in transcript (3 versus 12
HAI) and, where possible, metabolite levels (6 versus
24 HAI) were plotted simultaneously (Fig. 4). It was
found that by displaying the data in this manner and
introducing a time lag between the transcript and
metabolite changes, there was a better correlation
between changes, particularly with regard to the in-
duction of transcripts involved in amino acid synthesis
and the levels of the amino acids themselves (Phe, Tyr,
Ala, Leu, Val, Lys, Met, Ile, and Arg). Thus, although
metabolomic analysis is not yet as comprehensive as
transcriptomic analysis, it suggests that the extensive
changes in the transcriptome between 3 and 12 HAI
drive the later changes observed in metabolite profiles.

The above analyses reveal the characteristics of
statistically significant changes between successive
time points. Thus, it primarily gives insights into the
changes that are occurring in clusters 1 and 3, where
large fold changes of many transcripts are occurring. It
is not informative for sets of genes that do not change
(i.e. cluster 4) and also may miss some changes that
occur in clusters with smaller numbers of genes (i.e.
cluster 2). Thus, a second analysis approach was
carried out on changes in transcripts based on all
transcript profiles (i.e. the 24,150-gene set; Fig. 2B) and
the functional categories of the encoded proteins.
Differences were determined by calculating z-scores
to test if the percentage of a particular category was
significantly higher or lower (P , 0.01) than in the
whole genome (Fig. 5; Supplemental Fig. S4; Supple-

Figure 3. PageMan analysis of the microarray data over the rice
germination time course. Significant fold changes in transcript levels
between adjacent time points were log transformed and analyzed us-
ing the PageMan tool. Wilcoxon statistical analysis with Benjamini-
Hochberg false discovery rate control was performed to determine
significantly different gene categories. Nonsignificant categories were
collapsed for display. Statistical differences are represented by a false
color heat map (red 5 up-regulated; blue 5 down-regulated) where a
z-score of 1.96 represents a false discovery rate-corrected P value of
0.05.
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mental Table S3). Cluster 2, characterized by transient
increases in abundance at early stages of germination
(1 and 3 HAI), was found to contain a significantly

higher proportion of transcripts encoding transcrip-
tion factors and proteins involved in signal transduc-
tion and was underrepresented in several categories of

Figure 4. Parallel display of transcripts and metabolites for starch-Suc metabolism, glycolysis, the TCA cycle, GABA shunt,
mitochondrial respiratory chain, and amino acid metabolism. Significant fold changes in transcripts and metabolites were log
transformed and displayed on a custom pathway picture using the MapMan tool. Where possible, metabolite changes are
indicated in the circles next to the corresponding metabolite name (gray boxes) and correspond to a comparison of 6 and 24 HAI.
Enzymatic conversions between metabolites are indicated by arrows and enzyme names. Changes in transcripts encoding these
enzymes are indicated in the boxes next to the enzyme names and correspond to the 3- versus 12-HAI comparison. In most
cases, the enzymes involved are encoded by a small gene family. However, in some cases, individual enzymes are not
distinguished and a more general classification of the contributing transcripts is indicated in italics (e.g. starch degradation). This
is also the case for components of the mitochondrial electron transport chain (CI–CV), where transcript levels for different
nucleus-encoded subunits are presented. For both metabolites and transcripts, changes are represented by shading, where the
color saturates at a log2 false color (FC) value of 4 (i.e. a 16-fold change).
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metabolism (Fig. 5). Cluster 4, which displayed rela-
tively constant profiles over the 24-h time period, was
found to have a higher proportion of transcripts asso-
ciated with translation as well as protein folding,
sorting, and degradation, which suggests a consistent
requirement of the proteins involved in these func-
tions (Fig. 5; Supplemental Fig. S4; Supplemental Table
S3). Furthermore, for transcripts comprising clusters
1 and 3, the findings of the PageMan/MapMan anal-
ysis were supported by this type of approach.

Third, sequential changes in metabolic organelle
function (plastids, mitochondria, and peroxisomes)
were investigated during germination. In order to
determine if transcripts that encode organelle proteins
changed in a coordinated manner compared with that
observed for all transcripts (Fig. 2B), subsets of tran-
scripts for genes encoding organelle proteins were
reanalyzed by clustering analysis. Four clusters could
be clearly defined for transcripts that encoded proteins
located in mitochondria, plastids, and peroxisomes
based on similar temporal changes in transcript abun-
dances (Fig. 6A; Supplemental Fig. 5) compared with
what was observed when the abundances of all tran-
scripts of the array defined as present were clustered
using identical parameters. Functional categorization
analysis of the organelle cluster sets was used to
determine which categories were overrepresented or
underrepresented in each cluster (Fig. 6B). For both
mitochondrial and plastid sets, transcripts encoding
proteins involved in energy were found to be over-
represented in cluster 1 and underrepresented in clus-
ter 3 (mitochondrial) and cluster 4 (plastid). This
enrichment of energy functions in cluster 1 correlates
with the requirement for large amounts of energy in
the early stages of germination. For the plastid set,
transcripts associated with protein synthesis were also
overrepresented in cluster 1, while transcripts associ-
ated with protein fate were underrepresented (Fig.
6B). This may correspond with the order of processes
that occur in organelles that have their own genome.
Previous studies investigating mitochondrial biogen-
esis during rice germination revealed that the tran-
scripts encoding for import components (protein fate)
appear first, followed by the other organelle-localized
proteins, which can only enter the organelle via these
import components (Howell et al., 2006). Therefore,

Figure 5. Functional categorization of the transcripts grouped into
each cluster. Of the 24,150 transcripts that were present at any one time
point, a functional classification could be ascribed to over 10,000, as
outlined in ‘‘Materials and Methods.’’ The breakdown of the genome as
well as the four clusters defined in Figure 2B are shown. The frequency
of transcripts in each FUNCAT was calculated as a percentage of the
cluster and compared with the percentage of the genome in that
FUNCAT. Functional groups that were found to be overrepresented (red
asterisks) or underrepresented (blue asterisks) are listed for each cluster,
as determined by the z-score test with a confidence of P , 0.01. Only
the FUNCATs that changed significantly are shown (for a complete list
of all FUNCATs in all clusters, see Supplemental Fig. S4).

Howell et al.

968 Plant Physiol. Vol. 149, 2009



transcripts encoding protein fate components are re-
quired early and hence would not steadily increase, as
in cluster 1, whereas the transcripts encoding protein
synthesis components increase over time, facilitating
specific protein production within the plastid. With
regard to cluster 2, transcripts involved in transcrip-
tion and RNA processing were overrepresented in the
chloroplast set, consistent with the whole genome
analysis (Fig. 2B). The essential role of mitochondria
and plastids during seed development, early germi-
nation, and seedling growth is reflected in the obser-
vation that a large proportion of the transcripts are not
significantly changing in abundance over the first 24
HAI (cluster 4). These observations are consistent with
the fact that upon imbibition, immediate changes in

metabolites occur, due to the presence of significant
metabolic capacity of both organelles encoded by
transcripts in cluster 4. Later changes in metabolites
only occur 12 HAI or later, parallel to cluster 1,
enriched in genes encoding energy functions in both
mitochondria and plastids.

We have previously suggested a sequential assem-
bly of mitochondria during germination based on the
examination of a limited number of genes (Howell
et al., 2006), and that sequential pattern is supported
by the analysis of the larger set of genes in this study
(Supplemental Table S5B). For example, transcript
abundance of genes involved in protein import and
organelle gene transcription (e.g. the mitochondrial
RNA polymerase) is relatively high in dry seeds and

Figure 6. Analysis of the transcript abundance of genes encoding proteins located in mitochondria and chloroplasts. A,
Hierarchical clustering of 845 genes defined to encode mitochondrial proteins and 1,472 genes defined to encode plastid
proteins, divided into four clusters as outlined in Figure 2. B, Functional categorization of the proteins encoded by the genes in
each cluster. The breakdown of the functional categorization in each cluster (C1–C4) and the percentage of genes are shown.
Asterisks indicate significant differences (based on z-scores with P , 0.01) compared with the total organelle sets. The number of
genes, percentage breakdown, and significance scores in each cluster are shown in Supplemental Table S5.
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at early germination stages and either remains high
or declines (i.e. cluster 3 or 4). In contrast, many of the
transcripts encoding components associated with
organellar protein synthesis increase at 3 HAI, while
transcripts encoding components of the TCA cycle
and the respiratory chain increase at 12 HAI (i.e.
clusters 1B and 1A, respectively). Notably, cluster 2 of
the mitochondrial set includes transcripts encoding
membrane transport proteins, including phosphate
and oxoglutarate/malate carriers, Graves disease
protein, a transporter necessary for the accumulation
of mitochondrial coenzyme A (Prohl et al., 2001), and
proteins annotated as uncoupling proteins. In Arabi-
dopsis, these proteins have been functionally shown
to transport a variety of metabolites, including the
components of the malate/oxalocetate shuttle, which
is an important link between mitochondrial and
cytosolic metabolism (Palmieri et al., 2008). Finally,
it was also seen that for some proteins that are
encoded by small gene families and are involved in
mitochondrial metabolism (e.g. the E1a subunit of the
pyruvate dehydrogenase complex and cytochrome c),
one isoform increased over the time period examined
while another decreased (Supplemental Table S5B),
suggesting that there may be a switch in the isoform
utilized during seed maturation versus germination
processes.

In combination, these three analysis approaches
revealed an almost immediate change in the metab-
olome, followed by a two-step large-scale rearrange-
ment of the transcriptome featuring metabolic
organelle biogenesis and followed by increases in
amino acids and components involved in cell wall
and carbohydrate metabolism. However, this analysis
does not explain what the switch or driver was for
these phases in the germination process.

Transient Changes in the Transcriptome Indicate That
3 h May Represent a Specific Switch Point in the
Germination Process

The above analysis of overrepresented and under-
represented functional categories revealed that tran-
scription factors are underrepresented in clusters
1 and 4 (i.e. transcript levels that increase or remain
stable) but are overrepresented in clusters 2 and 3 (i.e.
transcript levels that increase only transiently or de-
crease; Fig. 5; Supplemental Table S3). Given that the
transcription factors in cluster 3 are characterized as
having their highest levels in the dry seeds before
decreasing over the germination period, these puta-
tively represent regulators involved in processes asso-
ciated with seed maturation and desiccation. These
transcripts appear to be stored in the dry seeds and
then decay as the germination process proceeds. How-
ever, the transcription factors contained in cluster 2 are
at low levels in the dry seeds and are only transiently
expressed at 1 or 3 HAI and, thus, may represent an
important regulatory switch that may then drive the
changes in transcript abundance that occur later, par-

ticularly with respect to increases in transcript abun-
dance represented in cluster 1.

Given these interesting observations, we performed
further analysis on the rice transcription factor set. A
comprehensive list of rice transcription factors was
collated from various databases and studies (as de-
scribed in ‘‘Materials and Methods’’), and it was found
that transcripts for 1,786 of these were detected in at
least one time point of this study. Their transcript
profiles were analyzed by hierarchical clustering (Fig.
7A), and for each cluster type, the proportions of the
different transcription factor families were analyzed
(Fig. 7B; Supplemental Table S4B). Interestingly, it was
found that there was a bias in the types of transcription
factors occurring in each cluster. Cluster 1 had a higher
proportion of AUX/IAA and basic helix-loop-helix
families, while cluster 4 was enriched in the SET family
transcription factors (Fig. 7B). These findings are con-
sistent with the observation that members of the AUX/
IAA family have previously been associated with GA
and auxin signaling pathways during germination in
barley (Sreenivasulu et al., 2008). Previous studies have
revealed a role for SET family transcription factors in
histone methylation (Malagnac et al., 2002; Xiao et al.,
2003); thus, consistent expression of these family mem-
bers suggests a constitutive epigenetic role of the SET
family members in plant development.

In contrast, cluster 2, characterized by a transient
peak in expression at 3 HAI before decreasing, was
found to be enriched in AP2-EREBP and WRKY family
members (Fig. 7B). AP2 family members are known to
play an important role in ABA signaling and in water
uptake/drought response, with mutants of an AP2-
EREBP family member in Arabidopsis showing in-
creased water loss (Song et al., 2005). This transient
expression may highlight an important role of AP2
transcription factors in water uptake and ABA signal-
ing during the phases of germination. A role for WRKY
family members in GA signaling has also been pro-
posed following the expression patterns observed for
WRKY family members in barley (Sreenivasulu et al.,
2008), and an overrepresentation of WRKY transcrip-
tion factors in cluster 2 relative to other transcription
factors suggests that they may also play a role in germi-
nation processes in rice. Lastly, HSF and PHD family
members were overrepresented in cluster 3, which
showed high expression in dry seeds and decreasing
expression over time (Fig. 7B). HSF family members
have long been associated with protein folding and
stress response; thus, their role in early germination
appears critical, as large numbers of proteins begin
production over the germination time course (Guo
et al., 2008). The identification of specific genes encod-
ing transcription factors displaying distinct temporal
expression patterns provides a way to identify puta-
tive regulators that meditate the transition from dor-
mancy to early seedling growth after imbibition.

Transcription factors identified as belonging to clus-
ter 2 (Fig. 7A) may mediate changes in transcript levels
observed later in the time course (i.e. increases in the
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transcript abundance observed for over 6,000 genes in
cluster 1). To determine if these were specific to the
process of germination, we analyzed the expression of
transcription factors across publicly available rice
Affymetrix microarray data. These included analyses
of over 30 microarrays from different tissues and stress
treatments, and following normalization, all data were
made relative to maximum expression across all arrays
(detailed in ‘‘Materials and Methods’’). The 117 tran-
scription factors comprising cluster 2A were then
examined closely across the compiled normalized
data from this study and the public data, and 34
transcription factors were identified that reached at
least 70% of maximum expression levels at 1 or 3 HAI
when all available rice array data were analyzed (Fig.
8). Interestingly, nine of these were found to be exclu-
sively expressed at these early time points during
germination and were absent or at very low levels

across all the other arrays analyzed (Fig. 8A, yellow
boxes). It is important to point out that three of these
belonged to the AP2-EREBP family, which further
supports our conclusion on the importance of this family
in regulating water uptake and ABA signaling specifi-
cally during germination. Furthermore, it was interest-
ing that of the 1,786 transcription factors, only two
belonged to the AB13/VP1-2 family, and both of these
fell into the group of nine genes expressed, almost
uniquely, during germination. ABI3/VP1 family mem-
bers are known to play a role as intermediaries in
regulating ABA-responsive genes (Lazarova et al., 2002);
therefore, this distinct expression pattern suggests that
these two transcription factors are likely to play a criti-
cal role during early germination in rice. Other puta-
tive ‘‘germination-specific’’ transcription factors showed
some limited expression across other tissues/treatments,
with three, including one AP2-EREBP family member,

Figure 7. Analysis of changes in transcript
abundance for genes encoding transcription
factors. A, Hierarchical clustering of 1,786
transcription factors that were present at a
minimum of one time point, divided into four
clusters as in Figure 3. B, Analysis of the
transcription factors by family present in each
cluster. Overrepresentation is indicated by red
asterisks. The frequency of transcripts, per-
centage breakdown in each cluster, and the
significance score are shown in Supplemental
Table S4B.
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Figure 8. Analysis of genes encoding transcription factors that displayed germination-specific expression. A, Analysis of the
expression profiles of 34 transcription factors that displayed between 70% and 100% of their maximum expression at 1 and 3
HAI in the germination time course, compared with publicly available array data for a variety of rice tissues and treatments.
Boxed in yellow are transcription factors that appeared only to be induced during germination (i.e. in this study). Boxed in blue
are transcription factors only expressed during germination, coleoptiles, or suspension cells, and boxed in green are transcription
factors only expressed in suspension cells and in this study. Asterisks indicate genes for which the Arabidopsis homologs have
germination-specific expression (see B). B, inParanoid (Remm et al., 2001) and GreenPhylDB (Conte et al., 2008) were used to
identify Arabidopsis homologs for the rice transcription factors defined as germination specific (see A). Their expression profiles
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only expressed in coleoptiles, particularly under anoxic
conditions (Fig. 8A, blue boxes), and four only expressed
in suspension cells (Fig. 8A, green boxes).

By searching for Arabidopsis homologs of the
‘‘germination-specific’’ transcription factors identified
in this study and verifying their expression profiles
using the eFP browser (Winter et al., 2007), we suc-
cessfully identified two putative germination-specific
transcription factors in Arabidopsis (Fig. 8B). The
WUSCHEL-related homeobox 11 (At3g03660) transcrip-
tion factor displays a transient increase in expression at
3 and 6 HAI in Arabidopsis seeds and is homologous to
three of the transiently expressed rice homeobox tran-
scription factors (Os08g14400.1, Os03g20910.2, and
Os07g48560.1; Fig. 8B; Supplemental Fig. S6). ZPHD3/
ATHB30, a zinc finger homeodomain transcription
factor (At5g15210), also displays a transient increase
at 3 HAI in Arabidopsis seeds and is homologous to the
transiently expressed rice zinc finger homeodomain
transcription factor (Os09g29130.1; Fig. 8B; Supplemen-
tal Fig. S6). This suggests the presence of common
regulators of germination processes in both dicots and
monocots. However, as members of the same family of
transcription factors can have diverse roles, it cannot
yet be concluded that these homologous transcription
factors play identical roles in germination in rice and
Arabidopsis. The similar temporal expression profiles
as well as sequence similarity at the whole protein se-
quence level (Supplemental Fig. S6) suggest some com-
mon roles and clear targets for future investigations.

Transcripts Displaying Similar Profiles during

Germination Share Common Sequence Motifs

Over 17,000 transcripts were observed in dry seeds,
and over the germination time course, more than
18,000 of the 24,150 transcripts present in total were
found to significantly change in abundance. A number
of peaks in transcript abundance were observed, at
1 and 3 HAI (cluster 2) and 12 HAI (cluster 1B), while
some transcripts present in dry seeds were observed to
decrease (cluster 3; Fig. 2B). These changes occurred
within a 24-h period, suggesting several regulatory
steps. In order to uncover the regulatory processes that
caused these changes, searches for the presence of
common sequence elements in the promoter regions or
3# untranslated regions (UTRs) were carried out. As
outlined in ‘‘Materials and Methods,’’ 10 sets of genes
varying in number from five to 90 were examined for
sequence elements (Supplemental Table S6A). Ten sets
of these genes peaked at one time point, where a peak
was defined as having a transcript abundance of 1.0

(100%) at the peak time point (0, 1, 3 12, or 24 HAI)
with less than 50% transcript abundance at all other
times examined. Groups examined included the mito-
chondrial (3 and 24 HAI), plastid (3, 12, and 24 HAI),
and transcription factors (0, 1, 3 12, and 24 HAI) sets
(Supplemental Table S6, B and C). The mitochondrial
and plastid sets did not have any transcripts that
‘‘peaked’’ at 0 and 1 HAI (and 12 HAI for the mito-
chondrial set). Searches identified a number of con-
served elements in each group (Supplemental Table
S6B). The transcription factor set that peaked in ex-
pression at 3 HAI contained two elements that oc-
curred in all 51 genes. As might be expected, there was
also some overlap between the elements that occurred
in the different groups that peaked at the same time,
and these are reflected in the color of the elements that
contain a common core sequence (Supplemental Table
S6C). For example, for the transcripts peaking at 3 HAI
(in the plastid and transcription factors sets), the cor-
responding genes were found to contain the helix-turn-
helix and BBr/BPC/ARF elements.

Five distinct core sequence elements were found to
occur within the different groups (above), indicated by
color (two related elements in purple), with variations
or reverse complements shown (Supplemental Table
S6C). Elements that occurred in 70% or more of the
sequences from the sets above (Supplemental Table S6,
B and C) were taken and searched in the larger
genome sets according to expression criteria (i.e.
peak expression at one time point and less than 50%
at all other time points; Table I). Sequence elements in
the 1-kb promoter region were found to be signifi-
cantly enriched at all time points except 0 HAI (Table
I). Transcripts that peaked at 24 HAI contained six
elements that were significantly underrepresented and
six that were overrepresented, and of these, three were
unique to this time point (Table I; Supplemental Table
S6D). Transcripts that peaked at 3 HAI had seven
elements overrepresented, the greatest number of el-
ements overrepresented in any group, and one ele-
ment underrepresented (Supplemental Table S6D).
Interestingly, two of the elements overrepresented at
3 HAI were underrepresented at 24 HAI.

When analyzing changes in transcript abundance, it
is important to consider the role of mRNA degrada-
tion, particularly when it is evident that dramatic
decreases in transcript abundance are occurring for
large groups of transcripts after they peak in expres-
sion. In order to systematically investigate the role of
mRNA decay during germination, 3# UTRs were ex-
amined for enrichment of motifs in transcript subsets
that showed peak expression at 3, 12, and 24 HAI. The

Figure 8. (Continued.)
in seed germination were investigated using the Arabidopsis eFP browser (Winter et al., 2007). Two Arabidopsis transcription
factors that showed transient and germination-specific expression were identified, including a WUSCHEL-related homeobox
transcription factor (At3g03660) homologous to rice homeobox transcription factors encoded at the loci Os08g14400,
Os03g20910, and Os07g48560 and a zinc finger homeodomain transcription factor (At5g15120) homologous to the rice zinc
finger homeodomain transcription factor Os09g29130.
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presence of these predicted motifs (Supplemental Ta-
ble S6C) and of 12 known RNA stability/instability-
associated motifs was compared between the subsets
and the ‘‘whole genome’’ set; however, this was some-
what restricted due to the fact that only 3,027 genes
have an annotated 3# UTR in rice (Supplemental Table
S6D). Nevertheless, a clear picture emerged, in that
four elements were only significantly enriched in 3
HAI, two of which have been associated previously
with RNA instability in Arabidopsis (Narsai et al.,
2007) and tobacco (Ohme-Takagi et al., 1993; Table I).
Interestingly, one sequence element (GAATAA) was
associated with stable RNA transcripts (Narsai et al.,
2007) and was enriched in transcripts peaking at 12
HAI (Table I). The presence of these putative motifs in
the 3# UTR together with 1-kb upstream motifs sug-
gests that the complex regulation of transcript abun-
dance occurs at the levels of both transcription and
degradation during the course of germination.

DISCUSSION

This study provides a comprehensive profile of the
transcriptome and metabolites during germination in
the monocot model rice. A series of temporal switches

in metabolites and transcripts is suggested that results
in a reactivation of cellular metabolism to support
growth. At the earliest time point analyzed in this
study, 1 HAI, there was a greater proportion of the
detected metabolites than the detected transcripts
changing in abundance relative to the total number
of changes observed throughout the time course of this
study. These early responses were then followed by
the largest change in transcript abundances between 3
and 12 HAI, followed by relatively small changes in
transcripts at subsequent time points. In contrast,
changes in a large number of metabolites continued
up to 48 HAI. This suggests that the early changes in
metabolites arise from the activity of preexisting en-
zymes, as this occurs rapidly, possibly even before the
energy-demanding process of translation has been
fully activated to synthesize new proteins. However,
the later changes in metabolites are more likely driven
by transcription and translation, as they occur subse-
quent to changes in transcript abundance. Further-
more, the changes in transcript abundance that appear
transitory in nature, defined in cluster 2, which are
enriched in transcription factors but underrepresented
in transcripts that encode proteins involved in metab-
olism, may represent a transition from the dormant
state to an active growth state. The peak in transcripts

Table I. Comparison of the presence of the putative motifs within the genome and the subsets that showed maximum expression at a given
time point

The sequences analyzed were all 1-kb upstream regions (66,710) and all 3# UTR sequences (3,027) obtained from the full genome sequence
information files from TIGR. For the 1-kb upstream and 3# UTR genome sets, the number of sequences in which the motif occurred (Freq.) and the
corresponding percentage (%) of all sequences that this represents are shown. A z-score analysis was carried out (Supplemental Table S6C), and the
putative motifs found to be significantly overrepresented and underrepresented (1 and 2 at P , 0.01) are shown next to the percentage of sequences
in which the motif occurred. For the putative 1-kb upstream motifs, asterisks indicate that these motifs partially/fully match known rice elements found
in the Rice Cis-Element Search and/or PlantCare databases. Previous analysis of 3# UTR sequences (Ohme-Takagi et al., 19932; Narsai et al., 20071)
have suggested the involvement of these motifs in mRNA stability. Elements that contain some overlapping bases are indicated by the same superscript
letter.

Sequences Analyzed Putative Motif
Genome

0-h Peaking 1-h Peaking 3-h Peaking 12-h Peaking 24-h Peaking
Freq. %

1-kb upstream regions aAAAAAAAA* 20,377 30.50 144.90% 140.80%
bTTTTTTTT* 20,369 30.50 137.50%
cCACCAC* 20,002 30.00 153.30% 138.80% 139.80% 135.10%
cACCACC 18,762 28.10 156.70% 138.00% 132.90%
dGGTGGT 15,786 23.70 220.80%
eGCCGCC* 23,601 35.40 143.80% 228.00% 226.30%
eCGCCGC 24,318 36.50 146.10% 228.00% 228.50%
fGCGGCG* 21,936 32.90 222.30%
fGGCGGC 21,742 32.60 225.20% 221.20%
gGGAGGG* 20,008 30.00 223.40% 224.40%
gGAGAGA 23,541 35.30
hTCTCTC* 26,217 39.30 147.70% 147.20% 145.70%
hCCCTCC 23,461 35.20 144.00% 143.70%
hTCCTCT 25,331 38.00 146.60% 146.50% 143.30%
No. of sequences analyzed 66,710 27 30 384 254 1,231

3# UTRs bTTTTTT1 1,058 35.00 169.20%
TTATTG 435 14.40 142.30%
dGCTGGT 257 8.50 130.80%
ATTTAT2 597 19.70 138.50%
GAATAA1 373 12.30 131.60%
No. of sequences analyzed 3,027 2 3 26 19 79
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in cluster 2 precedes the increase in abundance of
approximately 8,000 transcripts (Fig. 2, cluster 1) but
occurs after the decrease in abundance for approxi-
mately 8,000 transcripts (Fig. 2, cluster 3). Similar
transient peaks in transcript profiles were also ob-
served in a study of germination in Arabidopsis
(Nakabayashi et al., 2005), indicating that a multistep
transcriptional program appears to be a common
theme in seed germination.

A comparison of our rice data with barley seed
germination also reveals similarities, with transcripts
encoding components involved in sugar, starch, and
lipid metabolism being up-regulated, followed by
those involved in photorespiration and photosynthe-
sis (Sreenivasulu et al., 2008). Increases in cell wall
modification, b-oxidation, tetrapyrrole biosynthesis,
amino acid synthesis, energy metabolism genes, and
also fermentative components such as ADH were also
seen during barley germination (Sreenivasulu et al.,
2008).

Upon imbibition, there is an immediate increase in
hexose sugars and organic acids that is already statis-
tically significant at 1 HAI (Fig. 2A). It has been
previously shown that upon imbibition of rice seeds,
there is an immediate increase in water uptake and
oxygen consumption in the 1st h, and protein uptake
into isolated mitochondria can occur within 30 min of
imbibition (Howell et al., 2006, 2007). Thus, this initial
stage of metabolic activity likely drives the biogenesis
of organelles to produce energy and biosynthetic
compounds for subsequent growth. The second burst
of changes in metabolites occurs 6 to 12 HAI and
involves an increase in many amino acids in addition
to maintaining the relatively high levels of many
sugars. This increase corresponds to the second phase
of increases in oxygen uptake that occurs between 4
and 48 HAI (Howell et al., 2006). These changes in
metabolites likely reflect an increase in biosynthetic
capacity as well as energy production. At 12 HAI,
mitochondria have changed from promitochondrial
structures to electron-dense cristae-containing struc-
tures, reflecting the increase in various metabolic
activities evidenced by the increase in metabolites
observed in this study. Thus, the first burst of meta-
bolic activity is likely used to produce energy to build
subcellular structures, while the second phase of met-
abolic activity supports growth. These changes in
metabolite and transcript pool sizes are reflected in
changes observed in protein abundance. Mitochondria
in dry seeds contain large amounts of proteins re-
quired to make mitochondria, such as components of
the protein import apparatus. However, by 24 HAI,
components of the import apparatus have decreased
10-fold or greater in abundance, and components
involved in metabolism have increased by at least
10-fold in abundance (Howell et al., 2006).

A number of analyses of transcription factors re-
vealed similarities with previous studies and give
insights into the regulatory processes that occur dur-
ing germination. Transcription factors preferentially

expressed in the germinating embryo of barley, such as
ARF, AUX/IAA, C2C2-GATA, and C3H-ARFs, were
also observed here in rice. This study reveals a greater
resolution of these events. Thus, for cluster 3, enriched
in the PHD and HSF transcription factor families, and
cluster 4, enriched in SET, it can be seen that these
transcription factors are present in dry seeds and
decrease or remain largely unchanged, respectively
(Fig. 7, A and B). In contrast, the transient cluster 2 is
enriched in AP2-EREBP and WRKY, while cluster 1 is
enriched in the AUX/IAA family and basic helix-loop-
helix. Therefore, despite all clusters containing mem-
bers from several transcription factor families, there is
a clear and significant difference in the proportion of
families in each cluster, implying an important time-
specific regulatory requirement for the expression of
these transcription factors. Examination of the tran-
scription factors that peak in expression at 3 HAI
(Supplemental Table S4A) reveals that seven of these
are AP2-EREBP transcription factors and two are
C2H2 zinc finger transcription factors. Previous stud-
ies in Arabidopsis have characterized a role for mem-
bers of the AP2-EREBP family in the regulation of
water uptake (Song et al., 2005). Thus, the highly
regulated, specific expression pattern of these tran-
scription factors during germination might be related
to an important regulatory role of these transcription
factors during the water-uptake phases of germina-
tion. The enrichment of sequence elements in distinct
groups of genes from each cluster (Table I) combined
with the transcript abundance data provide a reason-
able set of transcription factors that may bind these
elements that can be investigated in future studies.

The transcription factors in common with germina-
tion and anoxia profiles may also be significant, given
that germinating seeds are thought to suffer from
oxygen deficit (Bewley, 1997; Borisjuk et al., 2007).
These peaked early (3 HAI) during germination (Fig.
8A), at a time when metabolic activity has resumed,
energy-demanding processes such as protein synthesis
and transcription are active, and yet oxygen diffusion
may be limited into the embryo by the endosperm. The
expression of transcription factors linked with anoxia is
also consistent with an increase in the amount of GABA
as early as 1 HAI, which has been proposed to play a
role in anoxia tolerance in plants (Fait et al., 2008).
Analysis of metabolite changes in Arabidopsis during
mild decreases in oxygen concentration revealed that
although GABA initially decreased at 0.5 and 2 h, it did
increase later at 48 h. However, taking caution in com-
paring such different systems as rice and Arabidopsis,
this may reveal that embryos from seeds with larger
endosperms such as rice may be more prone to anoxia
and, thus, display alterations in transcriptome and meta-
bolome during germination to avoid detrimental affects.

Approximately 17,000 transcripts are stored in the
dry rice embryo during seed development and matu-
ration, compared with approximately 12,000 stored in
both barley and Arabidopsis seeds (Nakabayashi et al.,
2005; Sreenivasulu et al., 2008). This difference may
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simply be due to the number of probes represented on
each array and the relative sizes of the genomes for
each species. In an attempt to uncover insights into the
regulatory mechanisms that cause changes in tran-
script abundance, the enrichment or depletion of se-
quence elements in the promoters or 3# UTR was
examined. Given that there may be over 2,000 tran-
scription factors and hundreds of stability/instability
elements, the prediction of such elements can be hard
to interpret. Thus, our analysis was carried out in an
attempt to determine if distinct regulatory steps were
occurring during germination. Hence, we used strin-
gent criteria with respect to sets of genes used to
search for common sequence elements to reveal in-
sights into the regulatory steps that may be occurring
during germination. Even with this strict criteria at
each time point, with the exception of 1 HAI, a unique
enrichment or depletion of groups of elements was
displayed, consistent with the combinatorial model of
gene regulation and also the fact that a number of
transcriptional steps or switches occur during germi-
nation. Additionally, the large enrichment of elements
associated with RNA instability in the 3# UTR of
transcripts that peaked at 3 HAI indicates that RNA
degradation also plays a central role in defining
changes in transcript abundance during germination.
Although RNA degradation has previously been pro-
posed to ‘‘clean out’’ transcripts that are present in the
mature seeds (Rajjou et al., 2004; Nakabayashi et al.,
2005), it can be seen in this study that several groups of
transcripts decrease in abundance during early ger-
mination, as shown in cluster 3 (transcripts that de-
creased at 0–3 HAI; Fig. 2). However, this study
suggests that RNA degradation also plays an impor-
tant role for specific transcripts that are synthesized
after imbibition.

The combination of a specifically timed up-regulation
of a suite of specific transcription factors and the deg-
radation of both stored and early-induced mRNAs
based on 3# UTR sequences appear to be key elements
in the coordination of at least some groups of transcripts
during the early events in rice germination. These events
appear to operate in a coordinated fashion with the
induction of primary metabolic pathways, the biogenesis
of organelles, and the establishment of the full metabolic
profile in the germinating rice embryo.

MATERIALS AND METHODS

Rice Growth

Dehulled, sterilized rice seeds (Oryza sativa ‘Amaroo’) were grown under

aerobic conditions in the dark at 30�C as described previously (Howell et al.,

2006). Embryos were rapidly dissected from the endosperm and snap frozen

in liquid nitrogen.

RNA Isolation, cDNA Synthesis, and Quantitative

Reverse Transcription-PCR

Total RNA was isolated from rice embryos as described previously (Howell

et al., 2006). Three independent RNA preparations were used for each

developmental stage/growth condition, and the concentration of RNA was

determined spectrophotometrically.

Microarray Analyses

Transcriptomic analysis was performed using Affymetrix GeneChip Rice

Genome Arrays (Affymetrix), and three biological replicates were analyzed

for each time point. RNA quality was verified using an Agilent Bioanalyzer

(Agilent Technologies) and spectrophotometric analysis (NanoDrop ND-1000;

NanoDrop Technologies) to determine concentration and the A260-A280 and

A260-A230 ratios. Preparation of labeled copy RNA from 2 to 3 mg of total RNA,

target hybridization, as well as washing, staining, and scanning of the arrays

were carried out exactly as described in the Affymetrix GeneChip Expression

Analysis Technical Manual, using the Affymetrix One-Cycle Target Labeling

and Control Reagents, an Affymetrix GeneChip Hybridization Oven 640, an

Affymetrix Fluidics Station 450, and an Affymetrix GeneChip Scanner 3000 7G

at the appropriate steps. Data quality was assessed using GCOS 1.4 (Affyme-

trix) before CEL files were imported into Avadis 4.3 (Strand Genomics) for

further analysis. Raw intensity data were initially normalized using the MAS5

algorithm allowing probe identifications called present to be determined.

Only those probe sets that were called present in at least two out of three

replicates in at least one time point were included for further analysis.

Ambiguous probe sets and bacterial controls were also removed, resulting in a

final data set of 24,150-gene set. All microarray data have been deposited in

the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress/) under the

accession code E-MEXP-1766.

Using the 24,150-gene set, probe intensities were analyzed using the GC-

RMA algorithm and log transformed, and differential expression analysis was

performed with P value correction (Benjamini and Hochberg, 1995) at the 0.01

level. This allowed the number of transcripts significantly changing to be

calculated, which were then visualized on a heat map. For each of the 24,150

transcripts, the maximum expression was assigned a value of 1 and all other

expression values were made relative to this, in order to carry out hierarchical

clustering. Average linkage hierarchical clustering was carried out, and

distinct clusters were uniquely colored for the genome (24,150), mitochon-

drial, chloroplast, peroxisome, and transcription factor sets. The differential

expression analysis was carried out using Avadis 4.3 (Strand Genomics), while

the heat maps and hierarchical clustering were all carried out using Partek

Genomics suite software, version 6.3 (Partek).

PageMan (Usadel et al., 2006) and MapMan (Thimm et al., 2004; Usadel

et al., 2005) analyses were performed using a reduced set of unique probe sets

(15,351). Of these, 9,098 were classified into nontrivial MapMan BINS based on

the newly available rice mapping file, which was generated by a combination

of automated searches in conjunction with minimal curation. In brief, rice

protein sequences corresponding to the 15,351 probe sets were obtained from

The Institute for Genomic Research (TIGR; version 5.0) and used for searches

against five different databases: The Arabidopsis Information Resource

(TAIR7) proteins (Swarbreck et al., 2008), SwissProt/Uniprot plant proteins

(PPAP; Schneider et al., 2005), Conserved Domain Database (CDD; Marchler-

Bauer et al., 2007), Clusters of Orthologous Groups (KOG; Tatusov et al., 2003),

and InterProScan (Zdobnov and Apweiler, 2001). The programs used to

perform the searches were BLASTP (Altschul et al., 1990) for TAIR7 and PPAP

and RPSBLAST (Schaffer et al., 2001) for CDD and KOG. Database hits with bit

scores lower than 50 were ignored as not significantly similar. The results of all

searches were compiled into one table, and reference mappings of the above-

listed databases were then used to assign preliminary MapMan BINcodes to

each of the rice proteins. In the next step, the bit scores (in the case of TAIR7,

PPAP, CDD, and KOG) for each database hit were recorded and evaluated for

each rice protein as a measure of the reliability for the assignment of the

protein into certain BINs To finally assign the protein to BINS, the bit scores of

all database hits belonging to the same BIN were combined, allowing for

multiple assigned BINcodes. In a subsequent step, the resulting BIN assign-

ments were manually compared with the TIGR-based annotation and, in cases

of ambiguity, checked against independent information available from

gramene.org and the transcription factor database, resulting in more than

300 changes in assignments. Using this file, for both PageMan and MapMan,

Wilcoxon rank sum tests with Benjamini-Hochberg false discovery rate control

were used to determine statistically significant changes in specific BINS.

Generation of Transcription Factor and Organelle Lists

The transcription factor list was generated using three main sources: DRTF

(Gao et al., 2006), RiceTFDB (Riano-Pachon et al., 2007), and Caldana et al.
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(2007). These lists were compiled, and all unique transcription factors were

matched to the 24,150-gene set to generate a list of 1,786 transcription factors.

To examine the transcripts encoding mitochondrial, chloroplast, and perox-

isomal proteins, it was necessary to generate lists of transcripts known to

encode proteins localized to these organelles. First, all large-scale experimen-

tal information to date on rice localization was gathered and the transcripts

encoding these proteins were automatically assigned to that localization. To

date, only a few large-scale localization studies have been carried out, so less

than 300 could be assigned in this way. In order to overcome this, all protein

sequence information was downloaded for the 24,150 genes, and four primary

sources were employed: (1) experimentally shown localization based on

protein work (Heazlewood et al., 2003; Howell et al., 2006, 2007; Kleffmann

et al., 2007; Schwacke et al., 2007); (2) seven predictor programs: Predotar

(Small et al., 2004), Subloc (Chen et al., 2006), TargetP (Emanuelsson et al.,

2007), WoLF PSORT (Horton et al., 2007), PTS1 Predictor (Neuberger et al.,

2003), PProwler (Boden and Hawkins, 2005; Hawkins and Boden, 2006), and

ChloroP (Emanuelsson et al., 1999); (3) Gene Ontology (GO)/keyword infor-

mation from four databases: Gramene GO cell comp, Affymetrix GO cell

comp, TIGR GO cell comp, and TIGR keyword (Yuan et al., 2005); and (4)

localization information from orthologous genes in Arabidopsis (Arabidopsis

thaliana). When several sources were used in combination, in order for a

protein to be assigned to a localization, the cutoffs for these sources were set as

follows: (1) for experimentally shown localization, no cutoff was required; (2)

at least four out of the seven predictors had to show the same localization; (3)

at least two of the four GOs had to be annotated to the same localization; and

(4) the transcript had to have at least 50% orthology to the Arabidopsis gene

with known localization. Orthology information and GO cellular component

information was retrieved from the Gramene database (Jaiswal et al., 2006).

When a transcript was annotated to a particular localization, a ‘‘source

number’’ was assigned to represent the source used to determine this

localization. The source numbers were representative as follows: 1, localiza-

tion based on experimental evidence; 2, two of the four primary sources

agreed on localization (i.e. cutoffs were met in at least two primary sources); 3,

three out of four primary sources agreed on localization; and 4, all four of the

primary sources agreed on localization. For some transcripts, there was only

information from one primary source; therefore, the cutoffs for some sources

were raised to maintain stringency. Thus, transcripts with a source number

between 7 and 9 represent transcripts for which there was only information

from one of the four primary sources with numbers assigned as follows: 7,

these transcripts had .70% identity with the orthologous gene in Arabidopsis

with known localization (for peroxisomes, this cutoff was allowed to be

lowered to .50%, as the prediction programs and other sources did not

provide equivalent coverage for detecting peroxisomal genes); 8, for these

transcripts, three of the four GO-related localization sources were annotated to

be in the same localization (for peroxisomes, two out of four was sufficient); 9,

at least four of the seven predictors agreed on localization. For peroxisomes,

only one predictor was sufficient, as most of the prediction programs did not

even have peroxisome as a choice of localization; therefore, the PTS1 Predictor

default cutoff was deemed to be a sufficiently stringent. The source number 10

shows that none of the sources produced any conclusive organelle localization

information, even at the lowered standards, while a source number of 11

indicates that one or more of the cutoff criteria were met but the localization

based on these methods was conflicting between sources.

Functional Annotation and Statistical Analysis

For each probe set, the GO annotations and transcript assignment were as

retrieved from Affymetrix. The National Science Foundation rice microarray

database was used to match each Affymetrix probe identifier to a National

Science Foundation accession identifier and to a TIGR locus identifier. These

TIGR locus identifiers were then entered into the TIGR rice database, and the

putative function of the encoded proteins was derived (Yuan et al., 2005). The

Rice Annotation Project (RAP) database was also used to gather information

about function, including the RAP description and RAP GO description. In

order to gather this information, the files available from the RAP database

were first used to convert each TIGR locus identifier to a RAP Os identifier.

Lastly, in order to categorize the transcripts based on the FUNctional CAT-

alogue (FUNCAT) of the encoded protein, the Australian National University

genebins database was used for the whole genome set. Two FUNCATs were

independently added: transcription factors, which was formed as a separate

category based on DRTF (Gao et al., 2006), RiceTFDB (Riano-Pachon et al.,

2007), and Caldana et al. (2007); and kinases, which was based on the rice

kinase database (Dardick et al., 2007). For the organelle lists, the broad

FUNCATs (Australian National University), the FUNCATs based on previ-

ously published data (Heazlewood et al., 2003), the FUNCAT of the orthol-

ogous gene in Arabidopsis, and manual annotation were used so that as many

of the organelle genes as possible could be assigned a function. In order to

compare the difference between the percentage of genes in a given FUNCAT

within the genome set with the percentage of genes in that FUNCAT in a given

cluster, z-score analysis was carried out to determine the significance of the

difference between the two proportions, given that we know the sample sizes,

frequency, and percentages for each set:

z 5
p̂12 p̂2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p̂ð1 2 p̂Þ 1
n1

1 1
n2

� �r

The z-scores were then matched to the cumulative standard normal table,

and the P values were determined.

Public Rice Microarray Data Analysis and Comparison

In order to examine transcript abundance changes across different tissues

under different conditions and compare these with the germination transcript

abundance profiles generated from this study, rice array data were retrieved

from the Gene Expression Omnibus within the National Center for Biotech-

nology Information database. All data were MAS5.0 normalized and normal-

ized against average ubiquitin expression for that array. These normalized

array data were then compiled together, and for each probe set, the maximum

expression was set to 1.0 with all other data relative to this. This normalization

allowed cross-comparison of arrays from all of the different studies at once.

The arrays analyzed included all of the arrays from this study, together with

publicly available rice genome arrays carried out from different tissues/

conditions, including 7-d-old seedlings that were untreated, drought stressed,

salt stressed, or cold stressed (GSE6901; Jain et al., 2007); seeds collected at 5 d

following pollination, 10-d-old embryos, 10-d-old endosperms, seedling roots,

seedling shoots, unpollinated stigmas (at antithesis), ovaries (at antithesis),

mature anthers, and suspension cells (GSE7951; Li et al., 2007); aerobically

grown coleoptiles (4 d) and anoxically grown coleoptiles (4 d; GSE6908;

Lasanthi-Kudahettige et al., 2007); crowns and growing points under salt

stress and control conditions in sensitive and tolerant mutants in subspecies

indica and japonica (GSE4438; Walia et al., 2007); crowns and growing points

under control and salt stress conditions in subspecies indica and japonica

(GDS1383; Walia et al., 2005); and leaves following biotic stress and control

treatments (GSE7256; Ribot et al., 2008).

Promoter Motif Analysis

Following expression analysis, distinct groups of transcripts appeared that

showed peak expression at single specific time points within the time course.

In order to study these coexpressed transcripts more closely, all 1-kb upstream

regions of the 24,150 transcripts were retrieved, and these upstream regions

were examined for putative cis-acting elements. Programs designed to detect

sequence elements generally have limits of less than 80 input sequences; thus,

the list was distilled to uncover sequence elements that may be central to the

regulatory processes that cause the changes in transcriptome observed. A

‘‘peak’’ was defined as a probe set having an expression value of 1.0 at that

specific time point with expression levels of less than 0.5 at all other time

points. Three main cis-element databases were used for this analysis. The first

was the Rice Cis-Element Search database (Doi et al., 2008), which was used

under default settings and searched for enrichment of known plant cis

elements in the 1-kb upstream region. The second database used was the

MEME Web server (Bailey et al., 2006), which was used under default settings

with the length of the motif set to 6 to 8 bp and the number of motifs to find set

to five (instead of the default of three). The MEME database could not process

the large data sets, including the plastid and transcription factor 24-h peak

subsets, so no output was generated for these. The third database used was the

Regulatory Sequence Alignment Tool (Thomas-Chollier et al., 2008), which

was used under default settings, with the only exception being that Markov

modeling was selected for background calculation, as Oryza sativa was not

available as a choice for the background model. The outputs from all of these

databases are shown in Supplemental Table S6B. The lists of motifs from

Supplemental Table S6B were then filtered only to include motifs present in

more than 70% of all input sequences (Supplemental Table S6C), and the

presence of these motifs was then examined in the whole genome and the

genome ‘‘peaking’’ subsets, where a peak is as defined above.
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3’ UTR Sequence Analysis

The full genome 3# UTR and 5# UTR sequences are available from TIGR.

This was downloaded and filtered to retain only the 3# UTRs. However, this

only added up to 3,027 UTRs available for the ‘‘whole genome.’’ Taking this

small number into consideration, it was not feasible to look at the organelle-

specific and transcription factor peaking subsets analyzed for the promoter

regions, as these lists were too small. Thus, for the 3# UTR, the genes peaking

in expression at 0, 1, 3, 12, and 24 HAI in the entire genome set were analyzed;

however, there were still too few in the 0- and 1-HAI peaking subsets, so these

could not be analyzed (Table I). In order to look at the enrichment of motifs in

an objective manner, only the MEME Web server was used, as we were not

searching for known regulatory elements. The settings were set to search for

five motifs that are 6 to 8 bp (default) in each of the subsets, and the outputs

are shown at the bottom of Supplemental Table S6D. It is important to note

that setting the output to be five motifs can result in false present calls for

motifs that are not significant when the input list is small; therefore, only the

significantly enriched motifs (present in 60%270% of all input sequences)

were included for further analysis (Supplemental Table S6, C and D). In

addition to these putative predicted motifs, 12 motifs known to be associated

with RNA stability/instability were examined for their presence in the

genome (Table I; Supplemental Table S6D). Ten of these were motifs predicted

to be associated with stability/instability of mRNA (Narsai et al. 2007), and

two elements had previously been shown to be associated with RNA stabil-

ity/instability (Newman et al., 1993; Ohme-Takagi et al., 1993).

Metabolomic Analysis

Data for the 126 nonredundant metabolites were analyzed by two-way

differential comparisons to determine fold changes and associated P values,

and the number of metabolites significantly changing were also visualized by

heat map. The heat map showing the number of significantly changing

metabolites was generated using Partek Genomics suite software, version 6.3.

Extraction and Derivatization of Metabolites for Gas
Chromatography-Mass Spectrometry Analysis

Metabolites were extracted and derivatized using a method modified from

that of Roessner-Tunali et al. (2003). To each tube containing 20 to 40 mg of

frozen tissue powder was added 300 mL of cold (220�C) Metabolite Extraction

Medium (85% [v/v] HPLC-grade methanol [Sigma], 15% [v/v] untreated

MilliQ water, and 100 ng mL21 ribitol), and tubes were vortexed briefly and

shaken at 1,400 rpm for 15 min at 70�C. Tubes were then centrifuged at 13,000g

for 3 min to pellet insoluble material, and supernatant was reextracted with

chloroform. Aliquots (100 mL) of the methanol fraction were dried under

vacuum in 1.5-mL microfuge tubes. Dried extracts were methoximated by

adding 20 mL of a 20 mg mL21 solution of methoxyamine hydrochloride in

anhydrous pyridine (Sigma) and incubating at 30�C for 90 min with shaking at

1,400 rpm. For trimethylsilylation, 30 mL of N-methyl-N-(trimethylsilyl)tri-

fluoroacetamide (Sigma) was transferred to each tube, and tubes were

incubated at 37�C for 30 min with 1,400 rpm shaking. Ten microliters of an

n-alkane retention index calibration mixture (0.29% [v/v] n-dodecane, 0.29%

[v/v] n-pentadecane, 0.29% [w/v] n-nonadecane, 0.29% [w/v] n-docosane,

0.29% [w/v] n-octacosane, 0.29% [w/v] n-dotracontane, and 0.29% [w/v]

n-hexatriacontane dissolved in anhydrous pyridine) was then added to each

tube, and reaction mixtures were vortexed and transferred to amber gas

chromatography-mass spectrometry (GC-MS) vials with low-volume inserts

and screw-top seals (Agilent Technologies) and allowed to rest for 4 h prior to

beginning GC-MS analysis.

GC-MS Instrumental Analysis

Derivatized metabolite samples were analyzed on an Agilent GC/MSD

system composed of an Agilent GC 6890N gas chromatograph (Agilent

Technologies) fitted with a 7683B Automatic Liquid Sampler (Agilent Tech-

nologies) and 5975B Inert MSD quadrupole MS detector (Agilent Technolo-

gies). The gas chromatograph was fitted with a 0.25-mm (i.d.), 0.25-mm film

thickness, 30-m Varian FactorFour VF-5ms capillary column with 10 m

integrated guard column (Varian; product no. CP9013). GC-MS run conditions

were essentially as described for GC-quadrupole-MS metabolite profiling on

the Golm Metabolome Database Web site (http://csbdb.mpimp-golm.mpg.

de/csbdb/gmd/analytic/gmd_meth.html; Kopka et al., 2005). Samples were

injected into the split/splitless injector operating in splitless mode with an

injection volume of 1 mL, purge flow of 50 mL min21, purge time of 1 min, and

a constant inlet temperature of 300�C. Helium carrier gas flow rate was held

constant at 1 mL min21. The GC column oven was held at the initial

temperature of 70�C for 1 min before being increased to 76�C at 1�C min21

and then to 325�C at 6�C min21 before being held at 325�C for 10 min. Total run

time was 58.5 min. Transfer line temperature was 300�C. MS source temper-

ature was 230�C. Quadrupole temperature was 150�C. Electron-impact ion-

ization energy was 70 eV, and the MS detector was operated in full scan mode

in the mass-to-charge ratio range 40 to 600 with a scan rate of 2.6 Hz. The MSD

was pretuned against perfluorotributylamine mass calibrant using the

‘‘atune.u’’ autotune method provided with the Agilent GC/MSD Pro-

ductivity ChemStation software (version D.02.00 SP1; Agilent Technologies;

product no. G1701DA).

GC-MS Data Analysis

Raw GC-MS data files in the proprietary ChemStation (.D) format were

exported to generic NetCDF/AIA (.CDF) format with ChemStation GC/MSD

Data Analysis software (Agilent Technologies). The NetCDF files produced

were then processed using in-house MetaMiner software (A. Carroll and A.H.

Millar, unpublished data) to carry out all peak detection, quantification,

library matching, normalization, statistical analysis, and data visualization.

Raw data processing in MetaMiner consisted of the following steps: retrieval

of all extracted ion chromatograms (EICs), detection and integration of peaks

in EICs, calculation of internally calibrated retention indices for all extracted

peaks, matching of carefully selected analyte-specific EIC peaks to analytes in

a custom mass spectral-retention index (MSRI) library of known and un-

known metabolite derivatives (retention index error , 3 retention index units;

Wagner et al., 2003; Schauer et al., 2005), and normalization of matched peak

areas to the peak area of the internal standard, ribitol, and to fresh tissue

weight of extracted samples. The MSRI library was constructed using publicly

available AMDIS software (version 2.65) to extract MSRI information for

authentic standard derivatives from standard runs and MSRI information for

unknown analytes from representative analyses of complex biological ex-

tracts. In a few cases, certain analyte peaks were assigned a putatively known

annotation based on matching to the Q_MSRI_ID MSRI library (version 2004-

03-01) available from the Golm Metabolome Database (Kopka et al., 2005). In

these cases, positive identification required a ‘‘weighted’’ mass spectral match

score of greater than 90 and a retention index discrepancy of less than 2%.

Unknown metabolite derivative peaks that could not be putatively identified

by comparison with authentic standards or by matching against the

Q_MSRI_ID library were annotated with a simple generic identifier with the

syntax USH: name, match_score, where USH stands for ‘‘unknown spectral

homolog,’’ name is the abbreviated name of top NIST02 mass spectral library

match, and match_score is the ‘‘simple’’ match score reported by AMDIS.

Artifact peaks and common contaminants were identified by analysis of

negative control samples prepared in the same manner as biological samples

but without the inclusion of tissue. Signals corresponding to these artifacts

were not used in biological interpretation. Automatic statistical analysis of

processed data was carried out by calculating, for each set of biological

replicates, the mean signal intensity for each metabolite, and then, for each

metabolite, dividing the mean signal in treated sample sets by the mean signal

in control sample sets to calculate fold difference and testing the statistical

significance (P , 0.05) of this difference by Student’s t test.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Overview of the changes in transcripts and

metabolites during germination in rice.

Supplemental Figure S2. Two-way comparison of 0 versus 3 HAI and 3

versus 12 HAI using MapMan to visualize an overview of regulation.

Supplemental Figure S3. Two-way comparison of 0 versus 3 HAI and 3

versus 12 HAI using MapMan to visualize an overview of metabolism.

Supplemental Figure S4. Functional categorization of the transcripts

grouped into each cluster.
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Supplemental Figure S5. All 74 transcripts encoding proteins predicted to

be peroxisomal were hierarchically clustered.

Supplemental Figure S6. Phylogenetic analysis of the homeobox (HB)

transcription factor family (A) and the zinc finger homeodomain (zf-

HD) transcription factor family (B) in rice and Arabidopsis.

Supplemental Table S1. All 24,150 expressed genes and the calculated

fold changes between combinations of time points.

Supplemental Table S2. Averaged raw metabolite abundance data with

standard errors for the 256 detected metabolites.

Supplemental Table S3. FUNCAT information from Figure 3.

Supplemental Table S4. The transcript abundance profiles of all 1,786

transcription factors were hierarchically clustered and the order of the

transcripts following clustering is shown with functional information.

Supplemental Table S5. Transcripts encoding proteins predicted/exper-

imentally shown to be located in plastids, mitochondria, or peroxi-

somes.

Supplemental Table S6. Sequence analysis of all rice 1-kb upstream

sequences and known 3# UTR sequences.
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Foreword to Study II 

The environmental conditions during plant development are not always 

consistent. One of the most common environmental stresses endured by plants is 

flooding, which can reduce oxygen levels, creating anaerobic conditions. The level of 

tolerance to these conditions can be vastly different, depending on the duration of 

anoxia, the developmental stage at which it occurs and the particular species (Bailey-

Serres and Voesenek, 2008). Of all the higher plants, including grass species such as 

wheat, barley and oats, rice is one of only six plant species known to successfully 

germinate and even grow in the complete absence of oxygen (Kennedy et al., 1992). 

Thus, this unique capacity of rice was utilised in Study II to examine the response to 

changes in oxygen availability in germinating rice seedlings.  

Metabolite and transcript abundance profiles were analysed from dry seeds and 

embryos at 1, 3, 12 and 24 HAI under anaerobic conditions. This data was then 

compared to the parallel data analysed in Study I. Furthermore, to dissect out oxygen 

specific effects from developmental and/or secondary effects on transcript and 

metabolite abundance, two other experiments were designed, where young seedlings 

grown under aerobic conditions for 24 h were switched to anaerobic conditions, and 

vice versa. These three experimental conditions were used to define oxygen 

responsive genes and metabolites, with complementary overlapping changes allowing 

the identification of transcripts and metabolites found to be regulated in an oxygen 

dependent/independent manner. Specifically, changes in transcripts encoding proteins 

involved in carbohydrate and lipid metabolism functions were identified, with the latter 

not previously known to be associated with anaerobiosis in plants. In addition, 

common, putative CAREs were found to be over-represented in the aerobic and 

anaerobic responsive sets, implying a role for common transcription factors in the 

regulation of these genes. Future experiments confirming the activity of these elements 

and identifying the respective transcription factors that bind these could enable 

manipulation of the regulation of aerobic/anaerobic responsive genes. Overall, the 

identification of these transcripts and metabolites provide a starting point for analysis of 

genes and processes that allow this tolerance to anaerobic conditions. For example, 

future studies aiming to increase tolerance to anaerobic conditions in other plant 

species could involve the generation of plants over-expressing one or more genes 

defined as core anaerobic. 



Defining Core Metabolic and Transcriptomic Responses
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Analysis reveals that there is limited overlap in the sets of transcripts that show significant changes in abundance during
anaerobiosis in different plant species. This may be due to the fact that a combination of primary effects, changes due to the
presence or absence of oxygen, and secondary effects, responses to primary changes or tissue and developmental responses,
are measured together and not differentiated from each other. In order to dissect out these responses, the effect of the presence
or absence of oxygen was investigated using three different experimental designs using rice (Oryza sativa) as a model system. A
total of 110 metabolites and 9,596 transcripts were found to change significantly in response to oxygen availability in at least
one experiment. However, only one-quarter of these showed complementary responses to oxygen in all three experiments,
allowing the core response to oxygen availability to be defined. A total of 10 metabolites and 1,136 genes could be defined as
aerobic responders (up-regulated in the presence of oxygen and down-regulated in its absence), and 13 metabolites and 730
genes could be defined as anaerobic responders (up-regulated in the absence of oxygen and down-regulated in its presence).
Defining core sets of transcripts that were sensitive to oxygen provided insights into alterations in metabolism, specifically
carbohydrate and lipid metabolism and the putative regulatory mechanisms that allow rice to grow under anaerobic
conditions. Transcript abundance of a specific set of transcription factors was sensitive to oxygen availability during all of the
different experiments conducted, putatively identifying primary regulators of gene expression under anaerobic conditions.
Combined with the possibility of selective transcript degradation, these transcriptional processes are involved in the core
response of rice to anaerobiosis.

Various species, including some bacteria, yeasts,
and plants, have the ability to survive and grow in
the absence of oxygen (Bunn and Poyton, 1996; Kwast
et al., 1998; Bailey-Serres and Voesenek, 2008). Al-
though the ability of plants to germinate and survive
under anaerobic conditions varies greatly, one com-
mon response is the synthesis of a number of anaerobic
proteins, such as alcohol dehydrogenase, which was
identified almost 30 years ago (Sachs et al., 1980) and
has been extensively studied at transcript, protein,
activity, and regulatory levels (Dolferus et al., 2003;
Bailey-Serres and Voesenek, 2008). Analysis of the
effects of anaerobic conditions on various plant species

reveals that widespread changes limiting energy-
demanding processes is a common response (Bailey-
Serres and Voesenek, 2008). Overall, under conditions
where oxygen is limited, an increase in glycolytic flux,
modified Suc degradation, and a decrease in processes
such as transport and various biosynthetic pathways
occur. More specifically, a switch to the pyrophosphate
(PPi)-linked enzymes, such as PPi-dependent phos-
phofructokinase and pyruvate orthophosphate diki-
nase, as well as the breakdown of Suc via Suc synthase
conserves ATP, a response reported in a variety of
studies (Huang et al., 2008; Magneschi and Perata,
2009).

Despite differences in tolerance to anaerobic condi-
tions, plant size, and life cycle, the use of transcrip-
tomic approaches to study the response to anaerobic
conditions in Arabidopsis (Arabidopsis thaliana; Liu
et al., 2005; Loreti et al., 2005; Van Dongen et al., 2009),
rice (Oryza sativa; Lasanthi-Kudahettige et al., 2007;
Magneschi and Perata, 2009), and poplar (Populus 3
canescens; Kreuzwieser et al., 2009) reveals similar
changes in primary carbon metabolism. However,
more global analysis of these studies also reveals that
the number of genes that displayed significant changes
in abundance varied greatly between species; in Arab-
idopsis, only 1,266 transcripts were altered in abun-
dance in response to anoxia (Klok et al., 2002; Liu et al.,
2005), 3,134 probe sets were observed to change sig-
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nificantly in rice coleoptiles under the conditions
analyzed (Lasanthi-Kudahettige et al., 2007), while as
many as 5,000 transcripts were altered in roots of
poplar (Kreuzwieser et al., 2009). Additionally, analy-
sis of the changes between the anaerobiosis-tolerant
plants, rice and poplar, from these two studies re-
vealed that less than 5% (107) of the transcript changes
that occurred in poplar were shared by the ortholo-
gous rice transcripts. Given that the species studied
have different genome sizes and that varying experi-
mental conditions were used, it is not clear whether or
not the observations indicate substantial differences in
the primary responses of these species to a lack of oxygen.

Rice plants can survive periods of anaerobiosis, and
rice seeds also have the ability to germinate in an
environment completely lacking in oxygen. The iden-
tification of the SUB1A locus provides an important
breakthrough for understanding molecular responses
of rice under submergence (Xu et al., 2006), but this
differs from germination under anaerobic conditions,
where there is no oxygen present to synthesize ethyl-
ene or many other hormones (Magneschi and Perata,
2009), and cultivars lacking the SUB1A gene success-
fully germinate under anaerobic conditions (Magneschi
and Perata, 2009, and refs. therein). In efforts to in-
crease tolerance to anaerobic conditions, a number of
genes encoding components involved in glycolysis,
fermentation, or sugar metabolism have been overex-
pressed in order to increase survival, with varying
degrees of success (Christianson et al., 2009). An
alternative approach has been the identification of
regulatory factors that control expression of multiple
genes involved in tolerance to anaerobic conditions.
This type of approach has been undertaken to increase
tolerance to a wide variety of stresses (Century et al.,
2008), although as yet there are no commercial varie-
ties produced (Arce et al., 2008). The expression of a
NAC transcription factor from Arabidopsis has been
shown to increase tolerance to low-oxygen treatments
(Christianson et al., 2009).

In order to gain greater insight into the regulatory
processes that modulate responses to anaerobic con-
ditions, three experimental strategies were used to
define oxygen-responsive genes in rice. It was hypoth-
esized that many of the changes that occur are not
primarily due to the effects of a lack of oxygen but
instead are dependent on prior growth conditions or
secondary responses. We have previously character-
ized changes in water content and metabolic activity in
rice embryos during germination up to 48 h after
imbibition (HAI) under aerobic and anaerobic condi-
tions (Howell et al., 2006, 2007). We have used this
system to investigate the temporal changes in metab-
olite and transcript abundance under three different
experimental conditions: during germination under
anaerobic conditions, highlighting the differences
compared with germination under aerobic conditions
(Howell et al., 2009), and we also switched young rice
seedlings (24 HAI) grown under aerobic or anaerobic
conditions to the other condition and determined

changes in transcript and metabolite abundance (Fig.
1A). These three experimental conditions were used in
combination to define core aerobic and anaerobic
genes (Fig. 1A).

RESULTS

Changes in Transcript and Metabolite Abundance during
Germination in Aerobic or Anaerobic Conditions

An analysis of changes in transcript abundance
during germination between aerobic and anaerobic
conditions revealed that there was little difference up
to 3 HAI; as a result, transcriptomic data for aerobic
and anaerobic germinated seeds at this time point
were not differentiated by principal component anal-
ysis (PCA) analysis (Fig. 1B; Supplemental Fig. S1). As
approximately 2,000 genes had significantly altered
transcript abundances 3 HAI under both growth con-
ditions when compared with 1 HAI (Fig. 1B, 1A v 3A
and 1N v 3N; Supplemental Tables S1 and S2) and
greater than half of these changes were significant in-
creases in abundance, this indicated that initial changes
in transcript abundance occurring 3 HAI were inde-
pendent of oxygen levels. In contrast, after 3 HAI,
2,628 (1,148 up-regulated, 1,480 down-regulated) and
4,892 (2,195 up-regulated, 2,697 down-regulated) tran-
scripts were observed to have significantly different
levels at 12 and 24 HAI, respectively (Fig. 1B, A v N),
with the different samples forming distinct groups as
visualized by PCA analysis (Supplemental Fig. S1). In
total, there were 5,948 nonredundant probe sets that
showed significant differences in transcript abun-
dance between the two growth conditions up to 24
HAI, compared with approximately 14,000 or approx-
imately 12,000 that were observed to change between 0
and 24 HAI under aerobic (Howell et al., 2009) or
anaerobic growth conditions, respectively (Supple-
mental Tables S1 and S2; Supplemental Fig. S2). Dif-
ferences between tissues grown for 12 h under aerobic
and anaerobic conditions are likely to represent a
primary response, given that at this time point devel-
opmental/tissue-specific differences are not apparent
(Howell et al., 2007). However, at later time points (24
and 48 HAI), there are likely to be secondary changes
reflecting differences in morphology, given that trace
amounts of oxygen are required for root growth de-
velopment (Howell et al., 2007).

Analysis of the functional categorization of the
genes for the 5,948 transcripts that were higher in
abundance in anaerobic germinated seeds (A v N)
revealed that lipid metabolism and transcription factor
categories were overrepresented based on z-scores
where P , 0.01 (Fig. 1C, i; Supplemental Table S3).
In contrast, functional categorization of the genes for
transcripts that were lower in abundance under an-
aerobic conditions was enriched in transcripts encod-
ing metabolism, carbohydrate and energy metabolism,
and membrane transport functions, with transcripts
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encoding transcription factors and associated with
translation and metabolic/genetic information pro-
cessing being underrepresented (Fig. 1C, ii).

An analysis of changes in metabolites during ger-
mination under aerobic and anaerobic conditions
revealed that the number of metabolites that changed
was similar up to 12 HAI (Fig. 1B, 3A v 12A and 3N v
12N). However, comparing metabolite profiles from
aerobic and anaerobic growth conditions showed a
number of significant changes, particularly after the
3-h time point, similar to the pattern seen for the
transcripts. Specifically, more than 20% of all detected
metabolites showed significant differences when 12-
HAI samples were compared (Fig. 1B, 12A v 12N), and
this increased to more than 40% at the 48-h time point
(48A v 48N). Examples included several amino acids
such as Gly and Tyr that had significantly (P , 0.05)
higher levels under anaerobic germination, while the
several metabolites associated with the tricarboxylic
acid (TCA) cycle, such as isocitrate, 2-oxoglutarate,
and citrate, had significantly (P , 0.05) lower levels
under anaerobiosis (Supplemental Table S5).

Defining Common Changes in Response to
Oxygen Availability

As there are developmental differences between
aerobic and anaerobic germinated seeds (Howell
et al., 2007), two additional experimental designs
were used that monitored the response to switching
from aerobic to anaerobic conditions and vice versa at
24 HAI (Fig. 1A). This allowed complementary re-
sponses in all three experimental conditions to be
defined as aerobic or anaerobic responses. Thus, aer-
obic transcripts and metabolites were defined as (1)
significantly down-regulated during anaerobic germi-
nation (A v N), (2) significantly down-regulated in
response to switching to anaerobic conditions (A /
N), and (3) significantly up-regulated in response to
switching to aerobic conditions (N / A). Likewise,
anaerobic transcripts and metabolites were defined as
those that are (1) significantly up-regulated during

anaerobic germination (A v N), (2) significantly up-
regulated in response to switching to anaerobic con-
ditions (A / N), and (3) significantly down-regulated
in response to switching to aerobic conditions (N /
A). Analysis revealed that 10 detected metabolites (six
of which could be identified) could be defined as
aerobic while 13 (11 identified) could be defined as
anaerobic (Fig. 2).

Applying this principle of seeking complementary
responses between three experiments to the transcrip-
tomic analysis defined 1,136 and 730 transcripts as
aerobic and anaerobic, respectively (Fig. 3). Functional
analysis of the aerobic set (1,136) revealed significant
enrichment of metabolism and membrane transport
functions and underrepresentation of transcription
factors, translation, folding, sorting, degradation,
and replication and repair functions (Fig. 3). For the
anaerobic set, there was significant enrichment of
carbohydrate and lipid metabolism and underrepre-
sentation of translation functions (Fig. 3).

Linking Metabolite and Transcript Changes to Visualize
Modification of Metabolism under Anaerobic Conditions

A comparison of the differences in transcripts after
24 HAI under aerobic or anaerobic conditions, or upon
transferring seedlings from growth in anaerobic con-
ditions to aerobic conditions, revealed differences in
lipid metabolism, cell wall metabolism, secondary
metabolism (particularly flavonoids and phenylpro-
panoids and phenolics), carbohydrate metabolism,
and amino acid metabolism (Supplemental Fig. S3).
A variety of metabolite and transcript changes were
observed that relate to starch/Suc breakdown via
glycolysis, the TCA cycle, g-aminobutyrate (GABA)
shunt, and amino acid metabolism (Fig. 4). These
included a transcript encoding cytosolic pyruvate
orthophosphate dikinase (LOC_Os03g31750.1), which
was induced greater than 100-fold, in contrast to the
transcript level of the plastidic isoform (LOC_
Os05g33570.1), which was reduced greater than 26-
fold during anaerobic germination. Several other

Figure 1. Experimental design and summary of changes in transcript and metabolite abundance in rice in response to oxygen. A,
Overview of the experimental design. Rice seeds were imbibed in liquid medium under aerobic or anaerobic conditions. Three
biological replicates for analysis of the transcriptome were taken at 0, 1, 3, 12, and 24 HAI under both growth conditions (the 0-h
time point was common to both treatments) to give nine sample sets where genome-wide changes in transcript abundance were
analyzed. Additionally, after 24 h of growth, samples were switched, where aerobically grown samples were switched to
anaerobic conditions and samples taken 3 and 6 h after switching (27 and 30 h after imbibition, respectively). Anaerobically
germinated seeds were switched to aerobic conditions, and samples were taken at the same time points. This yielded eight data
sets where genome-wide changes in transcript abundance were analyzed. In gray, time points for metabolite profiling analysis
are indicated. Three additional time points were included. Red indicates aerobic conditions, and blue indicates anaerobic
conditions. B, Summary of the changes in transcript and metabolite abundance during the experiments outlined in A. The
number of probe sets significantly changing in abundance (left axis, dark color bars) and significant changes in metabolite levels
(right axis, pale color bars) are indicated. The time points compared are indicated on the y axis. nd, Not determined. C,
Functional categorization of the encoded proteins of the 5,944 transcripts observed to be significantly (P , 0.01) changing in
abundance over germination (A v N). Genome-wide distribution of the functional categories of proteins and those that are
overrepresented (shown in red) or underrepresented (shown in blue; based on z-scores with P , 0.01) for transcripts up-regulated
(i) or down-regulated (ii) during anaerobic germination is shown.
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transcripts showed large increases in abundance
during anoxia, including those encoding pyruvate
decarboxylase (LOC_Os05g39320.1), hexokinase
(LOC_Os05g09500.1), and L-allo-Thr aldolase (LOC_
Os04g43650.1). A number of transcripts encoding
TCA cycle components were found to decrease, in-
cluding citrate synthase (LOC_Os02g10070.1), aconi-
tase (LOC_Os03g04410.1), isocitrate dehydrogenase
(LOC_Os04g40310.1), 2-oxoglutarate dehydrogenase
(LOC_Os04g32020.1 and LOC_Os07g49520.1), and
succinyl-CoA ligase (LOC_Os07g38970.1 and LOC_
Os02g40830.1). These were accompanied by decreases
in associated metabolites, citrate, isocitrate, and, to the
greatest extent, 2-oxoglutarate (Fig. 4). In contrast, a
16-fold increase was observed for succinate, and fu-
marate increased more than 2-fold. The simplest ex-
planation for succinate accumulation is a block in its
catabolism via the respiratory chain component suc-
cinate dehydrogenase due to a lack of oxygen. How-
ever, the observed increase in succinate also may have
been due to enhanced synthesis from GABA, via the
well-described pathway of Glu decarboxylase, GABA
transaminase, and succinic semialdehyde dehydro-
genase (Fig. 4; Fait et al., 2008). It has already been
proposed that the production of GABA is due to the
acidification of the cytosol under anoxic conditions,
which stimulates the activity of Glu decarboxylase
(Ratcliffe, 1995). GABA can then be converted into
succinate semialdehyde via transamination with py-
ruvate to produce Ala; the latter was also observed to
increase 16-fold at 48 HAI (Figs. 2 and 4). Both tran-
script and metabolite profiles suggested major repro-
gramming of pathways feeding into and out of the
aromatic amino acids, Phe and Tyr. Transcriptional
down-regulation of two enzymes encoding phospho-2-
dehydro-3-deoxyheptonate aldolase (LOC_Os03g27230.1,
4.2-fold down-regulated; LOC_Os07g42960.1, 2-fold
down-regulated), which controls entry of phospho-
enolpyruvate and erythrose-4-phosphate into the
shikimate pathway (Herrmann, 1995), together with
a 5-fold down-regulation of the bifunctional enzyme
responsible for shikimate synthesis, 3-dehydroquinate
dehydratase/shikimate dehydrogenase (LOC_
Os01g27750.1), were accompanied by 10-fold lower
levels of shikimate at 24 HAI. It appears that many
pathways downstream of shikimate were down-
regulated at a transcript level (i.e. chorismate, Trp, Phe,
and Tyr synthesis as well as those associated with
flavonoids, phenylpropanoids, and lignins; Fig. 4;

Supplemental Fig. S3). Despite the apparent down-
regulation of aromatic biosynthetic pathways, increases
were seen in a variety of aromatic metabolites, including
the amino acids Phe and Tyr and the phenylpropanoids
coumarate (4-hydroxycinnamate) and sinapinate (3,5-
dimethoxy-4-hydroxycinnamate), which are precursors
for lignin biosynthesis.

Using Germination and Switch Experiments to Explore
the Oxygen Dependence of Specific Processes

Lipid metabolism is known to be sensitive to oxygen
at three distinct steps: in b-oxidation of fatty acids at
the acyl-CoA oxidase step (Graham, 2008), in desatu-
ration of fatty acids, and in sterol synthesis (Buchanan
et al., 2002). Several transcripts involved in lipid
metabolism appear to be affected by oxygen in that
they were up-regulated in anaerobically grown rice
compared with aerobically grown rice (Supplemental
Fig. S4, 24 A v 24 N). There was a significant enrich-
ment of transcripts up-regulated under anaerobic ger-
mination and upon switching to anaerobic conditions
(A to N; i.e. 3.47% and 3.61%, respectively; Supple-
mental Fig. S4; Supplemental Table S3). In total, 13
(4.08%) of the anaerobiosis-responsive subset encoded
genes involved in lipid metabolism (Supplemental
Fig. S4, in boldface). Notably, this included genes
encoding acyl-CoA ligase (LOC_Os03g03790.1 and
LOC_Os04g58710.1), triacylglycerol lipases, and sev-
eral transcripts encoding proteins involved in sphin-
golipid metabolism, which were up-regulated under
anaerobic conditions (Supplemental Fig. S4). Inter-
estingly, it was found that the anaerobic subset also
contained several other transcripts encoding proteins
involved in lipid metabolism-related functions (e.g.
those classified as “lipid metabolism/signal trans-
duction,” such as the transcript encoding an acyl-
activating enzyme (LOC_Os03g03790.1), which was
up-regulated over 50-fold upon switching to anaero-
bic conditions (Supplemental Fig. S4). Finally, with
respect to lipid metabolism, rice contains 28 genes
encoding putative transcription factors that contain
the lipid/sterol-binding StAR-related lipid transfer
protein domains (START; Schrick et al., 2004; Supple-
mental Table S6). One (LOC_Os6g02590.1) was defined
as a core aerobic gene, and one (LOC_Os07g08760.1)
was defined as a core anaerobic gene, implicating a
regulatory role for changes in lipid metabolism under
aerobic and anaerobic conditions.

Figure 2. Defining core sets of aerobic and anaerobic metabolites in rice. A, Metabolites found to have significant changes in
abundance under the three different experimental conditions were compared to determine those metabolites that were
consistently responsive to oxygen availability and could be defined as aerobic (i) or anaerobic (ii). B, A heat map showing the fold
changes over germination and both switch conditions, sorted to highlight the aerobic (red boxes) and anaerobic (blue boxes)
metabolites that could be reliably identified. Red color indicates a significant increase, and blue color indicates a significant
decrease. The full list of fold changes for all metabolites detected and associated P values are shown in Supplemental Table S5. *,
Metabolite tentatively identified by matching against the Q_MSRI_ID mass spectral and retention index library available at
http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/msri/gmd_msri.html. **, Metabolite tentatively identified by matching against
the NIST05 mass spectral library (www.nist.gov).
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Transcriptional and Posttranscriptional Processes
Mediate Changes in Transcript Abundance in Response
to Oxygen Availability

The core lists of aerobic and anaerobic genes defined
above allow a broader analysis of the regulatory
processes that may determine transcript abundance
under aerobic or anaerobic conditions. Twelve subsets
of the genes that were defined as aerobic (1,136) or
anaerobic (730) were analyzed for the presence of
common regulatory elements in their upstream pro-
moter regions, based on their potential to regulate
transcript abundance (transcription factors) or on their
relative enrichment in the set of aerobic or anaerobic
genes relative to the whole genome (Supplemental
Table S7A). The subsets chosen were aerobic and
anaerobic sets of genes encoding transcription factors,
proteins targeted to mitochondria and plastids, pro-
teins involved in membrane transport and carbohy-

drate metabolism, and random sets of 50 aerobic or
anaerobic genes. The MEME database was used to
search for conserved elements in the sequence 1 kb
upstream of the translation start site (Supplemental
Table S7B). Only elements that occurred in 70% of any
subset were used for further analyses (Supplemental
Table S7C). These elements were taken and their
enrichment in these subsets of genes was compared
with the genome (Table I). Furthermore, 23 elements or
variations of elements previously characterized to
mediate responses to anaerobic conditions were tested
for enrichment in the various subsets of genes (Sup-
plemental Table S7C). Twelve unique elements were
found to be significantly enriched in the promoter
regions of anaerobic genes (Table I, highlighted in
blue), two elements were found to be enriched in the
promoter regions of aerobic genes (Table I, highlighted
in pink, percentages in red), while four elements were

Figure 3. Defining core sets of aerobic and anaerobic genes in rice. A, Venn diagram outlining how the aerobic core set of genes
was defined. The number of genes in each group and overlapping groups are shown. For the group of 1,136 genes defined as
aerobic, functional categorization analysis was carried out to show which categories were significantly enriched (red) or
depleted (blue; based on z-scores with P , 0.01). B, Venn diagram outlining how the anaerobic core set of genes was defined.
The number of genes in each group and overlapping groups are shown. For this group of 730 genes defined as anaerobic,
functional categorization analysis was carried out to show which categories were significantly enriched (red) or depleted (blue;
based on z-scores with P , 0.01).
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significantly underrepresented in aerobic genes (Table
I, highlighted in pink, percentages in blue). Fifteen
elements were found to be enriched in both anaerobic
and aerobic genes (Table I, highlighted in gray; Sup-
plemental Table S7C).

Under the three experimental conditions, approxi-
mately 40% to 50% of transcripts were down-regulated
in abundance in response to oxygen availability
(Fig. 1B). In order to assess the role of transcript
degradation, potential regulatory elements were ex-

Figure 4. Parallel display of transcripts and metabolites for starch-Suc metabolism, glycolysis, the TCA cycle, GABA shunt,
mitochondrial respiratory chain, and amino acid metabolism. Fold changes in transcripts and metabolites were log transformed
and displayed using the MapMan tool. Metabolite changes are indicated in the circles next to the corresponding metabolite
name (gray boxes). Metabolite and transcript levels in rice embryos germinated under anaerobic conditions versus aerobic
conditions at 24 HAI are compared. For both metabolites and transcripts, changes are represented by shading, where the color
saturates at a log2 fold change value of 3 (i.e. an 8-fold change). Transcripts and metabolites defined as core aerobic or anaerobic
are boxed in red or blue, respectively. Note that blue/pink squares are still drawn around some genes/metabolites that appear to
be unchanging; these are transcripts/metabolites for which the significant change in abundance occurred at a comparison
different from the one visualized (e.g. at 12A v 12N).
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amined by searching for common sequences within
the 3# untranslated regions (UTRs) of genes in the
aerobic and anaerobic sets using MEME. It is impor-
tant to note that the analysis of the 3# UTRs of the
aerobic and anaerobic sets was limited by the small

number of genes in rice for which this annotation
exists. Nevertheless, we did find five enriched
elements within the 3# UTRs of the aerobic set (P ,
0.01) but none significantly enriched in the anaero-
bic set.

Table I. Comparison of the presence of the putative motifs between the genome and the aerobic and anaerobic subsets

The Institute for Genomic Research full genome sequence (Seqs) information, which included the 1-kb upstream regions (66,710) and 3# UTR
sequences (3,027), was used for comparison with the genome. The number of sequences (1 kb upstream or 3# UTRs) that contained each motif is
shown as a percentage of sequences in that subset. A z-score analysis was carried out (Supplemental Table S7C), and the putative motifs significantly
overrepresented/underrepresented (at P , 0.01) are indicated by the red/blue coloring, respectively. The source column indicates the source of the
motif (i.e. MEME output from aerobic and/or anaerobic subsets or other studies with known motifs). Shading in blue (anaerobic) or pink (aerobic)
indicates that it was significantly enriched or depleted in the respective subsets. Gray shading indicates significant enrichment in both the aerobic
and anaerobic responsive sets. Coloring of the motifs indicates overlapping or reverse complement sequences.
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Identifying Transcription Factors Changing in Response

to Oxygen Availability

From a complete list of 3,098 rice transcription
factors (described in “Materials and Methods”), it
was found that 2,009 transcripts encoding for tran-
scription factors were detected in at least one sample
from the germination and switch samples (Supple-
mental Table S8). Of these, 437 were found to change
significantly in abundance in the germination com-
parison, and 734 displayed significant differences
within the switch samples. Four main subsets were
selected for analysis: genes that were significantly up-
regulated during anaerobic germination (224), genes
that were down-regulated in anaerobic germination
(212), genes that were present in the aerobic set (63),
and genes that were present in the anaerobic set (71;
Supplemental Table S8). The distribution of the vari-
ous transcription factor families within each subset
was compared with the genome (2,009) to determine
which families were significantly overrepresented or
underrepresented in each subset (Supplemental Table
S8). Only four transcription families were significantly
overrepresented or underrepresented compared with
the genome in one or more subset(s) (Fig. 5). The bZIP
family was enriched in the subset of transcripts up-
regulated under anaerobic germination and in the core
anaerobic subset (Fig. 5). The enrichment of the bZIP
family in both of these subsets is in agreement with the
previous finding that this family is induced in tomato
(Solanum lycopersicum) plants subjected to anaerobic
conditions (Sell and Hehl, 2004). In contrast, in Arabi-
dopsis, only three bZIP family members were induced
under hypoxic conditions, from the 64 transcription
factors/kinases that were differentially expressed (Liu
et al., 2005). In contrast, the AUX/IAA, bHLH, and
ZIM families were all significantly enriched in the
subset of genes significantly down-regulated under
anaerobic conditions (Fig. 5). Interestingly, it can be
seen that bHLH and ZIM transcription factors are
significantly overrepresented in the group of genes
down-regulated under anaerobic germination but are
not overrepresented in the oxygen-responsive set (Fig.
5). This suggests that these transcription factors may
be involved at a later stage, such as regulation of
secondary responses, or may have a more general role
(i.e. not specifically responsive to changes in oxygen
availability). In contrast, the AUX/IAA family was
also enriched in the oxygen-responsive sets (Fig. 5),
indicating a role for these transcription factors in
regulating genes during aerobic germination and per-
haps in response to oxygen availability.

Aerobic and Anaerobic Transcription Factors Display

Contrasting Expression Patterns in Rice Tissues and in
Response to Various Stresses

In an attempt to understand how regulation of
responses to anaerobic conditions compares with
other stresses or rice development and growth, we

investigated the expression of the 63 transcription
factors defined as aerobic (Fig. 6A) and the 71 tran-
scription factors defined as anaerobic (Fig. 6B) in all
publicly available Affymetrix rice microarray data (68
different conditions). Analysis of the expression pat-
tern of the 63 aerobic transcription factors reveals that
young root tissue, stigma, and anther have relatively
high expression of approximately 15 of these genes
(Fig. 6A; Supplemental Fig. S5A; Supplemental Table

Figure 5. An analysis of the transcription factor families present in each
subset. Column 1, up-regulated under germination A v N; column 2,
down-regulated under germination A v N; column 3, defined as
aerobic; column 4, defined as anaerobic. Only the significantly chang-
ing transcription factor families are shown (based on z-score with P ,

0.01), with overrepresentation indicated by red asterisks (no families
showed significant underrepresentation in any of the subsets). The
percentage of transcripts from each subset that were in each transcrip-
tion factor family is shown, and the significance scores of all transcrip-
tion factor families are shown in Supplemental Table S8.
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Figure 6. Analysis of aerobic and anaerobic responsive
transcription factor genes across publicly available rice
arrays. All 63 aerobic and 71 anaerobic responsive genes
encoding transcription factors were hierarchically clus-
tered across the germination, switch, and other public
Affymetrix arrays (68 conditions/sample types in total). Of
these, the 63 aerobic (A) and 71 anaerobic (B) responsive
genes are shown across 35 of the array conditions/sam-
ples. The full clusters are shown in Supplemental Figure
S4, A and B.
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S9). This may correspond to energy-demanding pro-
cesses in these tissues. Expression in response to
drought, salt, and cold stress of seedlings was also
observed. Expression of these transcription factors
was high in salt stress of crown and growing point,
and salt-sensitive rice varieties have decreased expres-
sion compared with salt-tolerant rice varieties in salt
stress experiments (Fig. 6A; Supplemental Fig. S5A;
Supplemental Table S9). Leaf material also appears to
have high levels of expression for about 10 aerobic
genes that may decrease slightly with cytokinin treat-
ment (Fig. 6A; Supplemental Fig. S5A; Supplemental
Table S9). Analysis of changes in transcript abundance
of the 63 aerobic transcription factors in published
studies using quantitative reverse transcription-PCR
reveal that one NAC transcription factor (LOC_
Os02g13710.1; Fig. 6A, no. 16; Supplemental Table
S9) has been shown to increase under salt stress (Fang
et al., 2008), while three IAA response transcription
factors (LOC_Os05g08570.1, LOC_Os03g43400.1, and
LOC_Os05g14180.1; Fig. 6A, nos. 9, 14, and 63; Sup-
plemental Table S9) decrease under salt stress, and one
(LOC_Os03g0742900.1, OsIAA13; Fig. 6A, no. 34; Sup-
plemental Table S9) increases under drought stress
(Song et al., 2009). Several Myb transcription factors,
including those in the aerobic set, have also been
associated with stress response in rice drought stress
(Yanhui et al., 2006). Thus, many of the aerobic tran-
scription factors overlap with responses to stress.

For the 71 anaerobic transcription factors, several
differences in expression were observed compared
with the public array data (Fig. 6B; Supplemental Fig.
S5B; Supplemental Table S9). The greatest expression
was observed in ovary and suspension cells (Fig. 6B,
blue boxes; Supplemental Fig. S5B; Supplemental Ta-
ble S9). There was little expression during biotic or
abiotic stress (Fig. 6B; Supplemental Fig. S5B; Supple-
mental Table S9). One gene (LOC_Os05g45410.1; Fig.
6B, no. 46; Supplemental Table S9) has previously been
identified to encode a heat shock transcription fac-
tor (Yamanouchi et al., 2002), and another (LOC_
Os03g26210.1) increased under dehydration stress
(Nijhawan et al., 2008). This group also contains a
number of myb-type transcription factors previously
associated with stress responses (Yanhui et al., 2006).

DISCUSSION

Using three different experimental conditions, 10
metabolites could be defined as aerobic across all three
conditions, out of a total of 39 that displayed a signif-
icant difference in the presence of oxygen in any one
condition, and 13 were defined as anaerobic in all three
conditions, out of a total of 82 that were up-regulated
in response to anaerobiosis in any one condition. For
the transcriptome, over 9,000 nonredundant tran-
scripts were observed to change in at least one condi-
tion. However, only 1,866 of these transcripts showed
complementary changes in all three conditions. This

reveals that although rearrangement of the transcrip-
tome underlies tolerance to anaerobic conditions in
rice, the majority of these changes depend on the prior
growth conditions and/or the stage of development
tested. The identification of the common responses in
all three experimental conditions provides an insight
into the core set of genes that respond to oxygen,
aerobic (1,136) and anaerobic (730), and provide a
basis for detailed analysis of the oxygen regulatory
mechanisms.

A previous study analyzed the differences in tran-
script abundance in rice grown under aerobic and
anaerobic conditions (Lasanthi-Kudahettige et al.,
2007). Care needs to be taken when making compar-
isons with this study, as several factors differed,
namely the tissue examined (coleoptile versus embryo
or young seedling), the means by which differential
gene expression was defined, since this study only
used two biological replicates, and the period of
anaerobic conditions (4 d versus either 24 h or switch-
ing growth conditions for up to 6 h). Of the 730
anaerobiosis-responsive genes defined in this study,
681 were present in the coleoptile study (Lasanthi-
Kudahettige et al., 2007), and 151 had significant
increases in transcript abundance in the anaerobically
grown coleoptile. Of the 1,136 oxygen-responsive
genes defined in this study, 987 were present in the
coleoptile study, and 345 displayed a significant de-
crease in transcript abundance in the anaerobically
grown coleoptile (Supplemental Table S2). Given the
large difference in the time period of anaerobic growth
between this and the previous rice study, it may
indicate that some of the changes observed in this
study represent primary changes that may not be
observed after a longer period of anaerobiosis, indi-
cating the need for both long- and short-term studies
to gain a full insights into the processes that occur
during anaerobiosis.

Metabolite and transcript profiles revealed a large
number of changes in central carbon and nitrogen
metabolism under oxygen-deprived conditions, espe-
cially during anaerobic germination. It is generally
accepted that anoxia-tolerant plant species such as rice
offset losses in aerobic ATP production by increasing
fluxes through glycolytic and fermentative pathways,
a phenomenon known as the Pasteur effect (Bailey-
Serres and Voesenek, 2008). Here, we confirm previous
reports that, in rice, this adjustment involves transcrip-
tional up-regulation of glycolytic and fermentative
enzymes with a shift toward ATP-conserving, PPi-
dependent pathways of Suc catabolism (Bailey-Serres
and Voesenek, 2008; Huang et al., 2008; Magneschi and
Perata, 2009). A number of the metabolite responses
we observed also support previous reports in oxygen-
deprived rice seedlings. These include increases in the
amino acids Ala, Val, Gly, Leu, Arg, Tyr, Phe, Pro, and
4-aminobutyrate (Bertani et al., 1981; Reggiani et al.,
1988), the organic acids succinate and lactate (Menegus
et al., 1988, 1989), and the hexose phosphate Fru-6-P
(Menegus et al., 1991) as well as decreases in the amino
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acids Glu, Gln, Asp, and Asn (Bertani et al., 1981;
Reggiani et al., 1988), the organic acid 2-oxoglutarate
(Reggiani et al., 1988), and the sugars Glc and Fru
(Menegus et al., 1991). The polyamine putrescine has
been previously shown to accumulate approximately
2.5-fold in 3-d-old aerobically grown rice seedlings
transferred to anoxia for 2 d (Reggiani et al., 1989).
Interestingly, we observed a similar approximately
2-fold increase in putrescine when 24-h aerobically
grown rice seedlings were transferred to anaerobic
conditions; conversely, we saw a transient 4-fold de-
crease in putrescine in anaerobically germinated rice
seedlings compared with aerobically germinated seed-
lings at 24 HAI, indicating that preacclimation of
seedlings in aerobic conditions is a prerequisite for
anoxia-induced putrescine accumulation.

Our nontargeted gas chromatography-mass spec-
trometry (GC-MS) approach revealed a wide variety of
oxygen-dependent metabolic responses that, to our
knowledge, have not previously been reported in rice.
In addition to the previously reported aerobic rice
metabolite 2-oxoglutarate (Reggiani et al., 1988), the
core aerobic-induced metabolite set included Ara, tre-
halose, citrate, shikimate, and gluconate, which have not
been previously reported as oxygen-dependent metab-
olites in rice. Decreases in citrate and 2-oxoglutarate
under oxygen-deprived conditions are consistent with
a decrease of carbon flow into the TCA cycle due to a
decrease in the NAD+/NADH ratio in the mitochon-
drial matrix, causing inhibition of the pyruvate dehy-
drogenase complex and other redox-sensitive TCA
cycle enzymes. Citrate has been previously reported to
decrease sharply in the oxygen-deprived roots of the
relatively anoxia-sensitive species tomato (cv Bison;
Dubinina, 1961), while both citrate and 2-oxoglutarate
have been shown to decrease in Arabidopsis cell
suspensions treated with the respiratory inhibitor ro-
tenone (Garmier et al., 2008). However, decreases in
citrate and 2-oxoglutarate do not appear to be general
responses of plants to oxygen deprivation or respira-
tory perturbation, with citrate being quite stable and
2-oxoglutarate being increased in the roots of poplar
during a 1-week period of flooding (Kreuzwieser et al.,
2009) and citrate showing a moderate increase and
2-oxoglutarate showing a strong increase in the
oxygen-deprived roots of pumpkin (Cucurbita pepo
‘Mozoleevskaya’; Dubinina, 1961).

In our core anaerobiosis-induced metabolite set,
only 4-aminobutyrate, succinate, and Phe have previ-
ously been reported to accumulate in anaerobic rice
tissues (Bertani et al., 1981; Menegus et al., 1988, 1989;
Reggiani et al., 1988), while Orn, coumarate, urate,
glycolate, fumarate, nicotinate, glycerol-3-phosphate,
and myoinositol have not. Glycolate accumulation has
previously been reported in anaerobic pumpkin and
tomato roots (Dubinina, 1961). In addition, urate and
glycerol-3-phosphate have been reported to accumu-
late, fumarate and nicotinate were stable, and gly-
colate, Orn, coumarate, and myoinositol were not
recorded in flooded poplar roots (Kreuzwieser et al.,

2009). The accumulations of urate and glycolate in
anaerobic tissues are readily explained by the oxygen
requirement of their respective catabolic enzymes,
urate oxidase (EC 1.7.3.3) and glycolate oxidase (EC
1.1.3.15), as suggested for anaerobic glycolate accu-
mulation by Dubinina (1961). Similarly, major cata-
bolic pathways of succinate and glycerol-3-phosphate
are linked to oxygen availability via the mitochondrial
respiratory chain-associated enzymes succinate dehy-
drogenase and glycerol-3-phosphate dehydrogenase
(Shen et al., 2003, 2006; Rasmusson et al., 2008), re-
spectively. In rice, coumarate may be formed from Tyr
via Tyr ammonia lyase activity (Kishor, 1989), thus
avoiding an oxygen-dependent step required for its
synthesis from Phe. In lignin biosynthesis, coumarate
is presumed to be metabolized to caffeate (3,4-dihy-
droxycinnamate) in an oxygen-dependent cytochrome
P450-catalyzed reaction (Jaiswal et al., 2006; www.
gramene.org). Hence, its accumulation may be ex-
plained by a block in this reaction. The accumulations
of the remaining core anaerobic metabolites nicotinate,
Phe, fumarate, Orn, and myoinositol are more difficult
to explain, not having any obvious metabolic links
with oxygen, and make interesting targets for further
experimentation.

In addition to changes in transcripts and metabolites
involved in carbon and nitrogen metabolism, 28 tran-
scripts encoding proteins involved in lipid metabolism
were present in the core anaerobic set. These included
13 transcripts specifically categorized as lipid metab-
olism and 15 transcripts encoding proteins associated
with lipid metabolism (e.g. signaling/lipid metabo-
lism). To our knowledge, a role for lipid metabolism in
response to anaerobic conditions in plants has not
been suggested before. These changes in lipid metab-
olism have the potential to play a central role in
sensing and signaling anaerobic conditions. An ab-
sence of oxygen will result in an inability to synthesize
polyunsaturated fatty acids due to the oxygen-requiring
desaturase step, thus affecting membrane composition
and fluidity. This has the potential to affect signaling,
as has been previously described for stress signaling
pathways in plants (Penfield, 2008). Second, changes
in lipid metabolism will result in an inhibition of sterol
synthesis, again affecting membrane fluidity and also
signaling via sterol-binding transcription factors
(Schrick et al., 2004). The enrichment of lipid metab-
olism function in the anaerobic set does correspond
with observations in yeast, where sterol metabolism
has been shown to be up-regulated and to play an
important role in energy production and signaling
under hypoxic conditions (Zitomer and Lowry, 1992;
Kwast et al., 1998).

The changes observed in transcript abundance are
ultimately mediated by transcription factors binding
CAREs in the upstream regions of targeted genes.
Twelve CAREs were found to be overrepresented in
the promoter regions of anaerobic genes, whereas only
two were found to be overrepresented in aerobic genes
and four were underrepresented (Table I). Many
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CAREs enriched in the anaerobic set have been previ-
ously associated with hypoxia (refs. in Table I) and
shown to be functional in individual genes. However,
in addition to CAREs enriched in anaerobic genes, 15
CAREs were found to be enriched in both the anaer-
obic and aerobic sets. This may appear paradoxical at
first; however, it has been proposed that a down-
regulation of genes that encode proteins that require
oxygen to function may be an energy-saving mecha-
nism under anaerobic conditions, but this requires
repression of transcription (Bailey-Serres and Voesenek,
2008; Magneschi and Perata, 2009). Thus, CAREs pres-
ent in both groups may act as positive regulators of
anaerobic genes and negative regulators of aerobic
genes under anaerobic conditions. Such a situation has
been demonstrated for the Hap1 transcription factor in
yeast, as it acts as a positive regulator of aerobic genes
in the presence of oxygen (heme) and a negative
regulator of ergosterol biosynthetic genes in the ab-
sence of oxygen (heme; Hickman and Winston, 2007).
Another example of factors that can act as either
positive or negative regulators are mammalian nuclear
hormone receptors, where binding of the ligand
switches from a repressor to an activator (Xu et al.,
1999).

In terms of transcription factors that may bind the
CAREs identified above, the bZIP family of transcrip-
tion factors were overrepresented, both in germination
under anaerobic conditions and in the anaerobic core
set. bZIP transcription factors are associated with
various stress responses in plants (Jakoby et al., 2002;
Jain et al., 2008). Notably, some are membrane bound,
in the endoplasmic reticulum, and are released by
proteolysis, under various stimuli (Chen et al., 2008).
In mammalian systems, a similar system occurs where
transcription factors are released under conditions of
low cholesterol (Hoppe et al., 2001), while in yeast, a
similar system has been shown to be oxygen respon-
sive (Martin et al., 2007). Thus, even though the 71
anaerobic transcription factors are candidate factors
for the regulation of the response to anaerobic condi-
tions, posttranslational mechanisms such as the acti-
vation of transcription factors may also occur, a
process well described for bZIP transcription factors
(Schutze et al., 2008). In addition, from the 71 tran-
scription factors defined as core anaerobic genes, three
have been annotated as having an insertion in the
Tos17 Insertion Mutant Database library (Miyao et al.,
2007). The phenotype for all three is noted as low
fertility. Previously, it has been documented that an-
aerobic metabolism may occur during pollen devel-
opment (Tadege et al., 1999). This is consistent with the
role of these transcription factors as central regulators
of anaerobic metabolism in rice. In terms of posttran-
scriptional regulation, it was observed that the tran-
scripts of genes defined as aerobic contained five
motifs enriched in the 3# UTR, one previously defined
as a destabilization element (Narsai et al., 2007). Also,
aerobic genes were significantly underrepresented in
one element defined as a stabilization element (Narsai

et al., 2007). In contrast, the anaerobic genes analyzed
contained no enriched elements in the 3# UTR. One
explanation for this could be that in rice, the tran-
scripts defined as aerobic transcripts may be actively
degraded under anaerobic conditions, a process that
has been previously described in yeast (Dagsgaard
et al., 2001). Notably, posttranscriptional regulation of
ribosome loading has also been considered to be an
important regulatory mechanism under hypoxic con-
ditions (Branco-Price et al., 2005, 2008), indicating that
under anaerobic conditions specific regulation can
occur at the posttranscriptional and posttranslational
levels.

MATERIALS AND METHODS

Rice Growth

Dehulled, sterilized rice seeds (Oryza sativa ‘Amaroo’) were grown under

aerobic or anaerobic conditions in the dark at 30�C as described previously

(Howell et al., 2007). Embryos were rapidly dissected from the endosperm and

snap frozen in liquid nitrogen.

RNA Isolation

Total RNA was isolated from rice embryos as described previously (Howell

et al., 2006). Three independent RNA preparations were performed for each

developmental stage/growth condition, and the concentration of RNA was

determined spectrophotometrically.

Microarray Analyses

Affymetrix GeneChip Rice Genome Arrays were used for the transcrip-

tomic analysis as described previously (Howell et al., 2009). Data quality was

assessed using GCOS 1.4 (Affymetrix) before CEL files were imported into

Avadis 4.3 (Strand Genomics) for further analysis. Raw intensity data were

initially normalized using the MAS5 algorithm allowing probe set identifiers

that were called present to be determined. Only those probe sets that were

called present in at least two of three replicates in at least one time point were

included for further analysis. Ambiguous probe sets and bacterial controls

were also removed, resulting in a final data set of 29,087 probe sets across the

germination and switch array experiments.

Following filtration of the data set, all probe intensities were then analyzed

using the GC (content) robust multiarray average (GC-RMA) algorithm, and

three-dimensional principal component analysis was carried out to visualize

the global differences between the arrays. To perform differential expression

analysis, the GC-RMA normalized data were then log transformed and false

discovery rate correction (Benjamini and Hochberg, 1995) was applied at the

level of P , 0.01. This allowed the number of transcripts significantly

changing to be calculated, which were then visualized on a heat map. The

differential expression analysis was carried out using Avadis 4.3 (Strand

Genomics), while the heat maps, PCAs, and hierarchical clustering were all

carried out using Partek Genomics suite software, version 6.3. MapMan

(Thimm et al., 2004; Usadel et al., 2005) analyses were performed using a

reduced set of unique probe sets (17,722). The mapping file used was

generated as described by Howell et al. (2009). All GC-RMA normalized

array data and present/absent calls are given in Supplemental Table S1.

Generation of Transcription Factors and Organelle Lists

The transcription factor list was generated using three main sources, DRTF

(Gao et al., 2006), RiceTFDB (Riano-Pachon et al., 2007), and Caldana et al.

(2007). These lists were compiled, and all of the 3,098 unique transcription

factors were matched to the 29,087 genes to generate a list of 2,009 transcrip-

tion factors. To examine the transcripts in the aerobic and anaerobic respon-

sive sets that encoded mitochondrial, chloroplast, and peroxisomal proteins,
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we matched these identifiers to the localizations assigned by Howell et al.

(2009), and any remaining identifiers were matched exactly as described

previously (Howell et al., 2009).

Functional Annotation and Statistical Analysis

These were performed exactly as described by Howell et al. (2009).

Public Rice Microarray Data Analysis and Comparison

In order to examine transcript abundance changes across different tissues,

under different conditions, and compare these with the transcript abundance

profiles generated from this study, rice array data were retrieved from the

Gene Expression Omnibus within the National Center for Biotechnology

Information database as described previously (Howell et al., 2009) with the

addition of data derived from cytokinin treatment of roots and leaves

(GSE6719; Hirose et al., 2007) and infection with Striga hermonthica

(GSE10373; Swarbrick et al., 2008).

Promoter Motif Analysis

Following expression analysis, the 12 groups of transcripts selected for

promoter analysis (Supplemental Table S7A) were analyzed for the presence

of overrepresented sequence elements in the 1-kb upstream regions. In order

to study these coexpressed transcripts more closely, all 1-kb upstream regions

of the 29,087 transcripts were retrieved and the upstream regions of the 12

subgroups were extracted and examined for putative cis-acting elements.

Programs designed to detect sequence elements generally have limits of

approximately 50 to 60 input sequences; thus, these smaller lists were selected.

The MEME Web server (Bailey et al., 2006) was used under default settings

with the length of the motif set to 6 to 8 bp and the number of motifs to find set

to five (instead of the default of three). The output from this analysis is shown

in Supplemental Table S7B. The lists of motifs from Supplemental Table S7B

were then filtered only to include motifs present in more than 70% of all input

sequences (Supplemental Table S7C), and the presence of these motifs was

then examined in the whole genome and the 12 subsets.

3# UTR Sequence Analysis

The full genome 3# UTR and 5# UTR sequences available from The Institute

for Genomic Research were downloaded and filtered to retain only the 3#
UTRs. However, this only included a total of 3,027 UTRs available for the

“whole genome.” Taking this small number into consideration, it was not

feasible to look at the 12 subsets, as these lists were too small. Thus, for the 3#
UTR, all of the genes in the aerobic and anaerobic responsive subsets were

used for the analysis of overrepresented sequence elements in the 3# UTRs.

The settings were set to search for five motifs that are 6 to 8 bp (default) in each

of the subsets, and the outputs are shown at the bottom of Supplemental Table

S7B. It is important to note that setting the output to five motifs can result in

false present calls for motifs that are not significant when the input list is

small; therefore, only the significantly enriched motifs (present in 60%–70% of

all input sequences) were included for further analysis (Supplemental Table

S7D). In addition to these putative predicted motifs, other motifs known to be

associated with RNA stability/instability (Newman et al., 1993; Ohme-Takagi

et al., 1993; Narsai et al., 2007) were examined for their presence in these data

sets compared with the whole genome (Supplemental Table S7C).

Metabolomic Analysis

Metabolite extraction, derivatization, and GC-MS analysis were all carried

out as outlined by Howell et al. (2009). Briefly, metabolites were extracted with

a hot aqueous methanol solution containing ribitol as an internal standard.

Aliquots of extracts were dried under vacuum and derivatized by methox-

imation and trimethylsilylation. An n-alkane internal retention index standard

mixture was added to each sample prior to GC-MS analysis on an Agilent

GC/MSD system. Raw data files were automatically processed and matched

to an in-house mass spectral and retention index library using in-house

MetabolomeExpress software (A.H. Millar and A. Carroll, unpublished data),

which generated a [metabolite 3 sample] data matrix without missing values

that contained metabolite peak area values that had been normalized to dry

tissue mass and internal standard (ribitol) peak area. Automatic statistical

analysis of processed data was carried out by calculating, for each set of

biological replicates, the mean normalized signal intensity for each metabolite

and then, for each metabolite, dividing the mean signal in treated sample sets

by the mean signal in control sample sets to calculate fold difference and then

testing the statistical significance (P , 0.05) of this difference by Welch’s t test.

Heat map statistical results tables were exported from MetabolomeExpress

and manipulated in Microsoft Excel 2008. Principal component analysis of

metabolite profiles was carried with Partek Genomics suite software, version

6.3, using the above [metabolite 3 sample] data matrix after filtering with

MetabolomeExpress to remove redundant metabolite signals, internal stan-

dards, and known analytical artifacts.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Principle component analysis of changes in

transcripts and metabolites under the three experimental conditions

used in this study.

Supplemental Figure S2. Hierarchical clustering of the changes in tran-

script abundance.

Supplemental Figure S3. MapMan overview of changes in transcript

abundance for genes encoding components involved in metabolism.

Supplemental Figure S4. Changes in transcripts encoding components of

lipid metabolism and lipid metabolism-related functions in the core

anaerobic set.

Supplemental Figure S5. Hierarchical clustering analysis of the aerobic

and anaerobic transcription factor genes across publicly available rice

arrays.

Supplemental Table S1. All 29,087 expressed genes, GC-RMA normalized

values, and these values normalized to maximum.

Supplemental Table S2. The number of differentially expressed genes

during germination and following the switch conditions.

Supplemental Table S3. FUNctional CATalogue (FUNCAT) information

from Figures 1 and 2.

Supplemental Table S4. Lists of all detected metabolites under the

germination and switch conditions with averaged raw metabolite

abundance data and SE.

Supplemental Table S5. All 166 metabolites that were found to signifi-

cantly change in abundance under the germination and/or switch

conditions

Supplemental Table S6. The 28 identified START domain-containing

genes (Schrick et al., 2004).

Supplemental Table S7. Promoter analysis

Supplemental Table S8. Z-score analysis of all transcription factor fam-

ilies, including those shown in Figure 5.

Supplemental Table S9. Public data were compared with the rice oxygen-

and anaerobiosis-responsive transcription factor sets.
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Foreword to Study III 

Model species are often selected for characteristics that not only make them a 

good representation of similar species, but also for practical conveniences such as a 

short life cycle (e.g. Arabidopsis) or relatively small genome (e.g. rice compared to 

other cereal grasses). However, it is important to know how well these model species 

represent other plants. Just how comparable is Arabidopsis to rice? Given that the 

bulk of plant research is still dominated by studies using Arabidopsis as a model, it is 

of interest to determine the comparability of Arabidopsis to an agronomically important 

specie, such as rice. A database for orthology between species has shown that ~60% 

of all Arabidopsis genes have rice orthologues (Remm et al., 2001). Another study 

compared the overall, global transcriptomes between Arabidopsis and rice, revealing 

significant conservation and divergence among different groups of genes (Ma et al., 

2005). In order to compare rice to Arabidopsis, both at the sequence and 

transcriptomic levels, Study III executed a global comparison of orthology and 

transcript expression in organ and abiotic stress transcriptome datasets. 

The integrated analysis of similar data sets for rice and Arabidopsis provided 

an understanding of the conservation and divergence of both plant model species, 

and cautions against assumptions that orthology reflects commonality in response or 

regulation. Little overlap was observed for orthologous, organ specific gene 

expression between both species, confirming previous findings (Ma et al., 2005) and 

revealing divergence of organ specific genes. In contrast, a larger proportion of stress 

responsive genes had significant orthologues in the respective other specie. However, 

unexpectedly, it was observed that despite more orthologues being identified, the 

response of these significantly differed between both species, with the greatest 

divergence observed under cold and heat stress. These results provide a roadmap for 

translational biology, providing a means to rank or analyse the risk assessment when 

selecting target genes for use in translational biology approaches that aim to improve 

stress tolerance in crop species. 
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Abbreviations 

UTR  untranslated region 

CAREs cis-acting regulatory element(s) 

GA  gibberellins 

ABA  abscisic acid 

TF  transcription factor 

GC-RMA GC content based Robust Multi-array Average 

FDR  false discovery rate 

PPDE  Posterior Probability of Differential Expression 

TIGR  The Institute of Genomic Research 

TAIR  The Arabidopsis Information Resource 

AGI  Arabidopsis Gene Identifier 

APX  Ascorbate Peroxidase 

MDHAR Monodehydroascrobate Reductase 

DHAR  Dehydroascorbate Reductase 

GR  Glutathione Reductase 
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Abstract  

The transcriptomes of Arabidopsis thaliana (Arabidopsis) and Oryza sativa (rice) were 

compared for organ specific expression patterns and in response to abiotic stresses. Rice 

contained a greater proportion of genes with organ specific expression for seed, flower and leaf 

compared to Arabidopsis. Up to 27% of organ specific transcripts in rice, had predicted orthologues 

in Arabidopsis, though less than 5% were found to be organ specific genes in both species. In 

contrast, up to 75% of the abiotic stress responsive transcripts in rice had orthologues in 

Arabidopsis. However, for all four abiotic stresses analysed, i.e. cold, drought, heat and salt, 

approximately only half or less of these orthologues responded in a similar manner in both species. 

In fact under the cold and heat treatments as many or more orthologous genes responded in an 

opposite manner or were unchanged in one specie compared to the other. Several of these genes 

whose transcripts responded in the opposite manner between species encoded proteins annotated 

as being involved in stress and REDOX responses. Analysis of cis-acting regulatory elements of 

stress responsive transcripts revealed that even for orthologous genes that responded in a similar 

manner in both species there was little conservation in regulatory elements over-represented in the 

promoter sequences across both species. These results indicate that in addition to opposite 

responses observed for orthologous genes under some abiotic stresses, even the common 

responses in orthologous genes appear to be mediated by different regulatory factors. Finally, the 

heat response in rice appears distinct from other stress responses in rice and Arabidopsis. Overall, 

these results reveal significant divergence in the abiotic response and regulation between 

Arabidopsis and rice. 
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Introduction 

 Arabidopsis is clearly established as the model plant specie (Somerville and Koornneef 

2002). The establishment of Arabidopsis, a „weed‟ with no direct commercial value as the plant 

model fundamentally changed the nature of research in plant biology. Traditionally plant biology 

research was often focused on agricultural or horticultural species with aims of solving specific 

problems associated with commercial value (Somerville and Koornneef 2002). The last 25 years of 

research using Arabidopsis has resulted in an increase in publications from a few dozen 

publications in the mid eighties to several thousands in recent years, accompanied by several 

thousand researchers or laboratories using this plant in various studies (Somerville and Koornneef 

2002; Flavell 2009). Arabidopsis has moved beyond being a plant model, and studies in 

Arabidopsis have resulted in a greater understanding of processes such as innate immunity, 

circadian rhythms, the Ubiquitin cycle, RNA silencing and DNA methylation in non-plant organisms 

(Jones et al. 2008).  

 The usefulness of any model species in translational biology is related to the evolutionarily 

distance between the model and target species (Flavell 2009). Arabidopsis is a eudicot and thus is 

separated by ~ 140 million years from monocotolydon plants (Charles et al. 2009). The major 

cereal crops Triticum, Hordeum, Oryza, Sorghum, and Zea, are monocotolydon plants that supply 

over half of the calorific needs of the world population (Kellogg and Buell 2009). Thus, rice is an 

important plant model for two reasons, firstly as a model for cereal plants as Arabidopsis may not 

serve as a suitable model for monocotolydon plants, and secondly, processes that are conserved 

between Arabidopsis and rice are likely to have been established early in the evolution of 

angiosperms and therefore are likely to be conserved in flowering plants in general (Flavell 2009). 

Thus, some processes appear well conserved between plant species, such as the role of 

gibberellin (GA), where the biosynthesis of GA and signalling is mediated via orthologous proteins 

in Arabidopsis and cereal plants (Flavell 2009). In contrast, despite conservation of flowering 

across angiosperms, as well as the overlap of specific genes that have a role in this process in 

Arabidopsis and rice, mediators of the vernalization response in Arabidopsis and cereals are not 

orthologous (Flavell 2009). In addition, comparisons of conservation between species using whole 

genome sequence information revealed that generally promoter, 5‟ UTR, 3‟ UTR and intron 

sequences are not well conserved in primary sequence (Flavell 2009). Interestingly, there are 

reports where expression of heterelogous genes in crop species confers resistance to a stress (Vij 

and Tyagi 2007). However, the lack of sequence conservation suggest that this approach does not 

provide information on the extent of conservation of gene expression patterns for orthologous 

genes under similar circumstances or if different species have distinct responses.  

The complete genome sequence of Homo Sapien (human), Arabidopsis and other 

organisms (Lander et al. 2001; Venter et al. 2001: , 2000 #49) accelerated the development of 

several technologies that obtain a global view of genomes (genomics), transcript abundance 

(transcriptomics), proteins (proteomics), and metabolites (metabolites). The most developed of 
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these approaches in terms of coverage and quantification is transcriptomics, due to a number of 

technological innovations that allows the transcript abundance of almost all genes to be 

determined from a single chip, membrane or other approaches (Lister et al. 2009). In fact, the 

deposition of transcriptome data using defined fields (MIAME) has become a perquisite to 

publication of these data (Brazma et al. 2003). Submission of transcriptome data to one of several 

public databanks, such as GEO (http://www.ncbi.nlm.nih.gov/geo) (Wheeler et al. 2001) and 

ArrayExpress (http://www.ebi.ac.uk/arrayexpress) (Brazma et al. 2003) has become routine, 

allowing comparison of transcriptome patterns between species. For Arabidopsis, comprehensive 

transcriptome datasets exist, including extensive developmental and abiotic stress studies from the 

AtGenExpress project, which have been the subject of extensive analysis (Schmid et al. 2005; 

Kilian et al. 2007; Goda et al. 2008). While this type of multi-experiment analysis is relatively 

common for Arabidopsis, few studies of this nature have been carried out in monocots such as 

rice.  

Although a variety of array platforms are used for transcriptome analysis in rice (Hobo et al. 

2008; Zhang et al. 2008; Lee et al. 2009), the broadest collection of datasets is available on the 

Affymetrix platform. This is advantageous as it is the same platform as used for the Arabidopsis 

AtGenExpress project, so all parameters for parallel array comparisons could be identical with 

respect to statistical analysis. The range of experiments in rice is large, with organ, development, 

abiotic (heat, cold, drought salt), biotic (fungal, bacterial, viral) and hormone treatment 

experimental designs available. Here, we present the integrated analyses of transcriptome profiles 

for similar data sets in rice and Arabidopsis. Transcriptome datasets for organ and stress 

conditions were compiled from Arabidopsis and rice and transcripts with organ specific expression 

were identified. Expression analysis of orthologous and non-orthologous genes responding to 

abiotic stresses, as well as analysis of the underlying putative cis and trans regulatory factors also 

revealed that while some responses are conserved in terms of changes in transcript abundance 

and predicted underlying regulatory mechanisms, many differences in the transcriptome and 

predicted underlying regulatory processes exist. Thus, the combination of i) orthologous genes 

analysis, ii) functional categorisation of genes and iii) analysis of the regulatory regions that contain 

cis-acting regulatory regions (CAREs), reveal novel insight into the degree of conservation of 

processes and responses between species. 

 

http://www.ncbi.nlm.nih.gov/geo
http://www.ebi.ac.uk/arrayexpress


Chapter 4 Rice and Arabidopsis transcriptome comparison 

 

 
 

 

69 

 

Results 

Global analysis of transcriptome datasets 

To carry out multi-array expression analysis for rice, normalised data from all 366 rice 

microarrays, representing 129 biological samples, were collated together and a probeset was 

considered to be expressed in a particular tissue/sample if at least 2 replicates for that sample 

showed statistically significant present calls (p<0.05) (Table 1; Supplementary Table 1) (Nettleton 

2006). The number of genes called present in this way followed the same distribution pattern as 

was expected with a large number of probesets seen at each tail of the distribution (Supplementary 

Figure 1) (Jiao et al. 2009). More than 41,000 unique probesets were expressed across one or 

more of the samples, with an average of ~24,000 probesets expressed per sample. Analysis of the 

129 sample expression data matrix revealed differences in the global expression pattern across all 

the rice microarrays (Figure 1). In order to compare this to Arabidopsis, all rice probesets with 

TIGR identifiers were matched to Arabidopsis orthologues and the proportion of these with 

Arabidopsis orthologues are indicated by the darker shade of colour for each subset (Figure 1). It 

can be seen that only 37% of rice genes represented on the microarray had Arabidopsis 

orthologues (based on the Inparanoid Orthologue Database (Remm et al. 2001). In contrast, 

reverse comparison revealed that 61% of all Arabidopsis genes had rice orthologues, thus 

indicating that a much larger proportion of non-orthologous genes exist in rice compared to 

Arabidopsis.  

This analysis of rice global expression revealed that 26% of all probesets were never 

detected (on the microarrays), 16% were detected in all samples (always detected on microarrays), 

5% probesets were detected exclusively in only 1 sample (specific detection) and 53% were 

detected in between 2 to 128 samples (non-specific detection) (Figure 1). Notably, for each of 

these sub-sets, significant differences in the proportion of Arabidopsis orthologues were noted. 

Specifically, of the rice transcripts in the “never detected on microarrays” and “specific detection” 

sets, there was a significant under-representation (z-score, p<0.01) of transcripts with Arabidopsis 

orthologues (8% and 20% respectively, compared to 37% in the genome; Figure 1). In contrast, 

significantly (z-score, p<0.01) higher proportions of the genes always detected or showing non-

specific detection on microarrays, have orthologues in Arabidopsis (76% and 39%, respectively 

compared to the genome), implying a more conserved requirement of the expression of these 

genes in both species.  

 A FUNctional CATalogue (FUNCAT) analysis of the transcripts in each subset (Always, 

Never, Specific and Non-specific) was carried out based on predicted protein function (Figure 1). 

The results reveal statistically significant (p<0.01) differences in the distribution of functional 

catalogues within each subset (Figure 1; Supplementary Table 2). The subset of probesets 

classified as never detected were found to be significantly enriched in transcripts encoding 

replication and repair functions and environmental information processing/cellular processes. It is 

important to note this subset is likely to include transcripts which are too low to be detected by 
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microarray studies, thus this “never detected” refers strictly to microarrays and it is likely that a 

large number of these transcripts are expressed and could possibly be detected by quantitative 

RT-PCR, which is known to be sensitive enough to detect low abundance transcripts such as 

transcription factors (Caldana et al. 2007). Nonetheless, it is interesting to note that this group is 

significantly depleted in transcripts encoding proteins involved in core cellular functions such as 

translation functions (Figure 1). This finding is complemented by the FUNCAT distribution noted in 

the “always detected” subset, which was significantly enriched (p<0.01) in amino acid metabolism, 

transcription, translation, folding, sorting and degradation and cellular processes (Figure 1). 

Together, these findings suggest that transcripts encoding proteins necessary in any cell 

regardless of type or stress, such as transcription and translation functions, are consistently 

required and thus appear to be expressed in all tissues at a level high enough to be detected by 

microarrays. This is also supported by the finding that more than double the proportion of 

Arabidopsis orthologues were seen in the “always detected” set (76%) compared to the genome 

proportion (37%), likely due to the fact that the fundamental processes of transcription, translation 

and protein folding would be expected to be well conserved between Arabidopsis and rice.  

 

Tissue/Development specific transcriptomic signatures in Arabidopsis and rice 

Having established the basic transcriptome pattern of rice and defined orthologues with 

Arabidopsis, a direct comparison to analogous datasets in Arabidopsis was possible. Firstly, the 

organ specific transcriptome for seed, leaf, root and flower was defined for rice and Arabidopsis by 

analysis of the microarrays were that carried out using these organ types (materials and methods; 

Table 1; Supplementary Table 3). The same criteria was used to determine the specific nature of 

expression in both rice and Arabidopsis, where a probeset was considered to be organ specific if 

expressed in one or more conditions for that organ type, i.e. if a probeset was present in young leaf 

and/or mature leaf and in no other organs, it was defined as leaf specific. The number of root 

specific probesets expressed in Arabidopsis (392) was found to be comparable to rice (353) 

(Figure 2A). In contrast, the number of seed, leaf and flower specific genes Arabidopsis was less 

than a third of the number of respective organ specific genes in rice (Figure 2A). Given that the 

organ sets selected were broad in nature and that similar sets of genes were observed to be root 

specific in Arabidopsis and rice, this implies that the larger gene content of rice compared to 

Arabidopsis (50,000 (TIGR6) verse 35,000 (TIGR8) respectively) has undergone sub-

functionalisation and thus, there are more genes that display specific expression patterns in rice.  

To gain insight into this, it was asked; are these gene copies that display a restricted 

expression pattern (= sub-functionalisation) or have these genes also diverged in function (= neo-

functionalisation)? Firstly, all rice genes (with TIGR identifiers) and all Arabidopsis genes (with 

AGIs) were compared for the number of existing orthologues (inner darker block within each set) 

and the number of these found to be organ specific in both species (Figure 2B). Interestingly, it 

was seen that for all genes showing specific expression in each of the 4 tissues analysed in both 
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species, there was a significantly smaller (p<0.01) proportion of orthologues present in each of 

these sets compared to the proportions in the respective genomes (Figure 2B). In addition, of the 

502 rice lineage specific genes (Yang et al. 2009) represented on the rice microarray, a 

significantly larger proportion of these were present in the flower specific set (p<0.1) and seed 

specific set (p<0.02) in rice (2.5% and 2.2% respectively compared to 1.4% in the genome; Figure 

2B). Similarly, a significant over-representation of Arabidopsis lineage specific gene was observed 

in root (1.6% vs. 0.4% in the genome; Figure 2B). This divergence was further supported by the 

small number of genes showing overlapping expression between both species for flower, seed and 

root tissues, with no overlap observed for leaf tissue (Figure 2B). Closer observation of these 

genes, pointed towards a conservation of specific regulation functions in these tissues. Specifically, 

it was seen that the overlapping flower specific set contained 2 genes encoding kinases, while the 

seed specific and root specific sets each consisted of 2 transcription factors (Figure 2C). 

Considering the conservation in both orthology and expression pattern, it is likely that these 

“overlapping” genes encode proteins that are either directly involved in or are involved in the 

regulation of crucial tissue specific processes. However, overall, it appears that there is significant 

divergence between Arabidopsis and rice in terms of gene expression in developmental tissues. 

Thus, it appears that sub-functionalisation appears to have occurred for the majority of orthologous 

genes.  

 

Transcriptomic responses under abiotic stress for rice and Arabidopsis 

To examine the transcriptomic response to abiotic stress, differential expression analysis 

(after false discovery rate correction) was carried on data produced following independent drought, 

salt, cold and heat treatments in Arabidopsis (Supplementary Table 4) and rice (Supplementary 

Table 5). For Arabidopsis, these experiments involved shoots from 18-day old seedlings and in rice 

these stress treatments were carried out on 7/14-day old seedlings (Table 1, materials and 

methods). After the differential expression analysis, a list of significantly differentially expressed 

genes (DEGs) that increased/decreased in abundance following the respective stress treatments 

was generated for rice and Arabidopsis. Analysis of these in parallel enabled the identification of 

similarities and differences in the transcriptomic response to abiotic stress between rice and 

Arabidopsis. For the drought and salt responsive subsets, the number DEGs in rice was much 

greater than in Arabidopsis, with a over ~12,000 DEGs in rice compared to ~4,000 in Arabidopsis 

(Figure 3). In contrast, the number of transcripts that changed following the cold and heat 

treatments was more similar with 9,792 and 7, 257 genes changing in rice compared to 9, 032 and 

5, 458 changes in Arabidopsis, respectively (Figure 3). Irrespective of the number of DEGs, 

examination of orthologues revealed that a significantly (p<0.01) larger proportion, over 70% of 

Arabidopsis genes and over 55% of rice genes in each differentially expressed sub-set, had 

orthologues in rice and Arabidopsis, compared to the respective genome proportions (37% and 

61%, respectively) (Figure 2B and Fig 3). However, despite this larger proportion of orthologues in 
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the stress responsive sets, this was not reflected in the responses of these orthologues (Figure 3; 

Supplementary Figure 2). Only 10%-14% of all rice DEGs in the drought and salt responsive 

subsets had orthologues in Arabidopsis that also responded the same way. For Arabidopsis, the 

genes with rice orthologues made up a larger percentage (30%-40%) of all Arabidopsis DEGs in 

these sets (Figure 3). For example, the 811 common rice genes down regulated under drought, 

represents ~10% of all the rice genes down-regulated following drought stress (all=8488; Figure 

3A). Whilst, the 811 common orthologous Arabidopsis genes make up 44% of all the Arabidopsis 

genes down-regulated following drought stress (all=1864; Figure 3). Notably, the largest 

conservation of down-regulated genes were observed for the drought and salt responsive sub-sets, 

with >40% of Arabidopsis genes showing the same regulation in the respective rice orthologues 

(Figure 3). In contrast, for the heat and cold responsive sub-sets, <25% of orthologous genes 

showed common regulation between rice and Arabidopsis, despite >60% of these sub-sets having 

orthologues in both species, indicating divergence in the transcriptomic response to heat and cold 

stress between rice and Arabidopsis.  

While examining similarities in the transcriptomic responses between orthologous genes in 

rice and Arabidopsis, it was observed that some orthologues were regulated in an opposite manner 

between both species. To determine the extent of this contrasting response, the entire set of rice 

transcripts significantly up-regulated in each of the abiotic stresses was overlapped with the 

corresponding Arabidopsis transcripts that were significantly down-regulated for that stress and 

vice versa (Supplementary Figure 2). This enabled the identification of transcripts which are 

orthologous, but regulated in an opposite manner between the two species. A small percentage 

(5%-7%) of rice transcripts that changed in abundance under drought and salt treatment had 

Arabidopsis orthologues that were regulated in the opposite manner (opposite response in R & A; 

Figure 3). Similarly, for Arabidopsis a comparatively smaller percentage of genes showed opposing 

regulation in rice compared to the percentage that displayed overlapping response in the drought 

and salt responsive sets (Figure 3), indicating that there is a greater degree of conservation than 

divergence between rice and Arabidopsis transcript responses under drought and salt stress.  

In contrast, this was not seen for all the cold and heat responsive sub-sets, where an equal 

or greater percentage of rice and Arabidopsis transcripts of orthologous genes were found to be 

responding in an opposite manner (Figure 3). For example, of the 3062 transcripts up-regulated 

under cold stress in rice, only 10% had Arabidopsis orthologues that were also up-regulated under 

cold stress (301; Figure 3), whilst 13% of this up-regulated set (3062) had Arabidopsis orthologues 

that were down-regulated (413; Figure 3). Similarly, under heat stress, the percentage of DEGs 

oppositely responding was comparable or greater than the percentage showing a common 

response (Figure 3). For example, the 866 up-regulated genes in rice (18%) and Arabidopsis, was 

smaller than the 969 other up-regulated rice transcripts (20%) that were doen-regulated in 

Arabidopsis (Figure 3). Thus despite the greater number of changes for the drought and salt sub-

sets in rice, it was apparent that the response in Arabidopsis displayed similarity in terms of 
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orthologous genes. In contrast, while the numbers of transcripts changing in cold and heat were 

more similar in number, they were distinguished by equal or more orthologues changing in the 

opposite direction. These results suggest significant divergence in response to at least some 

abiotic stresses. 

 
Visualisation of transcriptomic responses under abiotic stress for rice and Arabidopsis 

In order to further analyse the DEGs in the common and oppositely responding sub-sets, a 

FUNCAT comparison was carried out to determine whether these genes were enriched/depleted in 

transcripts encoding proteins in specific functional categories (Figure 4A). To do this, the 

FUNCATs of the common or oppositely regulated genes were not compared to the genome; 

instead they were compared with the overall stress responsive set for the respective set. In this 

way, the representation of FUNCATs in these sets could be separated from the over-

representation of FUNCATs that are part of the general stress response. For drought and salt 

stress, a significant over-representation (p>0.01) of translation functions were observed in the 

common down-regulated sets, whilst a significant over-representation (p>0.01) of membrane 

transport functions was observed in the up-regulated sets (Table 2). For the overlapping genes 

significantly up-regulated under cold stress, an over-representation (p>0.01) of transcripts 

encoding transcription factors were observed, while an over-representation of folding, sorting and 

degradation functions were observed in the common, up-regulated under heat stress sub-sets 

(Table 2). The conservation of orthology as well as regulation of the transcripts encoding these 

functions implies that the regulation of these processes is an important part of the response to 

these conditions in both species. In contrast, the under-representation (p>0.01) of metabolism 

functions in the conserved drought, salt and heat stress responsive sets and complementary over-

representation (p>0.01) of these in the respective oppositely regulated sets, indicates that there is 

divergence is in the regulation of metabolism functions in response to these stresses in both 

species. In addition, the over-representation of transcription factors in the oppositely regulated set 

under heat conditions provides further evidence for a significant divergence in the regulation of 

specific transcripts in response to heat stress (Table 2).  

Given the above differences in FUNCAT representations in these sets, the expression of 

transcripts showing conserved regulation and opposite regulation were visualised on a custom 

Mapman (Usadel et al. 2005) image for all 4 abiotic stresses as a fold change compared to control 

(Figure 4B and Supplementary Figure 3). Firstly, the sets of genes which were orthologous and 

showing common up or down regulation in both species were annotated “common (A & R)”, 

representing the conserved set for each abiotic stress. Similarly, the oppositely regulated sets were 

combined and annotated “opposite (A & R)” (based on the numbers in Supplementary Figure 3). 

To avoid repetition, only the expression levels for rice are shown as the Arabidopsis expression 

levels were either complementary or opposite. In this way, an overview of expression for the 

common and oppositely regulated genes were visualised for all major functional groups including 

genetic information processing, metabolism, cell structure, stress, signalling and transport under all 
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4 abiotic stress conditions (Figure 4, Supplementary Figure 3). It was observed that the regulation 

of orthologous genes varied between rice and Arabidopsis, depending on the stress and functional 

group (Figure 4; Supplementary Figure 3). It was apparent that for drought and salt, in most 

functional groups, the common responses outnumber the opposite responses; while for the cold 

and heat sub-sets the greater proportion of opposite responses are evidenced for several 

functional groups (Table 2; Figure 4A, Supplementary Figure 2). For drought and salt stress, a 

large number of genes showed an overlapping down-regulation in the functional categorisation of 

genetic information processing functions such as DNA synthesis/chromatic structure, RNA 

processing, protein synthesis, where a larger number of genes were found to be down-regulated 

both species, rather than oppositely regulated (Supplementary Figure 2). In contrast, a divergence 

in the transcriptomic response was evidenced under cold and heat stress, with several functional 

groups having a greater number of genes oppositely regulated (Figure 4A). In particular, the genes 

encoding post-translation modification functions, cell division, photosynthesis, glycolysis, redox 

regulation and metabolism (lipid, amino acid, hormone and secondary metabolism) all had more 

genes oppositely regulated in rice and Arabidopsis under heat and cold stress (Figure 4A). 

Notably, most of these appear to be up-regulated in rice, whilst the Arabidopsis orthologue was 

down-regulated (Figure 4A). 

Considering that transcriptomic divergence was observed for genes encoding redox 

regulation genes encoding enzymes involved in Redox metabolism, specifically the ascorbate 

glutathione pathway was examined closely (Figure 4B). Interestingly, it was observed that under 

cold conditions, there was divergence in the regulation of these genes, with 5 transcripts showing 

opposite responses and several others showing a significant change in one specie and no change 

for the respective orthologue (Figure 4C). Similar comparison under heat conditions revealed more 

dramatic changes with 10 of the 11 oppositely regulated genes showing up-regulation in rice, whilst 

the respective Arabidopsis orthologue was down-regulated (Figure 4C). Specifically, it can be seen 

that 4 orthologous genes encoding superoxide dismutases were up-regulated in rice and the 

respective orthologues in Arabidopsis were down-regulated (Figure 4B). Notably, the 2 genes 

encoding non-symbiotic haemoglobins were oppositely regulated, being highly up-regulated under 

cold and heat conditions in rice, whilst the opposite regulation was observed in Arabidopsis (Figure 

4B). In order to consider the role of oxygen in these processes, genes previously suggested to be 

core oxygen responsive genes in rice (Narsai et al. 2009) were examined, and interestingly it was 

observed that 5 genes encoding AP, MDHAR, GR and a non-symbiotic haemoglobin were core 

aerobic genes (i.e. up-regulated under aerobic conditions) with one AP encoding gene even 

defined as core anaerobic (i.e. up-regulated under aerobic conditions), (Figure 4B). Overall, it was 

observed that under heat conditions there is an up-regulation of transcripts encoding redox 

pathways, lignin biosynthesis and amino acid degradation that occurs in rice, which either does not 

occur or is oppositely regulated in Arabidopsis. Furthermore, it was observed that several genes 

involved in lignin biosynthesis and amino acid degradation were also part of the core aerobic gene-
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set defined for rice (Narsai et al. 2009). Thus, the combined findings of up-regulation of these 

under heat conditions, the parallel observation of this regulation under aerobic conditions (Narsai 

et al. 2009) and the opposite regulation of these in Arabidopsis under heat conditions, suggests 

that these pathways may be part of an important stress response mechanism that enables rice to 

be more tolerant to heat conditions compared to Arabidopsis.  

 

Core transcriptomic responses under abiotic stress for rice and Arabidopsis 

In order to compare the core abiotic stress responsive genes in rice and Arabidopsis, the 

stress responsive gene sub-sets were overlapped based on the transcript abundance response for 

rice (Figure 4A) and Arabidopsis (Figure 4B) independently. For rice, 581 transcripts were down-

regulated (Abiotic Down) and 467 transcripts were up-regulated (Abiotic Up) under all 4 abiotic 

stresses analysed (Figure 4A). As expected this was smaller for Arabidopsis, with 218 genes up-

regulated and 97 genes down-regulated under all 4 abiotic stress conditions (Figure 4B). For rice, 

the core Abiotic Up group was found to be significantly (p<0.01) enriched transcripts encoding 

general and amino acid metabolism functions with 27% and 5% of transcripts encoding these 

functions compared to 18% and 3% in the genome, respectively. Similarly, the Abiotic Up group in 

Arabidopsis was found to be significantly enriched in carbohydrate metabolism functions, with 19% 

of transcripts encoding these functions compared to 9% in the genome. Conserved enrichment 

was also observed for transcripts encoding transcription factors, which were significantly over-

represented in both the rice and Arabidopsis core Abiotic Up sets, with 23% and 36% of these sets 

encoding transcription factors compared to the 16% and 19% observed in the rice and Arabidopsis 

genomes, respectively. Comparison of the down-regulated groups revealed similarities and 

differences with the Abiotic Down group in rice and Arabidopsis both showing enrichment of 

transcripts encoding kinases (5% vs. 3% in the rice genome and 21% vs. 10% in the Arabidopsis 

genome). In contrast to the similarities observed thus far, it was interesting to note significant 

under-representation of transcripts encoding transcription factors (11% vs. 16%) and translation 

functions (2% vs. 4%) that were only observed in rice, implying divergence in the transcript 

response for these functional groups.  

For the Abiotic Up/Down sets in rice and Arabidopsis, it was determined how many of these 

genes had existing orthologues and how many were showing a common response under all 4 

abiotic stresses in both species. For the Abiotic Up and Abiotic Down sets in both species, it is 

evidenced that 72-81% of the transcripts in each set have orthologues, which is not only 

significantly (p<0.01) greater than the proportion of orthologues in the rice (37%) and Arabidopsis 

(61%) genomes, but also higher than the proportions in the single stress comparison sets (Figure 

4C; Figure 2B). However, similar to the previous observations in this study, the overlap in response 

of these orthologues is small. Specifically, it can be seen that for the rice and Arabidopsis Abiotic 

Up sets, only 9 transcripts are orthologous and show the same response at the transcriptomic level 

under all 4 abiotic stresses in both species (Figure 4Ci). Notably, this included the transcripts 
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encoding a NAC transcription factor and 2 transcripts encoding F-box proteins, implying a 

conserved regulatory role for these (Figure 4Ci). This is particularly interesting as F-box proteins 

are highly conserved in eukaryotes and play a critical role in controlled protein degradation (Jain et 

al. 2007). Other notable transcripts in this set included transcripts encoding a heat shock protein 

(HSF70) and a mitochondrial carrier protein (Figure 4Cii). Unlike the conserved up-regulated set, 

only 3 transcripts were found to be down-regulated under all 4 abiotic stresses in rice and 

Arabidopsis, these encoded a single gene of unknown function and a GATA type transcription 

factor, encoded by a single gene in rice (LOC_Os01g74540.1) and 2 genes in Arabidopsis 

(At3g06740.1, At3g16870.1) (Figure 4Ci). Again, the presence of a transcription factor implies a 

conserved regulatory role in both species. 

In order to examine the transcripts showing opposite regulation between Arabidopsis and 

rice, the Abiotic Up and Down sets in rice and Arabidopsis were overlapped (Figure 4Cii). 

Noticeably the numbers are very similar to transcripts that changed in a complementary manner 

outlined above. This analysis revealed that 3 transcripts encoding a potassium ion channel subunit, 

a beta-galactosyltransferase and a GTP binding protein were down-regulated under all 4 abiotic 

stresses in rice, whilst their corresponding Arabidopsis orthologues were up-regulated under all 4 

abiotic stresses (Figure 5Cii). Furthermore, 7 transcripts encoding various metabolic functions 

were found to be up-regulated under all 4 abiotic stresses in rice, whilst the corresponding 

orthologue in Arabidopsis were down-regulated under all 4 stress conditions (Figure 5Cii). 

Interestingly, it was seen that one of these 7 genes encodes a non-symbiotic haemoglobin 

(LOC_Os03g13140.1, At2g16060), which was highly up-regulated in rice and down-regulated in 

Arabidopsis in all 4 abiotic conditions (Figure 4Cii). Class I haemoglobins such these are known to 

be involved in the stress response under limited oxygen conditions (Dordas et al. 2003). Thus, 

these findings suggest significant divergence in specific defence/stress responsive pathways 

activated under abiotic stress conditions between Arabidopsis and rice.   

 

Regulation of transcription factors under abiotic stress for rice and Arabidopsis 

In both Arabidopsis and rice, a large number of genes encode transcription factors (TFs) 

(Mitsuda and Ohme-Takagi 2009). Defining orthology for TFs removes many TFs for both species, 

as they are grouped into families based on structural features or small domains.  Therefore, to 

compare the transcript abundance of genes encoding TFs, a comparison was made based on 

family classification. In this way, the different sizes of the families in both species would be taken 

into account.  Only significantly (z-score, p<0.01) over/under represented TF families in each 

subset are shown in Figure 6, however if one family is significantly over- or under- represented at 

p<0.01 in rice or Arabidopsis, and it is significant at p<0.02 in the other specie, it was indicated with 

a + in the latter (Supplementary Table 6). Overall, the most conserved changes between rice and 

Arabidopsis were observed with the AP2 family of TFs, with comparable changes observed in 

drought (up), salt (up) and cold (up, down) responsive sub-sets (Figure 6). However, even with this 
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family, different responses were observed in the down-regulated drought and salt sub-sets (Figure 

6). Also in these down-regulated drought and salt responsive subsets, the AUX and NAC family of 

TFs were found to be significantly over-represented (Figure 6). A number of other families were 

conserved in response to the single stress treatments such as Tify (drought up), mTERF (salt 

down), bZIP (heat up) and ARF (heat down) in Arabidopsis and rice.  However, under the four 

conditions examined several TF families are specifically over-represented in rice alone such as the 

trihelix, HSF, WRKY, and bZIP families, whilst the GRAS family is over-represented in Arabidopsis. 

Likewise in many instances, genes encoding specific TFs were under-represented, such as HB in 

the heat responsive set (up) in Arabidopsis and WRKY in rice (Figure 6). Thus, despite the 

observed conservation for some AP2 and NAC transcription factors, there was no conservation in 

terms of genes encoding TFs belonging to the same family, with specific stress responses 

observed for each species. The differential expression of transcription factors between rice and 

Arabidopsis complements the observed divergence in the transcriptomic responses observed 

following abiotic stresses between both species. 

 

Promoter Analysis of transcriptome of Rice and Arabidopsis 

Previous studies and the analysis so far has focussed on expression levels, with this study 

focussing on similarities and differences in the expression of orthologous genes. A gene is defined 

as orthologous when there is commonality in the function of the encoded protein, and thereby 

similarity at the level of the protein sequence as well. Considering this, it was asked whether genes 

that are not only orthologous but also regulated in the same manner (up/down-regulated) share 

commonality in transcriptional regulation. To answer this, putative cis-acting regulatory elements 

(CAREs) were examined in each of the orthologous sub-sets regulated in the same way. 

Specifically, all 4,096 possible 6-mers were counted within the 1kb upstream regions for all genes 

in the rice genome (TIGR6) and Arabidopsis (TAIR9) genome, as well as for each sub-set. The 

counts of the putative motifs in each set was made relative to the genome count, in this way it 

could be seen whether a sub-set contained a greater or smaller percentage of putative motifs 

compared to the percentage in the genome (denoted as a value of 1; Figure 7). Given that a large 

number of motif counts were generated for each subset and a large number were significant 

(p<0.01), a cut-off of 20% was set for short-listing the putative motifs. That is, the shortlist only 

contained motifs present 20% more/less than the percentage occurrence of that putative motif in 

the genome.  

Ratios of the putative motif counts to the genome was hierarchically clustered, where the 

bright red represents motifs that occurred at 50% or more often than the percentage occurrence in 

the genome and the darkest blue represents the opposite under-representation (Figure 7A). 

Furthermore, the putative motif ratios were not only clustered based on the ratios to the genome 

(rows) but also clustered on the sub-sets as a whole i.e. clustered on columns (Figure 7A). It was 

evident that the pattern of occurrence of putative CAREs differed between species as Arabidopsis 
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and rice formed two distinct branches (Figure 7A), evidenced by the differences in the heat map 

between the two species. There was more similarity within a species in response to a number of 

stresses, especially for Arabidopsis where for drought and salt in particular, and cold to a lesser 

extent, displayed similar patterns of CAREs present in these promoters (Figure 7A). In contrast the 

occurrence of CAREs in rice appear to be distinct for each stress, this may be a reflection of the 

larger number of responses in rice for drought and salt (Figure 3).  Again, the response to heat in 

rice appeared to be very distinct (Figure 7A). 

Looking for common elements between species it was noticeable that there were common 

elements in both drought and salt response in Arabidopsis and rice (Figure 7A, black boxes). The 3 

significant (p<0.01) and most over-represented motifs (“top ranked”) are shown in Figure 7B. 

Searches for these putative motifs across relevant publications (refs 1-7 in Figure) revealed that 5 

of the top over-represented motifs appear to be ABREs and are targets of bZIP transcription 

factors (refs 1 and 4). Noticeably, the AP2 transcription factor family (drought and salt up) and 

Auxin and NAC (drought and salt down) display conserved responses in these treatments (Figure 

6), suggesting that they may bind these motifs. This is also supported by the finding that the motif, 

“cacgtg” (ranked 2; Figure 7B) appears to be conserved and over-represented in the genes up-

regulated under drought and salt in Arabidopsis and rice and this motifs is similar to the recognised 

NAC binding site (Olsen et al. 2005). Interestingly, a similar observation was also made for the 

putative motifs over-represented under cold conditions in both species, where GC-rich motifs, 

characteristic of AP2 TF binding sites were over-represented in the cold responsive transcripts 

(Figure 7Bii) (Nakashima et al. 2009). Again, divergence in the heat response was further 

supported by the finding that the top three elements in heat (green boxes) do not overlap with the 

top three of other stresses (Figure 7B). 

Lastly, given the large number of down-regulated genes observed in drought and stress 

conditions, we examined the over-representation of putative motifs in the 3‟UTRs for motifs 

associated with mRNA degradation. Ideally, this would be compared directly as done for the 

promoters, identifying the most over-represented motifs, however only less than 10% of all rice 

genes have sequence information available for the 3‟UTRs, thus it was only feasible to examine 

previously identified/implicated motifs associated with mRNA degradation. The top 3 stabilisation 

and destabilisation motifs identified by Narsai et al. (Narsai et al. 2007), as well as others 

previously identified (Newman et al. 1993; Ohme-Takagi et al. 1993; Keller 1995), were examined 

and interestingly for the genes in the drought and salt responsive sub-sets, a significant over-

representation of destabilisation and significant under-representation of stabilisation motifs were 

observed, corresponding with the larger number of down-regulated genes observed in rice and 

Arabidopsis following drought and salt stress. 
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Discussion 

 In this study we have compared the transcriptome of Arabidopsis and rice. As with all 

analyses involving such large scale comparisons, caution needs to be exercised in defining 

similarities or differences as the conditions of each experiment cannot be matched exactly. The 

datasets for rice and Arabidopsis were matched as closely as possible, however there were 

differences to various degrees. On one hand this is simply due to the different species used e.g. 

cold and heat stress tolerances can differ for these species, simply due to their „normal‟ optimal 

growing temperature. Although this may introduce some variation into the data sets, this is an 

important point for translation biology. If responses in a model specie are limited to a specific 

developmental stage and/or not applicable to other plants due to the optimal growing conditions for 

the model plant, then the usefulness of the model becomes limited (Flavell 2009). Also for 

translational biology, similarities in diverse data sets between species likely indicate that the 

observed changes are robust and likely well conserved across wide phylogenetic gaps, while 

differences in responses prompt caution, or further investigations before it can be assumed that 

different plant species behave in a similar manner. 

 Overall, the outcome of this study revealed that the transcriptome of rice and Arabidopsis 

differs significantly in many aspects. The significantly large proportion of “always expressed” genes 

in rice that had Arabidopsis orthologues also indicates an underlying conservation of specific 

genes. Only by multi-dimensional analysis of gene expression across a multitude of microarray 

studies in both species, was it possible to get an idea of transcriptomic flexibility i.e. the proportion 

of genes showing differential expression under the different conditions. When similar patterns of 

response are observed, with abiotic stress responses, the regulatory mechanisms that drive these 

responses seemed to differ, with notable exceptions (see below). Thus, the organ specific 

transcriptome of rice seeds, flower, leaf and root was distinct to that of Arabidopsis. Specifically, 

rice seeds, flower and leaf displayed from a 4 to 10-fold greater number of genes that were 

expressed in an organ specific manner compared to Arabidopsis.  Furthermore, even when the 

number of organ specific genes expressed was similar as it was observed with root, gene 

orthology in combination with organ specific expression between both species was low. Similarly, 

despite the significantly larger proportion of genes with orthologues in each abiotic stress 

responsive sub-set, it was surprising to the relatively small proportion of these significantly 

changing in the same manner (up/down) between both species. Furthermore, both for the 

developmental tissue and abiotic stress responsive datasets, it was surprising to see the relatively 

large numbers of transcripts that have orthologues, which were unchanging in response. These 

findings indicate that although two plants may have similar genes (orthologues) in their genome, 

these genes fulfil different roles. 

Although the various abiotic stress responses displayed greater orthology with respect to 

overlap in genes that responded in a similar manner compared to the organ specific sets, further 

analysis of abiotic stress responses revealed that for cold and heat, that there were as many or 
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more opposite changes in orthologous genes compared to complementary changes. Note that the 

latter does not consider orthologous genes that significantly changed in one species, but were 

unchanged in the other. Previous analyses in the literature have concentrated on similarities in 

responses. In rice, the response to drought and salt resulted in 4 to 10-fold more genes 

significantly changing in abundance compared to Arabidopsis, and this cannot be accounted for 

simply by differences in the gene coding content of the respective genomes, as the response to 

heat and cold for both species produced approximately the same number of changes. Interestingly, 

this is also not due to species specific rice gene expression as there is in fact a larger percentage 

of known Arabidopsis orthologues for the rice genes changing under drought and salt stress 

(>50%) compared to the genome comparisons (~31% Arabidopsis orthologues). Thus, this 

emphasises the role of differential regulation in the response to these conditions in both species. 

Noticeably, although more changes in transcript abundance was observed in salt and drought in 

rice, the number of opposite changes was much lower than the complementary changes, indicating 

that the reaction to drought or salt stress is more conserved. This was particularly evidenced in the 

form of the conserved down-regulation of translation functions and up-regulation of membrane 

transport functions, suggesting that under these conditions, energy demanding process such as 

translation are down-regulated, whilst the change in water content under drought or salt stress 

affects membrane fluidity in a conserved manner. Unlike drought and salt stress, for heat and cold 

stress, it was observed that the number of genes changing were comparable. However, equal or 

more orthologous genes changed in the opposite manner as in those changing in a complementary 

manner, providing additional evidence for a divergence in the regulation of these genes in the 

stress response. Specifically, an overall up-regulation of more rice genes was observed compared 

to the respective orthologous genes in Arabidopsis. This suggests that the regulation of gene 

expression in response to cold and heat treatment has diverged, with genes involved in secondary 

metabolism, amino acid degradation and redox metabolism being up-regulated under these 

conditions in rice, whilst the Arabidopsis orthologues remain unchanging or oppositely regulated. 

Closer analysis of the redox pathway components revealed an overlapping up-regulation of genes 

under heat stress and genes defined as core aerobic genes (Narsai et al. 2009), further supporting 

unique divergence in the mechanisms of heat tolerance in rice and Arabidopsis. 

Given the general down-regulatory trend observed for the transcripts encoding redox 

pathway components in Arabidopsis following heat treatment, it was of interest to consider the 

regulatory mechanisms that may be controlling this down-regulation. Typically, transcriptional 

control is examined as the main mechanism regulating transcript abundance, however, given the 

observed down-regulation, a role for mRNA degradation was considered. A previous study 

examined the global mRNA degradation rates for Arabidopsis, following transcriptional inhibition 

(Narsai et al. 2007). Brief examination of the mRNA half-lives of the genes encoding redox 

pathway components (as in the Arabidopsis genes in Figure 4) revealed remarkably high mRNA 

half-lives (>10 h) for several of these genes, including 2 genes encoding catalases (AT4G35090, 
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AT1G20630), a gene encoding DHAR (AT5G16710), 2 genes encoding dismutases (AT4G25100, 

AT3G10920), a gene encoding GR (AT3G54660) and the gene encoding a non-symbiotic 

haemoglobin (AT2G16060). The mRNA half-lives of >10 h indicates a high level of stability of 

these mRNAs, thus it was interesting to note the significant down-regulation of these within only 3 

h of heat treatment in Arabidopsis. Furthermore, it was also noted that following drought or salt 

treatment, a large down-regulation of transcripts encoding translation functions is seen to occur in 

both Arabidopsis and rice, again within only 3 h of stress treatment. This rapid down-regulation of 

these transcripts was surprising, given that the transcripts encoding these have been shown to be 

are very stable, with a significant proportion of these decreasing very slowly in abundance 

following transcription inhibition (Narsai et al. 2007). A previous study in yeast revealed that in 

response to changes in oxygen availability, there is active degradation of specific transcripts that 

occurs faster than the steady state decay rates (Burke et al. 1997). Considering this, it is possible 

that part of the response mechanisms to different abiotic stresses involves the active degradation 

of specific transcripts, for example a possible active degradation of transcripts encoding redox 

pathway components, following heat treatment in Arabidopsis. 

In terms of transcriptional regulatory processes, it also appears that there are more 

differences than similarities. The role of AP2 and NAC TFs are used as a model example for the 

conservation of regulation between Arabidopsis and rice (Nakashima et al. 2009). Note that the 

analysis carried out in this study did identify the CAREs and TF families of AP2 and NAC as being 

enriched in both species in response to several abiotic stresses. Thus, the outcome of the in silico 

analysis are supported by experimental observation. Other groups of TFs were also enriched in the 

response of both species to specific stresses, notably Auxin in response to drought and salt, and 

bZIP, HSF and GNAT in response to heat. With the exception of the cold responsive set, more 

families of TFs were being affected in rice, compared to Arabidopsis. This suggests that in rice, the 

regulatory network in response to abiotic stress is more diverse and that transcription factors have 

addition roles in response. Notably, some NAC transcription factors responded in the same 

manner between Arabidopsis and rice, however, it has also been suggested hat NAC transcription 

factors may have additional roles in rice (Nakashima et al. 2009).  

The differences in the transcriptome response of Arabidopsis and rice provides 

opportunities to identify species specific responses and thus broaden the possibilities of 

transferring traits from model to crop species. In this respect the orthologous genes that 

significantly changed in opposite directions warrant further investigations. Notably the transcripts of 

many genes in these various sub-sets encode proteins involved in stress defence and are 

classified as such (Figure 5). The control and regulation of genes involved in various processes 

classified as REDOX, biotic stress and secondary metabolism, which are all intimately associated 

with stress responses, will likely reveal species specific regulation and response that may offer 

new insights for translational biology. In particular the fact that a non-symbiotic haemoglobin gene 

is regulated in the opposite manner in rice (up) compared to Arabidopsis (down) in all 4 stresses 
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and that it was defined as a core aerobic gene, merits investigations into nitric oxide signalling 

differences that may exist between both plants in response to abiotic stress (Qiao and Fan 2008). 

The fact that transcripts from other genes encoding components involved in REDOX area also 

displaying opposite trends suggests differences in reactive oxygen species or reactive nitrogen 

species may exist between both species. Although the reasons for this are unclear, the 

involvement of nitric oxide signalling in the response to hypoxia combined with the unique ability of 

rice to survive hypoxia may be the underlying reason for differences in some aspect of REDOX 

signalling (Stoimenova et al. 2007) and account for some of the differences observed in the abiotic 

transcriptome between Arabidopsis and rice. 

Large scale systems biology projects are well advanced to define the function of all genes 

in Arabidopsis and to understand genome to phenome relationships under various environmental 

conditions (Shinozaki and Sakakibara 2009). Arabidopsis has paved the way for a brave new world 

of plant biology research, and rice functional genomics benefits from many of the lessons learned 

in Arabidopsis (Flavell 2009). However, in order to fully exploit the power of Arabidopsis as a 

model, it is as important to know both what is both common and different with other plants, and 

also what responses in other plants may be unique, in that they are not observed in Arabidopsis. 

The results of the analysis presented here reveal many distinct responses observed in rice but not 

in Arabidopsis. Thus, cautioning against assumption at orthology equals similarity in cellular 

responses. The fact that there is well conserved genomic colinearity between rice and other 

agronomically important grasses, but rather poor colinearity between rice and Arabidopsis (Liu et 

al. 2001), means that many of these unique responses in rice can be pursued to the level of gene 

loci in crop species (Salse et al. 2008; Thiel et al. 2009).  
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Materials and methods 

Publically available rice and Arabidopsis microarrays 

To compile the entire publically available Affymetrix rice microarray (as at 1st August 2009), all 

experiments containing CEL files were downloaded from the Gene Expression Omnibus within the 

National Centre for BiotechnoIogy Information database or from the MIAME ArrayExpress 

database (http://www.ebi.ac.uk/arrayexpress/). The GSE or EXP numbers for the respective rice 

studies are shown in Table 1. The rice array was defined as the 57,302 probesets, thus the 81 

probesets designed for the bacterial/phage controls were not included. There was a total of 366 

microarrays, representing 129 tissues/conditions, with a minimum of 2 biological replicates for rice. 

The 129 included 48 developmental tissues, 77 samples within abiotic and biotic stress 

experiments and 11 samples within hormone treatment experiments. The abiotic stress 

experiments involved single treatments with cold, salt, drought (GSE6901) and heat (GSE14275). 

To carry out parallel analysis for developmental conditions in Arabidopsis, the Arabidopsis 

developmental dataset consisting of 237 microarrays representing 79 developmental stages was 

downloaded as CEL files (E-AFMX-9; E-TABM-17). Also, to carry out parallel analysis of abiotic 

stresses in Arabidopsis, the microarray data from the 0.5 h, 1 h and 3 h abiotic stress treated (cold 

– GSE5621, salt – GSE5623, drought – GSE5624, heat – GSE5628) and respective control 

samples (E-GOED-5620) was downloaded. Thus, a total of 627 microarrays were analysed within 

this study, enabling large scale parallel comparison between rice and Arabidopsis at a 

transcriptomic level during development and under four abiotic stresses. Note that for Arabidopsis, 

the abiotic stress experiments involved shoots from 18-day old seedlings, whilst in rice these stress 

treatments were carried out on 7-day old seedlings for the drought, salt and cold stress conditions 

(Jain et al. 2007) and 14-day old seedlings for the heat stress experiment (Hu et al. 2009) (Table 

1). 

 

Microarray analyses 

All raw intensity CEL files were imported into Avadis 4.3 (Strand Genomics, India) and the 

standard MAS5.0 normalisation was first carried out in order to determine present/absent/marginal 

calls for each probeset. All probesets which encoded bacterial genes were excluded, leaving a 

global rice set consisting of 57,302 probesets and a global Arabidopsis set of 22,710. Probesets 

which were called present in two or more replicates were considered to be expressed and used for 

further analysis. All of the present/absent data for all 366 microarrays were compiled and it was 

determined which probesets were present in all 129 tissues/conditions, defined as “Always 

expressed” and which were present in none of the microarrays, defined as “Never expressed” on 

microarrays. Furthermore, a probeset was considered to be transiently or “Specifically expressed” 

if it was present in only one sample i.e. present in at least 2 replicates of one sample and less than 

2 replicates in all other samples. In this way, developmental stage/tissue specific probesets were 

identified for both rice and Arabidopsis. However, this method only included single stage/tissue 

http://www.ebi.ac.uk/arrayexpress/
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specific probesets, thus this was expanded further to include probesets present in one or more 

developmental stage for that tissue e.g. at one or more stage of inflorescence (and less than two 

replicates for all other tissues).  

 

Differential expression analyses 

In order to analyse the rice microarray data from the abiotic stress experiments, differential 

expression was carried out. Firstly, a present set for each experiment was determined i.e. present 

in >/=2 replicates in the control and/or treated samples and only these were included for further 

analysis. For each stress experiment, the GC-RMA normalised data (control and stress treated) 

were used as the input set for the differential expression analysis. This was carried out using the 

Cyber-T method, which implements a Bayesian method for determination of probesets showing 

significant changes in transcript abundance. The PPDE method within Cyber-T was used for false 

discovery rate calculation. All input criteria were set according to Cyber-T recommendations 

applicable for each experimental set. A probeset was defined as significantly changing at p<0.05, 

with a PPDE of >0.96 (false discovery rate). These cut-offs and this Bayesian method of differential 

expression has been verified and has been used in previous microarray studies (Cyber-T refs and 

example refs). For each abiotic stress experiment in rice, single comparisons were involved i.e. 

treated vs. control. For Arabidopsis, these experiments were carried out as a time course, however 

only the 0.5 h, 1 h and 3 h post-treatment microarrays were considered for analysis as this was 

considered to be a more parallel reflection of the stress treatments in rice and also, it was the only 

time points consistent across all 4 stress experiments i.e. heat stress was not sampled after 3 h in 

Arabidopsis. In this way 4 comparisons for rice; and 12 comparisons for Arabidopsis; abiotic stress 

vs. control were carried out. For Arabidopsis, the differential expression analysis involved a 

comparison for each time point, within each stress experiment and the differentially expressed list 

was generated on the criteria that a probeset had to be changing (up/down) at one or more time 

points in the same direction (up/down) with no significant changes in the opposite direction. 

 

Functional annotation and statistical analysis 

For all the transcripts represented on the rice microarray, the function of the encoded proteins was 

analysed, where functional annotation was available. For each probeset, the GO annotation and 

transcript assignments from Affymetrix was retrieved. The National Science Foundation rice 

microarray database was used to match rice probeset identifiers to The Integrated Genome 

Resource (TIGR) identifiers for rice. Similarly, The Arabidopsis Information Resource (TAIR) 

database was used to match Arabidopsis probesets identifiers to Arabidopsis Genome Identifiers 

(AGI) as At numbers. For all the rice transcripts matched to a single TIGR identifier, the rice TIGR 

database (Yuan et al) was used to determine putative protein functions. Note that only ~80% of all 

probesets had annotated TIGR identifiers. To analyse transcripts based on the broad function of 

the encoded protein, the FUNctional CATalogue (FUNCAT) for rice based on the Australian 
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National University genebins database was used for the whole genome set. To improve and add to 

this, two FUNCATs; transcription factors and kinases were independently added. The list of 

transcription factors was based one or more of the following sources; DRTF (Gao et al. 2006), 

RiceTFDB (Riano-Pachon et al. 2007), and Caldana et al., 2007 (Caldana et al. 2007). Kinases 

were annotated based on the rice kinase database (Dardick et al. 2007).  

In order to determine if there was a statistically significant over or under-representation of a 

particular FUNCAT within a subset compared to the genome, a z-score analysis was carried out 

based on the difference between the two proportions, given that the sample sizes and frequency of 

each FUNCAT is known:  

 

A cumulative standard normal table was used to match the z-score and based on this, the P values 

were determined. The same method was used for transcription factors where the proportion of 

transcription factor families within a subset was compared against the full list of transcription 

factors. 

 

Analysis of orthologues 

The InParanoid: Eukaryotic Ortholog Groups database (version 7.0) was used to analyse all 

orthologues between rice and Arabidopsis (Remm et al. 2001). The orthologous group file was 

downloaded for the whole-genome comparison of rice versus Arabidopsis. This produced 

information for orthologues identified by TIGR identifiers for rice and AGIs for Arabidopsis. 
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Supplementary Figures 

 

Supplementary Figure 1. Overview of expression. A) Number of genes never expressed, always 

expressed and expressed on average across all the rice microarrays analysed in this study. B) The number 

of transcripts expressed across the increasing number of samples analysed.  

 

Supplementary Figure 2. Defining common and exclusive stress responsive genes. The number of 

genes significantly (p<0.05, PPDE>0.96) increasing (red bordered boxes) and decreasing (blue bordered 

boxes) in abundance in rice and Arabidopsis under A) drought, B) salt, C) cold and D) heat treated plants are 

shown. For each stress, the number of transcripts significantly up/down-regulated in abundance is shown on 

a Venn diagram as follows; the number of transcripts with no orthologues (lightest shade), with known 

orthologues (darker shade) and the number of transcripts which were orthologous and showing a common 

response rice and Arabidopsis (darkest shade). 

 

Supplementary Figure 3. Visualisation of transcripts showing differential regulation between 

Arabidopsis and rice. A) The FUNCAT breakdown comparison of core and oppositely regulated genes 

compared to all the genes changing under the respective stress. For example, the FUNCAT analysis was 

carried out to determine over/under-represented FUNCATs in the 811 core down-regulated genes in rice and 

Arabidopsis (blue) and compared to the total number of genes down-regulated under drought (dark grey). In 

this way, over/under-represented FUNCATs for the transcripts regulated in the same/opposite way could be 

analysed. B) The significant fold-changes of transcripts for control vs. treated, were log transformed and 

displayed on a custom figure using the MapMan tool, changes in abundance are represented by shading 

where the colour saturates at a log2 FC value of 2.5 (i.e. a >5-fold change). The transcript abundance 

changes compared to the controls is shown for drought (blue bordered boxes), salt (yellow bordered boxes), 

cold (pink bordered boxes) and heat (green bordered boxes) treated rice and Arabidopsis samples. 

Transcripts which were orthologous and responding in the same way (up/down) between Arabidopsis (A) 

and rice (R) were defined as “common A & R” and given that the conservation in response, only one set of 

values were displayed i.e. for rice only. Where genes were oppositely regulated, the transcript abundance 

changes for rice (Opposite R) were only visualised.  

 

Supplementary Figure 4. Analysis of putative motifs for core orthologous genes showing common 

response under abiotic stress. A) The occurrence of all possible 6-mers were calculated in each of the 

orthologous up-regulated and down-regulated subsets for rice and Arabidopsis. The occurrence of each 

motif in each subset was made relative to the occurrence of that motif in the respective genome. Thus, the 

heat map intensity represents over (red) or under (blue) representation of putative motifs compared to the 

genome. From the 4,096 possible 6-mers, only the putative motifs present 20% more or less often than the 

percentage presence in the genome were visualised e.g. a value of 1.2 indicates that this motif in the 

respective subset occurs 20% more than the occurrence of this motif in the genome, whilst a value of 0.8 

indicates that this motif occurs 20% less than the percentage occurrence in the genome. Examples of 

conserved over-represented motifs within different stress subsets are indicated in the black boxes. B) The 

top 3 over-represented motifs from each of the up/down regulated subsets are indicated on the heatmap by 

the coloured boxes. Note that motifs over-represented in the UP and DOWN regulated sets are indicated by 

an asterisk *. 
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Supplementary Tables 

 

Supplementary Table 1. Details of the development/tissue/stress/hormone experiments carried out, the 

publications addressing these microarrays, the GEO or MIAME Geneexpress accessions, number of 

biological replications, experimental descriptions (as in Table 1.), the sample details, cultivar, tissue, age and 

treatment time (where relevant and available) are shown below.  

 

Supplementary Table 2. FUNctional CATalogue (FUNCAT) information from Figure 1. The frequency of 

transcripts in each FUNCAT and the respective percentages are shown. For each FUNCAT, a z-score 

statistic and associated p-value was calculated in comparison to the genome. 

 

Supplementary Table 3. Details of the development/tissue/stress/hormone experiments carried out, the 

publications addressing these microarrays, the GEO or MIAME Geneexpress accessions, number of 

biological replications,  (as in Table 1.), the sample details, genotype, tissue, age and treatment time (where 

relevant and available), photoperiod and growth substate are shown below. 

Supplementary Table 4. The Arabidopsis microarray probeset identifier (Array element), Annotation 

(TAIR9) and Locus identifiers (Arabidopsis Gene Identifier - AGI) are annoted. For each stress data subset, 

the fold change, p-value associated with that fold change and PPDE (<p) (false discovery rate correction) are 

shown. 

 

Supplementary Table 5. The rice microarray probeset identifier (Probeset ID), TIGR6 gene identifier and 

TIGR6 putative function are annoted. For each stress data subset, the fold change, p-value associated with 

that fold change and PPDE (<p) (false discovery rate correction) are shown. 

 

Supplementary Table 6. Analysis of transcription factor families. Z-score analysis of all the families shown 

in Figure 6. The frequency of transcripts from each family in each subset and the respective percentage is 

shown. For each family in each subset, a z-score statistic and associated p-value was calculated (p-values 

shown) in comparison to the genome. Significant over/under-representation (p<0.01) is indicated in red 

(over-represented) or blue (under-represented). Percentages underlined in red/blue represent over/under-

representation at p<0.02. 
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Table 1. Overview of the 20 experiments, involving 366 Affymetrix rice genome microarrays used for the global analysis 
in this study. The microarray experiments are classified as development/tissue , abiotic stress, biotic stress or hormone 
treatment respectively depending on the purpose of the experiment. For each microarray set in each experiment an 
experimental description is given with the respective cultivar (cv.) indicated, the corresponding publication (where avail-
able),  public Gene Expression Omnibus (GSE) identifier or MIAME Genexpress identifier (E-MEXP), the number of 
biological replications carried out (Reps) and the tissue analysed are shown.
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Table 2. Functional Categorisation (FUNCAT) analysis of common and oppositely regulated stress sub-sets. The 
percentage of transcripts in each FUNCAT within each subset was compared to the genome (details in Supple-
mentary Table 4). For each FUNCAT, a z-score statistic and associated p-value was calculated in comparison to 
the genome, where p<0.01 was deemed significant. Over-represented FUNCATs are indicated in bold, red font 
and under-represented FUNCATs are indicated in bold, blue font. 
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Figure 1. Global expression analysis of rice transcriptome datasets. A) Expression of the 57,302 probesets 
defined as the genome were classified as always detected, never detected,  specific or non-specific detected 
based on MAS5.0 normalised data. A probeset was considered to be detected if it was called present in >/=2 repli-
cates in at least one sample. The proportion of rice transcripts that have Arabidopsis orthologues (determined by 
Inparanoid database v7.0) is indicated by the darker shade of colour for each subset. Significant (z-score, p<0.01) 
enrichment/depletion of orthologues in each sub-set is denoted with a red/blue ^, repectively. B) Analysis of FUN-
cation CATalogue (FUNCAT) was carried out on each set of genes. Subsets which were enriched or depleted in 
that FUNCAT compared to the genome are indicated by the red or blue asterisk respectively. 
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Figure 2. Summary of transcripts that display development or tissue specific detection. A) For each tissue and/or 
developmental stage (seed, leaf root and flower) the number of probesets expressed exclusively in one or more of 
the developmental stages for that tissue is shown e.g. present at one or more stage of inflorescence. The horizontal 
shading indicates the number of probesets in specific developmental stages for that tissue. The numbers in brackets 
indicates the number of probesets with known TIGR6 identifiers for rice or known TAIR9 AGIs for Arabidopsis. B) For 
each of the tissues, the probesets with annotated TIGR identifiers or AGIs for rice and Arabidopsis respectively, were 
analysed for orthologues that displayed the same type of restricted expression profile. Orthologues were determined 
based on the Inparanoid database v7.0 (Remm et al., 2001). Overlap of the venn diagram indicates the number of 
genes that were orthologous and tissue specific in both species e.g. 5 orthologous, flower specific genes. The 
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C) The AGI, TIGR identifiers and description of each gene in the overlapping sets is also shown. 
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Figure 3. Defining common and exclusive stress responsive genes. The number of genes significantly (p<0.05, 
PPDE>0.96) increasing and decreasing (blue bordered boxes) in abundance in rice and Arabidopsis under 
drought, salt, cold and heat treated plants are shown. For each stress responsive sub-set of genes, the propor-
tion of transcripts that i) have orthologous genes responding in a similar way, i.e. Up (red) /Down (blue) regu-
lated in both Arabidopsis and rice (A &R), ii) have orthologous genes responding in an opposite manner (e.g. 
up-regulated in rice and down-regulated in Arabidopsis; denoted Opposite response; purple), iii) have ortholo-
gous genes unchanging in the respective other specie and iv) do not have orthologues (grey) is shown. The total 
number of genes in each sub-set is also shown next to each of the bars.
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under “Opposite R”, genes showing a red (up-regulated) colour had an orthologue in Arabidopsis that was down-
regulated and vice versa. B) Transcripts encoding proteins involved in redox functions, including the ascorbate gluta-
thione cycle components, were visualised on a custom pathway image. The log2 fold change is shown for the control 
vs treated as a heatmap for rice and Arabidopsis in response to cold, heat conditions. Transcripts showing an oppo-
site response under cold conditions (pink boxes) and heat conditions (green boxes) are indicated. Note that for Arabi-
dopsis, only a single time point is shown, depending on which time point comparison was significant (Materials and 
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availability as defined in Narsai et al., 2009) are indicated in red (aerobic) and blue (anaerobic) respectively. A & R-
Arabidopsis & rice, APX-Ascorbate Peroxidase, MDHAR-Monodehydroascrobate Reductase, DHAR-
Dehydroascorbate Reductase, GR-Glutathione Reductase.
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Figure 5. Defining core stress responsive gene expression. The number of genes significantly (p<0.05, 
PPDE>0.96) increasing (i - Abiotic core – UP) and decreasing (ii - Abiotic core – DOWN) in abundance in A) rice 
and B) Arabidopsis under drought, salt, cold and heat treated plants are shown. C) The overlapping sets from A 
and B were analysed to determine the number of transcripts with no orthologues (lightest shade), with known 
orthologues (darker shade) and the number of transcripts which were orthologous and showing a i) common 
(overlap) ii) and opposite (overlap)  response at the level of transcript abundance in rice and Arabidopsis. For 
each of the common and oppositely responding transcripts, the log2 fold change is shown for the control vs 
treated as a heatmap, where red represents up-regulation and blue represents down-regulation. Note that for 
Arabidopsis, only a single time point is shown, depending on which time point comparison was significant 
(Materials and methods).
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Figure 6. Analysis of changes in transcript abundance for genes encoding transcription factors. All the genes 
encoding transcription factors were collated for Arabidopsis and rice and the distribution of these transcription 
factor families changing in abundance within the total stress responsive sets were examined for A) drought 
(blue), B) salt (yellow), C) cold (pink) and D) heat (green). The distribution of transcripts encoding transcription 
factors in each family, within is stress responsive subset (e.g. Up drought) was compared to the percentage pres-
ent in the respective genome. In this way, over/under-represented transcription factor families within each subset 
could be determined for Arabidopsis and rice separately. Over- or under-representation is indicated by red or blue 
asterisk respectively (at p<0.01). Note that some transcription factor families were statistically significant at 
p<0.025, these are indicated by ^. The % breakdown of each family within each subset is shown next to the 
genome (lighter shades – Arabidopsis, darker shades - rice).
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motif in the respective genome. Heat map intensity represents over (red) or under (blue) representation of puta-
tive motifs compared to the genome. From the 4,096 possible 6-mers, only the putative motifs present 20% more 
or less often than the percentage presence in the genome were visualised e.g. a value of 1.2 indicates that this 
motif in the respective subset occurs 20% more than the occurrence of this motif in the genome, whilst a value 
of 0.8 indicates that this motifs occurs 20% less than the percentage occurrence in the genome. Examples of 
conserved over-represented motifs within different stress subsets are indicated in the black boxes. B) The top 3 
over-represented motifs from each of the up-regulated subsets are indicated on the heatmap by the coloured 
boxes. Note that motifs over-represented in the UP and DOWN regulated sets are indicated by an asterisk *. For 
the motifs representing known TF binding sites, the respective TF is annotated; the number indicates the associ-
ated reference. Note that the motifs below the dotted line represent the occurrence of motifs for other known 
transcription factor binding sites. 1) Izawa et al., 1993; 2) Finkler et al., 2007; 3) Kaplan et al., 2006; 4) Carles et 
al., 2002; 5) Teakle et al., 2002; 6) Tran et al., 2004; 7) Narusaka et al., 2003; 8) Fujimoto et al., 2000. C) Exami-
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Foreword to Study IV 

For decades, transcript abundance has been measured using different 

techniques, ranging from northern blots to microarrays. In order to analyse changes in 

transcript abundance using some of these techniques, one or more reference gene/s is 

often employed as a point of comparison for the transcript of interest. Reference genes 

are typically selected on the assumption that the proteins encoded by these genes are 

constitutively required. Although the typical reference genes such as ubiquitin are 

constitutively expressed, it has been shown that these genes are not always stable in 

expression across all conditions in Arabidopsis (Czechowski et al., 2005) and therefore 

may not be stable across all conditions in other species. This divergence in the 

transcriptomic responses of orthologous genes is also indicated in the results from 

Study III, which showed that even under comparable conditions, rice orthologues for 

Arabidopsis genes that were unchanging in abundance, were significantly changing in 

rice and vice versa. In rice, previous studies have selected reference genes on the 

basis of orthology, where it is assumed that stable expression in Arabidopsis and/or 

other species reflects stable expression in rice. 

Study IV examined this assumption by comparison of expression levels for the 

typical reference genes with superior reference genes identified by stable expression 

across 129 different samples, across >300 microarrays. Using this principle, a similar 

study in Arabidopsis also revealed novel stably-expressed reference genes compared 

to the typical reference genes (Czechowski et al., 2005). Using a similar basis, Study 

IV also identified superior reference genes for use in transcriptomic analysis in rice. 

Expression stability of these was also confirmed by QRT-PCR analysis for a small 

selection of experimental conditions. Overall, Study IV utilised global transcriptome 

datasets to identify novel reference genes for the normalisation of transcript abundance 

data in rice. 
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transcriptome datasets 
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Abstract  

 

Background 

 Reference genes are widely used to normalise transcript abundance data determined by 

quantitative RT-PCR and microarrays. However, the approaches taken to define reference genes can 

be variable. Although Oryza sativa (rice) is a widely used model plant and important crop specie, there 

has been no comprehensive analysis carried out to define superior reference genes. 

 

Results 

 Analysis of 136 Affymetrix transcriptome datasets comprising of 373 genome microarrays from 

studies in rice that encompass tissue, developmental, abiotic, biotic and hormonal transcriptome 

datasets identified 151 genes whose expression was considered relatively stable under all conditions. 

A sub-set of 12 of these genes were validated by quantitative RT-PCR and were seen to be stable 

under a number of conditions. All except one gene that has been previously proposed as a stably 

expressed gene for rice, were observed to change significantly under some treatment.  

 

Conclusion 

A new set of reference genes that are stable across tissue, development, stress and hormonal 

treatments have been identified in rice. This provides a superior set of reference genes for future 

studies in rice. It confirms the approach of mining large scale datasets as a robust method to define 

reference genes, but cautions against using gene orthology or counterparts of reference genes in 

other plant species as a means of defining reference genes. 
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Background 

 The analysis of gene expression, or more correctly transcript abundance, is widely carried out 

in a variety of laboratories in various disciplines. Northern blotting, quantitative RT-PCR (QRT-PCR) 

and microarray approaches are commonly used to assess transcript abundance. All these approaches 

need a standard or reference for comparison, so that the changes observed can be attributed to a 

biological process rather than an artefact of the particular technique used [1, 2]. The use of northern 

blotting often involves the use of equal RNA (total or mRNA) loading as a reference point. Although 

this can lead to errors, the variability of many steps in northern blotting means that northern blots are 

generally only used to assess large changes in transcript abundance. In contrast, microarray analysis 

assesses the transcript abundance of tens of thousands of genes, thus it has required the application 

of statistical methods to normalise the distribution of signals and also requires correction for large 

samples sets, so called false discovery rate correction [3, 4]. For QRT-PCR analysis, house-keeping 

or reference genes can be used as a standard and by definition; the transcript abundance of this gene 

should not change under the experimental conditions being studied. 

 The definition of reference genes is important as the use of common sets of reference genes 

by scientists allows direct comparisons between studies. The benefits of comparing transcripts 

abundance datasets between a variety of studies is best exemplified with microarray studies, where 

the predominant use of a single robust platform for studies in Arabidopsis thaliana has led to the 

development of a number of databases where in silico or digital northern analyses can be carried out. 

Thus, databases such as Genevestigator [5] and the Botany Array Resource (BAR) [6] are just two 

examples that provide a valuable resource for researchers to obtain information of transcript 

abundance patterns for genes of interest .  

 QRT-PCR is often used to validate transcriptome data obtained from array studies or is used in 

more directed studies where the transcript abundance of a limited number of genes is analysed. 

Increasingly large scale studies encompassing several hundred to thousands of genes are also 

analysed by QRT-PCR and represent an important resource to the scientific community, e.g. 

expression profiling of transcription factors [7-9]. Thus, accurate reference genes are required to 

interpret such data.  In an Arabidopsis study that defined stably expressed genes under a wide variety 

of conditions and organs, a “superior set” of reference genes were identified that are widely used in 

QRT-PCR studies in Arabidopsis [10]. An alternative approach to define reference genes is the use of 

various statistical tests that essentially rank the variability of transcripts abundances for sets of genes 

that are analysed [1]. Bestkeeper [11], Norm-Finder [12] and geNORM [13] are examples of such 

widely used programs, albeit their use is limited to some extent in studies with plants [2]. 

 A variety of studies in different plant species have defined reference genes [2]. Many studies 

selected a number of potential reference genes based on what is used in other plant species, and 
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tested changes in transcript abundance, using statistical algorithms outlined above to test for 

variations in different organs or environmental conditions, to determine their suitability as reference 

genes [14-17]. All these studies have defined reference genes, but the limited number of conditions 

tested and the lack of genome wide searches for superior reference genes means that these sets may 

not represent the best reference genes under a wide variety of conditions. The ability of software 

programs to define variations in gene expression is limited by the input data.  However, it is desirable 

to define reference genes that are stable in transcript abundance under as many conditions as 

possible and analysing as many genes in the genome as possible. 

Oryza sativa (rice) represents an important model plant [18] and as a crop, provides 21% of the 

calorie needs of the world’s population (and up to ~75% for the population of south east Asia [19]. As 

such, it is the focus of intense research by a wide variety of researchers. One of the fundamental 

problems facing researchers carrying out gene expression studies is the use of control or reference 

genes that should not change, preferably under all experimental conditions. Reference genes in rice 

have been proposed by testing commonly used reference genes in plants and orthologues of 

reference genes that have been defined as in Arabidopsis [7, 20]. It is unclear under how many 

different parameters these genes are appropriate reference genes and also if superior reference 

genes could be defined using a genome wide approach as previously carried out in Arabidopsis [10]. 

 In order to define suitable reference genes in rice in an objective manner, a similar procedure 

to that used to define reference genes in Arabidopsis was undertaken [10]. We collated 373 Affymetrix 

genome arrays from rice that encompassed tissue, abiotic, biotic and hormonal parameters to define a 

set of 151 probesets that were stably expressed under all conditions. Of these, 12 genes were chosen 

as reference genes and validated using QRT-PCR, for different tissues and under stress. In this way, 

a superior set of reference genes for rice was identified that are suitable for organ, development and 

stress based experiments. 
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Results and Discussion 

 

Selection of transcriptome datasets 

 To meet the criteria for a suitable reference gene, the transcript must be detected in all organs, 

developmental conditions and under a variety of stress conditions. In order to identify genes that 

fulfilled these criteria, all transcriptome data available for rice on the Affymetrix platform (August 2009) 

was utilised. Apart from being widely used, it contains a variety of datasets that can be analysed 

together on a common platform. Thus, data from 373 microarrays were analysed together from 

experiments encompassing tissue development sets (embryo, endosperm, dry seed, germinating 

seed, coleoptiles, leaf, apical meristem, root, stigma, ovary, and inflorescence), abiotic stress (cold, 

heat, drought, salt, nutrient and physical), biotic stress (fungal, parasite, viral and bacterial) and 

hormone treatments are represented (Table 1). Additionally, as the experiments presented in these 

datasets have been performed in a variety of laboratories using different varieties of rice, it is likely 

that genes defined as not changing in expression are more likely to be robust. 

 

Global analysis of transcriptome datasets 

In order to analyse these multiple global rice transcriptome data in a comparable way, all 

arrays were normalised in the same way (materials and methods) and present/absent calls were 

determined MAS5.0 normalisation. The genome was defined as the 57,302 probesets targeted to 

Oryza sativa, thus the 81 probesets designed for the bacterial/phage controls were not included. The 

normalised data from all 373 microarrays (Table 1), representing 136 biological samples were collated 

together and a probeset was considered to be expressed in a particular tissue/sample if all replicates 

for every sample showed statistically significant present calls (p<0.05). This cut-off method has 

previously been used as a way of present/absent determination [10, 21]. Using this principle, the 

expression for each probeset across all microarrays could be determined. Nearly eight thousand 

(7,922) probesets were detected in all 373 microarray samples, thereby fulfilling the first criterion for 

defining reference genes (Figure 1). 

  

Selection of reference genes 

The GC-RMA normalised data for all microarrays with publically available CEL files (331 

microarrays; Table 1) was used to calculate the mean, standard deviation (SD) and coefficient of 

variance (CV; CV=SD/mean) for all 7,922 probesets, where a low CV is indicative of lower variation. 

This was followed by selection process undertaken to determine which of these genes were suitable 

as reference genes (Figure 1). Only 151 of the 7,922 probesets were defined as stably expressed 

across the developmental, stress and/or entire dataset (Figure 1).  
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In order to visualise the expression of these 151 probesets, the log2 normalised values were 

hierarchically clustered and as expected, stable expression profiles were observed across the tissue 

development, stress and hormone microarray experiments (Figure 2A).  Only 2 of these genes, 

LOC_Os07g02340.1  and LOC_Os03g05290.1, have been previously identified as stably expressed, 

with the former gene identified in a previous rice study [22], and the latter based on orthology with an 

Arabidopsis reference gene [7] (Figure 2B, red asterisk). A selection of 12 genes that showed stable 

expression across the microarrays (Figure 2B) were analysed further by QRT-PCR (Genes 1-12; 

Table 2). These 12 genes were selected on the basis of their CV and included; 2 transcripts with the 

lowest CV calculated across the stress microarray set (Genes 1-2), 2 transcripts with the lowest CV 

across the developmental set (Genes 3-4), 3 transcripts with the lowest CV across the entire 

microarray set (Genes 5-7) and the remaining 4 genes were randomly selected from the 66 probesets 

with low CV values (</=0.35; Genes 8-12) from the entire microarray set (Figure 1 and 2B; Table 2).  

Closer analysis of these 12 genes reveals that the genes encoding, a 3-phosphoinositide-

dependent protein kinase-1 (LOC_Os06g48970.1) and a nucleic acid binding protein 

(LOC_Os06g11170.1) showed stable, moderate expression levels across the stress microarray set 

(Genes 1-2 in Table 2; Figure 2B). While the genes encoding a tumor protein homolog 

(LOC_Os11g43900.1) and translation initiation factor SUI1 (LOC_Os07g34589.1) showed stable 

expression across the developmental and entire microarray sets respectively (Genes 4, 7 in Table 2; 

Figure 2B). As would be expected, it can be seen that many of these stably expressed genes are 

involved in core cellular functions such as mRNA splicing and translation initiation (Genes 1-12 

denoted by blue asterisks in Figure 2A; Figure 2B; Table 2).  

In order to compare the reference genes defined in this study with the expression of some 

genes defined as stably expressed in these previous studies [7, 10, 22], 14 genes commonly used 

reference genes were visualised in the same way across the microarrays (Figure 2C) and the mean, 

SD and CV for each was also calculated (Genes 13-26; Table 2). It can be seen that there is a large 

amount of variation in transcript abundance for many of the previously proposed stably expressed 

genes as well as the typical reference genes, such as those encoding Actin and ubiquitin (Figure 2C; 

high CVs in Table 2). It is particularly evidenced that beta-tubulin transcript expression is variable 

under bacterial and parasite infection respectively (Figure 2C). Although the heatmap visualisation of 

the expression for the nucleotide tract-binding protein (LOC_Os03g25980.1) and TIP41-like protein 

(LOC_Os03g55270.1) appears unchanging (Figure 3 – top 2 genes), it can be seen that the CVs for 

both of those genes is over 0.4 indicating a higher level of variation in expression (Table 2). 
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Validation of reference genes in quantitative RT-PCR in tissue and stress samples 

In order to confirm stable expression of the reference genes identified in this study primers 

were designed to 26 genes,12 stably expressed genes identified in this study and 14 previously 

suggested reference genes (Table 1, Additional file 1, Table S1). The stability of transcript abundance 

of these genes was analysed by QRT-PCR across 15 different samples from a variety of 

developmental (dry seed, imbibed seed, leaf and roots from young and old plants) and stress treated 

tissues (shoots from cold treated and heat treated young seedlings over time; Materials and methods). 

High quality total RNA was isolated from these samples and reverse transcribed to generate cDNA. 

The same cDNA pool from each of the samples was used to measure the transcript abundance by 

QRT-PCR, with melt curve analysis for each gene confirming primer specificity.  

The geNORM v3.5 software was used to analyse the expression stability for the reference 

genes analysed by QRT-PCR from the 12 tissue samples (Additional file 1, Table S1) [13]. This 

software allows calculation of a gene stability measure (M) value for all the genes analysed, where 

genes with the lowest M value shown the most stable expression (Figure 3A). Authors of the geNORM 

software suggest using the 3 most stable genes (3 lowest M values) as the most appropriate reference 

genes [13]. It can be seen that even when commonly or previously suggested reference genes and 

the novel reference genes from this study are analysed together, all 3 of the most stable genes are the 

novel reference genes identified in this study (Figure 3A). It is important to note that this M value is 

only calculated based on data from the limited number of samples that were analysed by QRT-PCR, 

thus not representing the wide variety of tissues/treatments analysed by microarrays. Therefore, in 

order to visualise the variation in expression across in the microarrays in parallel, the CV values for 

each gene was also plotted with the M values, where a lower CV value indicates greater stability. In 

this way, the most stable genes were identified as those with both low M and CV values. In this 

combined analysis, the 12 genes chosen all outperformed previously used reference genes, 

particularly in terms of having a lower CV (Figure 3A), the genes indicated with a black diamond all 

had lower CV values as indicated by the bar graph, with a gene encoding a nucleic acid binding 

protein (LOC_Os06g11170.1) apparently the most stable (Figure 3A). 

 To further test the stability of the reference genes defined in this study, the expression of the 

12 novel reference genes defined in this study were analysed independently by geNORM for the 

samples analysed by QRT-PCR (Figure 3B and C). Overall, it can be seen that the most stable genes 

had low M values as well and low CV values, indicating stable expression (Figure 3B). Furthermore, 

the geNORM pair-wise analysis to determine the number of control genes recommended for use in 

normalisation [13], revealed that 2 or even one gene is stable enough for accurate normalisation, 

however 2 genes is recommended for more robust normalisation (V<0.15; Additional file 2, Figure S1) 

[13]. Using QRT-PCR analysis, we also compared the expression of these 12 reference genes to 3 
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heat or cold responsive genes including, an Apetala type transcription factor (AP2), a heat shock 

responsive factor (HSF-82) and alternative oxidase (AOX) over time under i) cold or ii) heat conditions 

respectively (Figure 3C). It can be observed that under cold treatment, all 12 reference genes show 

very stable expression over time (Figure 3Ci). Similarly, despite slight variation of some genes under 

heat conditions, it is evidenced that overall, these genes are also stably expressed over time following 

heat treatment (Figure 3Cii). In addition, the observed induction of AP2 and HSF-82 under cold and 

heat treatment, confirmed the success of the respective treatments (Figure 3C). Furthermore, 

comparison of this induction (at 3 h) to the induction observed from the analogous microarray data, 

showed that normalisation of the QRT-PCR data using the reference genes defined in this study 

resulted in comparable increases to those seen using the microarray data (Figure 3C).  

     

Comparison to previous studies and other expression platforms 

A large-scale study of reference genes in Arabidopsis revealed superior reference genes using 

Affymetrix microarray data [10]. Using the Inparanoid orthologue output [23] for Arabidopsis and rice, it 

was seen that only 15 rice orthologues of the 30 novel Arabidopsis reference genes were also 

expressed across all the microarrays in this study and 3 of these were randomly selected for further 

analysis by QRT-PCR (Genes 24-26; Table 2). Notably, only 1 gene (LOC_Os03g05290.1) encoding 

an aquaporin TIP protein, was seen to be stably expressed i.e. one of the 151 stably expressed in this 

study (red asterisk only; Figure 2A). It may be noted that the overall CV values are higher in this study 

compared to the CV values calculated in the Arabidopsis study [10]. The main reason for this is likely 

to be due to significant differences in the variability of the input data from both studies. That is, the 

Arabidopsis reference gene study used microarray data generated from only 7 studies using a large 

number of microarrays each e.g. 237 microarrays in the single developmental study [10], whilst this 

study involved analysis of microarrays from 20 studies carried out in different laboratories, using 

between 4 and 60 microarrays in each. 

Previous studies in rice have examined reference genes using QRT-PCR analysis, however 

these only involved analysis of a small number of commonly used reference genes such as Actin, 

Actin1, alpha and beta tubulin, polyubiquitin, ubiquitin, GAPDH and elongation factor 1 in up to 25 

samples, under a limited range of conditions [7, 20]. Analysis of these genes in the context of this 

study (Genes 13-20; Table 2) revealed that some of these were not detected as expressed in one or 

more tissue/stress microarray experiments, notably, this included Actin1 (LOC_Os05g36290.1; Gene 

14 in Table 2) which was not expressed in all 3 biological replicates of the semi apical meristem 

(GSE6901) (Figure 2C). Similarly, a recent study in rice defined a set of 248 stably expressed genes 

across 40 developmental tissues that were analysed using Yale/BGI oligonucleotide microarrays [22]. 

Only 61 of these genes were found to be expressed across all the microarrays analysed in this study, 
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nevertheless 3 of these were randomly selected for further analysis by QRT-PCR (Genes 21-23; Table 

2). Notably, one of the 61 genes (LOC_Os07g02340.1) encoding an “expressed protein” was also 

found to fulfil all the criteria outlined in Figure 1, and showed stable expression across all the samples 

analysed in the present study (Gene 8 in Table 2; denoted by red and blue asterisk in Figure 2A and 

B).  

In order to test the robustness of expression stability for the 12 reference genes identified in 

this study, two different approaches were undertaken. Firstly the expression patterns of these 12 

genes were examined on other expression platforms, specifically the BGI/Yale oligonucleotide and 

Agilent microarray platforms. Overall a stable expression pattern was observed for all genes 

examined, with the most stable expression particularly evidenced for LOC_Os11g43900.1, 

LOC_Os03g46770.1 and LOC_Os07g02340.1 using the Yale oligonucleotide microarrays (Figure 4A). 

Notably, the latter gene was also grouped within the 248 stably expressed genes defined previously 

identified [22], thus complementing the identification of this gene in the presented study. Similarly, the 

12 reference genes identified in this study were also examined for changes in expression following 

infection with hemibiotrophic fungus Magnaporthe oryzae [24]. In this study, Agilent Arrays (G4138A) 

were used for global transcriptomic analysis following infection [24]. The expression of all 12 genes 

were not found to significantly differ (Students t-test, p<0.01) following infection (Figure 4B). However, 

given that this experiment involved stress treatment; AP-2, HSF-82 and AOX expression were also 

examined following infection and it was observed that AOX was significantly up-regulated (p<0.01) 

following infection (Figure 4B). AOX is a known stress responsive gene [25].  Thus the reference 

genes defined are stable even under biotic stress stimulation, in addition to the abiotic treatments 

carried out as described above. 

 

Conclusion 

The use of the large datasets of rice microarray data has provided identification of sets of genes that 

are stably expressed under a wide variety of parameters. Although microarray platforms were not 

designed to be quantitative, direct comparison of over 1000 QRT-PCR assays with microarray data 

has revealed a high degree of correlation [26]. This is consistent with the use of microarray data to 

define superior reference genes as outlined here, and previously in Arabidopsis [10]. Based on these 

principles, we suggest the use of one or more of the novel reference genes presented in this study for 

the normalisation of rice microarray or QRT-PCR data. However although the reference genes 

identified in this study are stable under  a wide variety of parameters, such as developmental, tissue 

and various stresses, it is essential that each study validate the stability of the selected reference 

gene(s) to achieve the systematic validation of reference genes that is required to compare different 

studies [2]. 
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Methods 

Analyses of all publically available rice microarrays 

To compile the entire publically available Affymetrix rice microarray (as at 1st August 2009), all 

experiments containing CEL files were downloaded from the Gene Expression Omnibus within the 

National Centre for Biotechnology Information database or from the MIAME ArrayExpress database 

(http://www.ebi.ac.uk/arrayexpress/). The GSE or EXP numbers for the respective rice studies are shown 

in Table 1. There was a total of 373 microarrays for which there was either MAS5.0 data available, 

thus all of these were used for present/absent determination in defining the list of 7,922 probesets 

expressed in all microarrays. However of these 373 microarrays, 7 had no biological replicates and 35 

did not have available CEL files, thus the remaining 331 microarrays were used to carry out further 

normalisation (GC-RMA) and calculation of mean, standard deviation and coefficient of variance (CV). 

This allowed analysis of 117 tissues/conditions, with a minimum of 2 biological replicates. The 117 

included 41 organ/developmental tissues, 65 samples within abiotic and biotic stress experiments and 

11 samples within hormone treatment experiments. 

All raw intensity CEL files were imported into Avadis 4.3 (Strand Genomics) and the standard 

MAS5.0 normalisation was first carried out in order to determine present/absent/marginal calls for 

each probeset. For all 331 microarrays with available CEL files (and carried out for biological 

replicates), GC-RMA normalisation was carried out. The mean expression, SD and CV (=SD/mean) 

was then calculated for each of the 7,922 probesets across the developmental set, stress set and 

entire dataset (which included the hormone experiments). On the basis of CV cut-offs, the list of 151 

probesets was generated (Figure 1). The averaged log GC-RMA normalised values for these 151 

probesets, across the developmental tissues, stress and hormone treatment experiments were 

hierarchically clustered using average linkage on Euclidean distance. The clustering analysis and 

heatmap generation was carried out using Partek Genomics Suite, version 6.3 (Partek). For the 

Agilent microarray comparison, data was retrieved under the accession GSE8518 from the Gene 

Expression Omnibus within the National Centre for Biotechnology Information database. 

 

Analysis of orthologues 

The InParanoid: Eukaryotic Orthologue Groups database (version 7.0) was used to analyse all 

orthologues between rice and Arabidopsis [23]. The orthologous group file was downloaded for the 

whole-genome comparison of rice versus Arabidopsis. This produced information for orthologues 

identified by TIGR identifiers for rice and AGIs for Arabidopsis. 

 
 

 

http://www.ebi.ac.uk/arrayexpress/
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Stress treatments, tissue collection and RNA isolation 

In order to analyse the expression of all the genes in Table 2, a selection of tissues were 

collected across different developmental stages/tissues and under different stress conditions in wild 

type rice, cv. Amaroo. In order to analyse different developmental tissues; embryos were extracted 

from dry seed, seeds imbibed for 24 h with oxygen gas (24 h A), seeds imbibed for 24 h in the 

absence of oxygen gas i.e. in the presence of nitrogen gas (24 h N), seeds imbibed for 24 h under 

nitrogen gas and switched to oxygen gas for 3 h (27 NA), leaf and root tissues from 2-week old 

seedlings and 3 month old plants. Furthermore, to examine the effects of abiotic stress, 2-week old 

seedlings were transferred to 4 °C and 42 °C for cold and heat treatment respectively over a 9 h time 

course, whilst the controls remained at a constant temperature of 30 °C. For all 12 tissue samples 

carried out using single biological replicates, the RNA was isolated using the Qiagen RNeasy Plant 

RNA isolation kit and DNase treated using both the Qiagen on-column DNase digestion as well as the 

Ambion Turbo DNase treatment exactly as carried out in Howell et al., 2009 [27]. 

 

QRT-PCR analysis 

Details of the primer sequences and amplicon lengths for each of the genes are shown in 

Additional file 1, Table S1. The transcript abundance for each gene was analysed using the SYBR 

green I master (Roche, Sydney) with the Roche LC480. Each sample was analysed in biological 

triplicate, using individual plants and treatments to test for reproducibility. Following RNA isolation 

each of the samples was quantitated using a Nanodrop spectrophotometer. This provided the 

following information for each sample: concentration (ng/μl), the absorbance (A) in nm at 230, 260 and 

280, the A230/A260 and A260/A280 ratios. Using this information the RNA yield and purity was calculated 

to ensure that they all had no significant impurities between samples that may affect reverse 

transcription and/or amplification during QRT-PCR. 1 μg of total RNA was reverse transcribed using 

the Bio-Rad® (Sydney) iScript reverse transcription kit, according manufacturer’s instructions. In 

parallel for each sample, another 1 μg of RNA was used for the same reverse transcription reaction, 

with the exception of the addition of the reverse transcriptase enzyme (no RT samples). Following this, 

the Qiagen® PCR purification kit was used according to manufacturer’s instructions on all samples 

(RT and “no RT” samples). This purified cDNA was diluted 1 in 10 with nuclease-free water and 1 μl 

was used for QRT-PCR analysis. For the no RT samples, no dilution was carried out and 1 μl was 

used in the same manner as the diluted cDNA for QRT-PCR analysis, this enables the detection of 

any genomic DNA contamination. 
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Table 1. Overview of experiments involving 373 Affymetrix rice genome microarrays used for the global analysis 

in this study.  

Sample description Ref 
GEO/other 
accession 

Reps Arrays Tissue 

DEVELOPMENT/TISSUE      

Dry seed and aerobic germination (up to 24 h) cv. Amaroo [25] E-MEXP-1766 3 15 
Dry and germinating 
seed 

Dry seed and anaerobic germination (up to 24 h) and 
switch conditions cv. Amaroo [21] E-MEXP-2267 3 36 Imbibed seed 

Aerobic and anaerobic grown coleoptiles cv. Nipponbare [27] GSE6908  2 4 Coleoptile 

Embryo, endosperm, leaf and root from 7-d seedling, 10-d 
seedling cv. Zhonghua [28] GSE11966 2 10 

Embryo, endosperm, 
leaf and root from 7-d 
seedling, 10-d seedling 

Stigma, Ovary+7 single arrays cv. Nipponbare [29] GSE7951 1-3 13 
Stigma, ovary+7 single 
arrays  

Mature leaf, young leaf, semi apical meristem, 
inflorescence, seed cv. IR64 [30] GSE6893 3 45 

Mature leaf, young leaf, 
semi apical meristem, 
inflorescence, seed 

ABIOTIC STRESS      

Drought, salt, cold stress  cv. IR64 [30] GSE6901 3 12 Seedling 

Heat stress cv. Zhonghua [31] GSE14275 3 6 Seedling 

Salt stress on 2 cultivars; indica, FL478 (salt tolerant), 
indica, IR29 (salt sensitive) [32] GSE3053 3 11 Crown and growing point 

Salt stress on 4 cultivars; japonica, m103 (salt sensitive), 
indica, IR29 (salt sensitive), japonica, Agami (salt tolerant), 
indica, IR63731 (salt tolerant) [33] GSE4438 3 24 Panicle initiation stage 

Salt stress on root using 4 cultivars; FL478 (salt tolerant), 
IR29 (salt sensitive), IR63731 (salt tolerant), Pokkali (salt 
tolerant) Not found GSE14403 3 23 Root 

Fe and P treatments cv. Nipponbare [34] GSE17245 2 16 Root 

Arsenate treatment cv. Azucena [35] GSE4471 3 12 Seedling 

Physical stress at roots tips cv. Bala [35] GSE10857 3 12 Root tip 

BIOTIC STRESS      

S.Hermonthica plant parasite infection cv. Nipponbare 
(resistant), IAC165 (susceptible) [36] GSE10373 2 24 Root 

M.grisea blast fungus infection cv. Nipponbare [37] GSE7256 2 8 Leaf 

Rice stripe virus infection cv. WuYun3, KT95-418 Not found GSE11025 3 12 Seedling 

Infection with bacteria X.Oryzae pv. oryzicola and oryzae 
cv. Nipponbare Not found GSE16793 4 60 Whole-plant tissue 

HORMONE TREATMENT      

Cytokinin treatment on root and leaf cv. Nipponbare [38] GSE6719 3 24 
Root, 2-week old 
seedlings 

Indole-3-actetic acid and benzyl aminopurine treatment cv. 
IR64 [39] GSE5167 2 6 Seedling 

 
The microarray experiments are classified as development/tissue, abiotic stress, biotic stress or hormone 
treatment respectively, depending on the purpose of the experiment. For each microarray dataset; the 
sample/experimental description, the respective cultivar (cv.), the corresponding publication (Ref - where 
available), public Gene Expression Omnibus (GSE) identifier or MIAME Genexpress identifier (E-MEXP), the 
number of biological replications carried out (Reps), the number of microarrays carried out in that experimental 
dataset and the tissues analysed are shown. 
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Table 2. The list of reference genes for rice, defined in this and previous studies.  
 

Gene Probe Set Identifier TIGR Identifier Description Mean SD CV MV Source 

1 Os.10676.1.S1_a_at LOC_Os06g11170.1 
Nucleic acid binding 
protein 991.9 210.2 0.21 0.25 This study 

2 Os.8912.1.S1_at LOC_Os06g48970.1 Protein kinase 453.3 96.8 0.21 0.50 This study 

3 
Os.6.1.S1_a_at 

LOC_Os11g43900.1 
Tumor protein homolog 13137.5 3692.7 0.28 0.66 

This study 

Os.6.1.S1_x_at Tumor protein homolog 13870.8 3368.4 0.24  
This study 

- Os.12625.2.S1_x_at No TIGR identifier NA 18285.5 4473.7 0.24 - This study 

4 
Os.12237.2.S1_a_at 

LOC_Os06g47230.1 
Expressed protein 18251.2 4481.0 0.25 0.30 

This study 

Os.12237.1.S1_a_at Expressed protein 22019.9 5294.2 0.24  
This study 

5 
Os.46231.2.S1_x_at 

LOC_Os03g46770.1 
RNA-binding protein 17176.5 4280.7 0.25 0.68 

This study 

Os.46231.1.S1_a_at RNA-binding protein 22461.1 5636.0 0.25  
This study 

6 Os.6860.1.S1_at LOC_Os11g21990.1 
Eukaryotic initiation 
factor 5C 6969.6 1967.0 0.28 0.54 This study 

7 Os.7945.1.S1_at LOC_Os07g34589.1 Translation factor SUI1 24678.2 7030.8 0.28 0.61 This study 

8 Os.12409.1.S1_at LOC_Os07g02340.1 Expressed protein 11392.3 3488.8 0.31 0.44 This study 

9 Os.37924.1.S1_x_at LOC_Os11g26910.1 SKP1-like protein 1A 8488.5 2713.8 0.32 0.85 This study 

10 Os.12382.1.S1_at LOC_Os12g32950.1 Membrane protein 6550.4 2258.4 0.34 0.59 This study 

11 Os.8092.1.S1_at LOC_Os05g48960.1 Splicing factor U2af 4051.7 1403.7 0.35 0.49 This study 

12 Os.12151.1.S1_at LOC_Os06g43650.1 Expressed protein 4504.6 1581.7 0.35 0.39 This study 

13 AFFX-Os-actin-3_s_at LOC_Os03g50890.1 Actin 9556.3 5719.5 0.60 0.97 [7]; commonly used reference gene 

14 Os.11355.1.S1_at LOC_Os05g36290.1 Actin1 1842.8 1471.3 0.80 0.79 [7]; commonly used reference gene 

15 Os.9504.1.S1_at LOC_Os07g38730.1 Alpha-tubulin 5400.3 3466.6 0.64 0.76 [7]; commonly used reference gene 

16 Os.10139.1.S1_s_at LOC_Os06g46770.1 Polyubiquitin 15085.3 6524.3 0.43 0.47 [7]; commonly used reference gene 

17 Os.7899.1.S1_at LOC_Os02g16040.1 Ubiquitin 2598.8 1135.4 0.44 0.63 [20] ; commonly used reference gene 

18 Os.22781.1.S1_at LOC_Os02g38920.1 GAPDH 11640.8 8346.8 0.72 1.09 [20]; commonly used reference gene 

19 Os.10158.1.S1_at LOC_Os07g43730.1 EF1 5619.9 2549.3 0.45 0.52 [20]; commonly used reference gene 

20 Os.10385.1.S1_at LOC_Os03g55270.1 TIP41-like 482.7 274.5 0.57 0.42 [7] 

21 Os.5500.1.S1_s_at LOC_Os08g23180.1 Arabinogalactan protein 4957.5 3114.1 0.63 0.90 [22] 

22 Os.12835.2.S1_a_at LOC_Os07g42300.1 EF1d 6073.3 3003.7 0.49 0.82 [22] 

23 Os.19618.1.S1_at LOC_Os01g39260.1 FtsH protease 1487.4 725.5 0.49 0.57 [22] 

24 Os.7952.1.S1_at LOC_Os03g25980.1 
Nucleotide tract-binding 
protein 607.8 241.8 0.40 0.56 (Orthologue) [10] 

25 Os.22806.1.S1_s_at LOC_Os02g46510.1 AP-2 complex subunit 1550.2 744.5 0.48 0.64 (Orthologue) [10] 

26 Os.13910.1.S1_at LOC_Os03g21210.1 
endo-1,4-beta-
glucanase 900.7 1063.3 1.18 0.72 (Orthologue) [10] 

 
The gene number, Affymetrix probeset identifiers, TIGR identifiers, gene descriptions (TIGR), mean expression 
and standard deviation (SD) based on GC-RMA normalised data. The coefficient of variance (CV) is also 
indicated for each probeset/gene. The M values calculated based the QRT-PCR data; using geNORM software 
is also shown. Source indicates the studies from which these genes were selected. 



Expressed in all 373 microarrays
= 7922 probesets

CV <0.3 across the
116 developmental array set

= 37 probesets

CV <0.3 across the 
185 stress array set
= 99 probesets

CV </=0.35 across the 
331 full array set
=66 probesets

AND

either has:

151 probesets defined as stably expressed

12 transcripts selected for QRT-PCR analysis on the 
basis of lowest CV within developmental, stress and 

entire microarray set

Figure 1. Schematic of selection criteria for stably expressed genes and reference genes selected for QRT-PCR 
validation. CV = coefficient of variance.
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Figure 2. Analysis of stably expressed genes. A) Average linkage hierarchical clustering of the group of 151 
probesets, based on CV criteria described in Figure 1. The genes are on the y-axis and the samples on the 
x-axis. The details of the treatments are outlined in Table 1. The scale is log2 normalised values where blue is 
low levels of transcript abundance and red is high levels of transcript abundance. Genes indicated by blue aster-
isk denotes novel reference genes indentified in this study, while red asterisk indicates genes previously defined 
as stably expressed in other studies [8; 22]. B) The probesets indicated by blue asterisk (*) in A, were indepen-
dently hierarchically clustered and analysed by QRT-PCR. C) Average linkage hierarchical clustering of the 
previously suggested/commonly used reference genes. The variation in transcript abundance across the 
various parameters is evident by the variation in colour intensity from left to right. 
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Figure 3. QRT-PCR validation of proposed reference genes and comparison to previously suggested/commonly used 
reference genes. A) geNORM output using QRT-PCR data showing average expression stability values of all com-
monly used and novel reference genes, lower M value indicates greater stability. The coefficient of variance for each 
gene across all the microarrays is also shown, lower CV indicates greater stability. Genes with low M value and low CV 
are the most stable. Genes not expressed in all microarrays are indicated with an asterisk (*). B) Transcript abundance 
of the 12 reference genes identified in this study (indicated in grey) and AP 2, HSF-82 and AOX in shoots from the (i) 
cold and (ii) heat treated (as indicated) seedlings over time. C) Comparison of the change in AP-2, HSF-82 and AOX 
transcript abundance (log2 fold change) in the leaves from the 3 h cold and heat treated (as indicated) seedlings com-
pared to the control seedlings using microarrays and QRT-PCR.
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Figure 4. Expression of the proposed reference genes using other platforms. A) Transcript abundance levels for 
the 12 proposed references genes based on data using the Rice Yale/BGI oligonucleotide microarray. The aver-
age intensity (using >2 replicates) were log2 transformed and visualised across the tissues analysed in a previous 
study [22].  B) Change in transcript abundance for the 12 proposed reference genes (grey) and AP-2, HSF and 
AOX (red box) following infection with hemibiotrophic fungus Magnaporthe oryzae [24]. Absolute fold-change 
values are shown (+/- standard error). Significant changes (t-test, p<0.01) are indicated by a red asterisk. 
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General Discussion 

5.1 The role of plant model species in research 

The overall aim of the studies described in this thesis was to utilise plant model 

species and global technologies to generate a broader understanding of cellular 

processes that occur in plant biology. The findings from these studies have already 

been, and will be used for new hypothesis generation and testing. Arabidopsis is 

clearly the pre-eminent plant model species, with rice as a close second. It is clear that 

even extensive research on both species cannot answer all the questions in plant 

biology. For instance, they are not models for the process of nitrogen fixation in plants 

or for trees, with species like Lotus, Medicago and poplar fulfilling these roles. 

However, by comparing two widely used plant model species that diverged 

~140 million years ago (Chaw et al., 2004), common and different responses can be 

identified. This type of analysis yields more knowledge without distracting from either 

rice or Arabidopsis as model species. Common responses are likely to be well 

conserved across many plant species, whilst differences not only prompt further 

investigations, but offers alternative avenues for translational research into crop 

species.  

A comparison between two species is an ambitious undertaking as there are 

many levels of comparison possible; from the genomic level including epigenetic or 

transcriptional regulation, to a variety of post-transcriptional mechanisms ranging from 

translational control to metabolic feedback on enzyme activity. Thus, this thesis does 

not attempt to make comparisons at all levels; rather it focuses on three aspects. 

Firstly, the focus is on the transcriptome, simply because the datasets can be obtained 

in reasonable depth, enabling realistic comparisons. The second focus is on a number 

of specific comparisons within and between both species. These included processes 

common to Arabidopsis and rice, such as seed germination and response to abiotic 

stress. In addition, processes where they significantly differed were examined, such as 

the anaerobic tolerance of rice compared to Arabidopsis, and the majority of plants. 

This prompted the interest in carrying out a case study investigating similarities and 

differences between Arabidopsis and rice. Lastly, it was clear that dissecting all cellular 

processes was not feasible, given that the main focus in these studies is at the global 

transcriptomic level. Thus, in addition to mapping changes of the transcriptome onto 

various metabolic pathways, the predicted regulatory mechanisms underlying the 

changes observed in the transcriptome were also analysed including prediction of 

putative factors affecting rates of transcription and degradation of mRNA. 
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5.2 Seed germination 

5.2.1 Transcriptomic and metabolomics changes in context 

Germination represents one of the most critical stages in the life cycle of plants. 

However, once germination has commenced beyond the initial imbibition stage, it is 

irreversible (Figure 1). Thus, the process of how plants move from a quiescent state to 

a highly metabolic state is of interest, from both academic and applied points of view. 

To better understand this process, all levels of regulation during germination were 

outlined as a whole network, from the genomic, transcriptomic and proteomic levels to 

the metabolomic level (Figure 1). Across a wide variety of species, including rice, 

Nicotiana tabacum, Arabidopsis and other Brassicaceae species, there appears to be 

common regulatory mechanisms at different levels of regulation, such as the highly 

conserved antagonistic relationship of ABA and GA hormones in the control of 

germination (Finch-Savage and Leubner-Metzger, 2006 and references therein). Apart 

from the numerous studies of ABA and GA control in different species, it is important to 

note that much of the research into the regulation of germination at other levels has 

been carried out in Arabidopsis. Thus, the level of conservation or divergence between 

species at other levels of regulation remains to be confirmed. Starting from the 

genomic level, it has been observed that in Arabidopsis, there is a role for chromatin 

remodelling by histone deacetylation, resulting in the repression of embryo specific 

genes during late embryogenesis and shortly after imbibition (Tai et al., 2005; Liu et al., 

2007). The identification of genes that may be repressed by epigenetic regulation is of 

particular interest as it may represent one of the mechanisms contributing to the down-

regulation of embryo specific gene expression observed during rice (Study I) and 

Arabidopsis germination (Nakabayashi et al., 2005). Given the latest technology in 

epigenetics and the successful use of these (Lister et al., 2008), examination of 

epigenetic regulation at a genome-wide level and/or in other species, would provide 

useful insight into the specific genes regulated at this level during germination.  

At the next level, global transcriptomic technology is well advanced and 

continues to advance further, facilitating many high-throughput studies. Contributing to 

this, Study I examined the process of germination from seeds to seedling 

establishment at the transcriptome and metabolome levels in rice (Figure 1). From 

Study I, it was proposed that the early metabolomic changes seen during aerobic 

germination in rice are likely to be due to the activity of pre-existing enzymes, rather 

than transcripts at the start of germination, whilst the later (12 HAI onwards) changes in 

metabolites are driven by the earlier (3 to 12 HAI) changes to the transcriptome and 

subsequent translation. This model is proposed based on the staggered time frame 

and correlation between specific metabolites and functions of the proteins encoded by 

the differentially expressed transcripts. Remarkably, this early model for transcripts and 
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metabolites also stands for germination under anaerobic conditions in rice, given that 

up to 3 HAI, there were few differences in the transcriptomes between aerobic and 

anaerobic germination (Study II). This conservation in the early germination response 

also complements previous findings that showed low oxygen diffusion in dry seeds, 

suggesting that the conserved early response may also be due to morphology in part 

as well (Edwards, 1968; Boyle and Yeung, 1983). Collectively, it can therefore be 

assumed that the early post-imbibition processes are highly dependent on pre-existing 

proteins and metabolites that work independent of oxygen availability. 

  Comparison of the transcriptome profiles during aerobic germination in rice 

(Study I) with barley transcriptome data (Sreenivasulu et al., 2008) and an Arabidopsis 

germination study (Nakabayashi et al., 2005) revealed some similarities in the 

expression profiles and functions of the encoded proteins across these species during 

germination (Figure 1). Firstly, 12,000-17,000 transcripts were present in the dry seed 

in all 3 species (Study I, (Nakabayashi et al., 2005; Sreenivasulu et al., 2008). 

Secondly, comparable expression profiles were observed for specific groups of genes. 

For instance, the transcripts encoding components involved sucrose, starch and lipid 

metabolism were up-regulated earlier in the germination time course, followed by the 

later up-regulation of transcripts encoding photorespiration and photosynthesis 

functions (Study I, (Nakabayashi et al., 2005; Sreenivasulu et al., 2008). The increase 

in sucrose and starch metabolism (at the transcript level) was further supported by the 

finding that associated metabolites such as fructose-6-P and glucose-6-P also 

increased by the end of germination in both rice (Study I) and Arabidopsis (Fait et al., 

2006). Similarly, the gradual increase in transcripts encoding protein synthesis 

functions also corresponded with observed increases in amino acids observed in both 

Arabidopsis (Fait et al., 2006) and rice (Study I). Finally, at the end of germination, the 

number of transcripts expressed in rice (Study I), Arabidopsis (Nakabayashi et al., 

2005) and barley (Sreenivasulu et al., 2008) increased by at least 1,000 transcripts that 

were present in the germinated seed compared to the dry seed, implying a role for the 

active transcription during germination. A previous study in Arabidopsis has shown that 

transcription is not a strict requirement for germination, however subsequent seedling 

establishment was prevented (Rajjou et al., 2004). Considering this, it is likely that 

these new transcripts observed in the germinated seedlings in rice (Study I), barley 

(Sreenivasulu et al., 2008) and Arabidopsis (Nakabayashi et al., 2005), encode 

proteins required for seedling establishment (Figure 1). 

The use of extended time courses in Study I, II and the Arabidopsis germination 

study (Nakabayashi et al., 2005)) not only enabled the characterisation of 

transcriptomic profiles, but also allowed earlier and later transcriptomic responses to be 
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distinguished. In this way, groups of transiently expressed genes were identified in the 

rice and Arabidopsis germination time courses (Study I, II and (Nakabayashi et al., 

2005). Closer analyses of these transiently expressed transcripts during aerobic and 

anaerobic germination in rice (Study I and II) revealed these were significantly over-

represented in transcripts encoding transcription factors and signal transduction 

components, and although no statistics were carried out for this group in the 

Arabidopsis study, the same over-representation of transiently expressed transcription 

factors was evidenced during Arabidopsis germination (Nakabayashi et al., 2005). This 

conservation in expression profiles is an indication the observed regulation may be 

critical for germination, independent of oxygen conditions (for rice) and even across 

monocots and dicots (Figure 1). Together, these results suggest that a conserved 

multi-step transcriptional regulation occurs over the course of germination, with the 

transiently expressed genes representing a specific switch point of this process, as the 

seed transitions from a dormant state to an active growth state. 

Considering the observed expression profiles during the germination time 

course, a role for mRNA decay must be considered as a mechanism for i) decreasing 

transcript abundance following transient expression and ii) decreasing the abundance 

of transcripts with seed specific expression by the end of germination. A previous study 

has shown a role for mRNA decay during Arabidopsis seed germination, with 

significant accumulation of parental RNA and delay in germination observed following 

treatment with a transcriptional inhibitor (Li et al., 2006). In addition, ribonuclease-like 

genes were found to be highly expressed in dry and imbibed seed, suggesting a role 

for these in the degradation of mRNAs required for “normal” Arabidopsis germination 

(Li et al., 2006). Study I and II considered the role of mRNA decay by examination of 

over-represented hexamers in the 3’UTRs, however in order to examine the role of 

mRNA decay more directly, it would be useful to study germination in an mRNA decay-

defective environment. Such a study could entail the examination of mRNA abundance 

over germination using mutants defective in the sequence specific mRNA degradation 

pathway, such as the dst mutants that are defective in this pathway (Johnson et al., 

2000). Results from this type of study could shed light into the role of mRNA decay in 

controlling abundance of the large number of stored and transiently expressed 

transcripts.  

Finally, at the proteomic level, there are several proteins known to be essential 

for successful germination, with numerous studies identifying various proteins 

expressed during germination in rice, Arabidopsis and other plant species. For 

example, a proteomic study of developing rice embryos (Kim et al., 2009) and 

germinating rice embryos (Howell et al., 2006) revealed the presence of several 
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proteins encoding energy, metabolism functions and organellar proteins in the dry and 

germinating seed (Howell et al., 2006; Kim et al., 2009). Similarly, proteomic analysis of 

a heterotrimeric G-protein complex in germinating Arabidopsis seeds has revealed an 

essential role for this complex in the GA pathway (Ullah et al., 2002). Given that the GA 

pathway is involved in the control of germination, this provides another example of a 

protein essential for germination in Arabidopsis (Ullah et al., 2002). Although, a parallel 

global analysis of germination at the transcript, protein and metabolite levels would 

answer many questions, the experimental constrictions of proteomic studies and 

identification/analysis constrictions in metabolomic studies, limit global analyses at 

these levels, to date. Thus, an overview of several levels of regulation during 

germination (Figure 1) does answer some questions and also reveals several avenues 

where more questions exist. Namely, the limited characterisation of the role of both 

mRNA and protein decay during seed germination represents an important, but 

neglected or experimentally limited area of research. At the post-translational level of 

regulation, studies have shown an essential role for redox signalling in the developing 

seed and germinating seedling (Figure 1) (Buchanan and Balmer, 2005; El-Maarouf-

Bouteau and Bailly, 2008). However, other forms of post-translational modifications, 

such as phosphorylation that are yet to be extensively characterised for their role 

during the germination process. Overall, it is clear that, whether it is the genomic, 

transcriptomic or other –omic level, each level of regulation represents a key 

component of a precise control system that ultimately facilitates successful germination 

(Figure 1). 

5.2.2 Organelle biogenesis 

Previous studies have examined the process of mitochondrial biogenesis in 

germinating rice embryos and found that increased water uptake and mitochondrial 

ultrastructure were conserved under aerobic and anaerobic conditions, whilst embryo 

growth and respiratory activity differed (Howell et al., 2007). Analysis of transcripts 

encoding mitochondrial proteins as well as the corresponding mitochondrial proteomic 

analysis revealed that the transcripts and proteins encoding TCA cycle and respiratory 

components were more abundant under aerobic conditions compared to anaerobic 

conditions (Howell et al., 2006; Howell et al., 2007). These preliminary findings were 

further supported in Studies I and II, where time dependent transcriptomic and 

associated metabolomic changes were observed for TCA cycle and respiratory 

components. These results suggest changes at the transcriptomic, proteomic and 

metabolomic levels collectively result in altered metabolic activity during germination. 

Specifically, the metabolites associated with the TCA cycle were lower in abundance 

under anaerobic compared to aerobic conditions, in agreement with the abundance of 

transcripts and proteins associated with the TCA cycle ((Howell et al., 2007) and Study 
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I and II). In addition, the significant increase in metabolites, including mostly hexose 

sugars and organic acids at 1 HAI, suggests that this initial metabolic activity drives 

organelle biogenesis to produce energy for subsequent growth under aerobic or 

anaerobic conditions (Study I and II). Again, this supports the model that the initial 

stages of germination are developmental in nature, relying on stored proteins and 

transcripts and thus, are not initially affected by environmental conditions, unlike the 

second stage of germination, where greater differences were observed between 

aerobic and anaerobic conditions. 

Previous studies (Logan et al., 2001; Howell et al., 2006) and the results from 

Study I suggest that under aerobic conditions, a large amount of energy is generated in 

the form of ATP via an increase in glycolysis and oxidative phosphorylation and the use 

of this energy results in successful organelle biogenesis and seedling establishment. In 

contrast, under anaerobic germination conditions, the required increase in energy 

production occurs via glycolytic and fermentative pathways, shifting towards ATP-

conserving, PPi-dependent pathways of Suc metabolism (Bailey-Serres and Voesenek, 

2008; Huang et al., 2008; Magneschi and Perata, 2008). The results from Study I and II 

not only supports findings from previous studies, but also provided novel insight by 

global or organelle specific pathway analysis. The overview of all transcripts encoding 

mitochondrial or plastid targeted proteins during aerobic germination in rice (Study I), 

revealed that these sets consisted of a greater proportion of transcripts that were 

present at low abundance or absent in the dry seed and then increased later in the time 

course, compared to the proportion of transcripts with this profile in the genome. This 

finding implies that organelle development during germination requires active 

transcription and not only relies on stored transcripts for protein synthesis. 

Mitochondria and plastids are major sites of energy production, producing the energy 

required for developmental processes such as seedling establishment.  

Thus, the requirement for post-imbibition transcription of genes encoding mitochondrial 

and plastid proteins is further supported by the observation that seedling establishment 

is prevented in the absence of transcription (Rajjou et al., 2006). Taking these findings 

in parallel with the pattern of metabolites significantly differing in abundance over time, 

it is proposed that a conserved initial burst of metabolic activity occurs at the start of 

germination, which produces energy for subcellular structure generation. This is 

followed by a second burst of metabolic activity that occurs to support growth and 

development of the germinating seed and the energy for this is generated via 

ATP-consuming and ATP-conserving pathways, under aerobic and anaerobic 

conditions, respectively.  
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5.3 Responses to changes in oxygen availability 

5.3.1 Defining the primary response 

When comparing control and experimental datasets in complex organisms, it is 

important to note that any response observed, occurs due to a combination of primary 

responses that occur directly due to the experimental factor (solid gray arrows; Figure 

2), and secondary responses that occur in response to the primary changes (dotted 

gray arrows; Figure 2). Additionally, there may also be tissue or developmental 

changes that can occur during the course of experiment. For example, under anaerobic 

conditions during germination, the embryo and subsequent seedling morphology differs 

compared to the morphology under aerobic conditions (Howell et al., 2007) and in 

some varieties of rice, leaf elongation rate is increased to enable leaf exposure to 

oxygen (Fukao and Bailey-Serres, 2008; Voesenek and Bailey-Serres, 2009). 

However, these observations do not represent the primary effects of anaerobiosis; 

instead they occur as a combination of developmental growth processes and in 

response to the primary effects of anaerobiosis. In order to define the primary response 

to oxygen availability, Study II utilised this principle in a 3-way experimental design to 

identify core aerobic and anaerobic responsive transcripts and metabolites. In this way 

1,136 transcripts and 10 metabolites were defined as core aerobic, whilst 

730 transcripts and 13 metabolites were defined as anaerobic, respectively. These 

numbers were considerably less than any single comparison from Study II and also 

less than the 3,134 probesets observed to be changing in a comparison of aerobic 

versus (vs.) anoxic grown rice coleoptiles (Lasanthi-Kudahettige et al., 2007). This 

finding was remarkable as it is a direct indication that a large proportion of 

transcriptomic and metabolomic changes observed to occur in single comparison 

experiments are in fact not part of the direct response to that treatment. Furthermore, 

the third requirement in this experimental design was of particular relevance as it 

revealed the transcripts and metabolites that were not only responsive, but also 

“dependent” on the presence/absence of oxygen i.e. down-regulated in the 

presence/absence of oxygen, which is not typically a condition used for defining 

responsiveness. Thus, use of this 3-way comparison allowed distinct oxygen 

responsive transcripts and metabolites to be identified in a specific manner, 

independent of developmentally response under differing oxygen conditions. 

5.3.2 The aerobic and anaerobic responses 

The ability of rice to survive and grow under anaerobic conditions means that 

insight into the primary response provides useful information on the immediate 

changes that occur in response to changes in oxygen availability. The first step in the 

response to differing oxygen conditions is the sensing of these conditions, which then 
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cascades into the primary and secondary responses (Figure 2). As outlined in Figures 

1 and 2, there are several levels of regulation that ultimately result in the observed 

response. Rice tolerance to anaerobic conditions has been widely studied, however, 

much of the focus has been at the metabolic level, resulting in a detailed of 

characterisation of the metabolic responses to anaerobiosis (outlined in Figure 2) 

(Kennedy et al., 1992; Voesenek et al., 2006; Bailey-Serres and Voesenek, 2008). With 

the advent of global transcriptomic technology, anaerobiosis has been examined in 

Arabidopsis (Klok et al., 2002; Liu et al., 2005), Poplar (Kreuzwieser et al., 2009) and 

rice coleoptiles (Lasanthi-Kudahettige et al., 2007). Study II contributed to the 

understanding of anaerobiosis, by identifying and thus distinguishing oxygen 

responsive transcripts and metabolites. As expected, the results from Study II 

concurred with the previously characterised responses to anaerobic conditions, where 

glycolysis and ATP conservative pathways such as the PPi-dependent pathway are 

up-regulated, as well as alcohol dehydrogenase in the fermentation pathway, whilst the 

TCA cycle and mitochondrial respiration are down-regulated (Figure 2) (Bailey-Serres 

and Voesenek, 2008 and references therein). Several of the responses to anaerobic 

conditions appears to be a conserved across a variety of species; from the facultative 

anaerobe yeast, to the hypoxia intolerant Arabidopsis (Liu et al., 2005) and even in the 

flood tolerant poplar (Kreuzwieser et al., 2009). This conservation in the anaerobic 

response (Figure 2) indicates that although these processes have been 

well-characterised during anaerobiosis, they are not the only reasons for tolerance. 

Thus, further investigation, at all levels of regulation need to be considered in order to 

completely understand the anaerobic response (Figure 2).  

Examination at the transcript level was particularly of interest considering that 

manipulation at this level has been observed to result in increased anaerobic tolerance. 

Specifically, anaerobic tolerance in Arabidopsis plants was increased after expressing 

a rice MYB family transcription factor (Mattana et al., 2007). The success of this study 

and similar studies, indicates that regulation “before” the protein level i.e. at the DNA or 

RNA level has an important role in stress/anaerobic tolerance in rice and not only 

regulation at the protein/metabolomic levels. Furthermore, the comparison of 

responses between tolerant (rice) and intolerant (Arabidopsis) species provides insight 

into the similarities and differences that may be the cause of these differences 

tolerance. Thus, despite the conserved up-regulation of fermentation and other 

pathways involved in classic anaerobic tolerance, in both tolerant and intolerant 

species, it is clear that these are not the only mechanisms enabling tolerance in one 

species compared to the other. An example of this divergence in anaerobic tolerance 

mechanisms can be seen by the examination of starch metabolism in rice and other 

plant species. Specifically in rice, an induction of starch degrading enzymes, 
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specifically amylases are observed in anaerobic germinating rice seedlings (Study II; 

(Guglielminetti et al., 1995) and coleoptiles (Lasanthi-Kudahettige et al., 2007). In 

contrast, it has been observed that these transcripts are either absent or not induced in 

the anaerobic response in barley and wheat, despite the close relation between these 

species and rice (Guglielminetti et al., 1995). Collectively, these results suggest that 

specific differences in regulation, not only at the protein level, results in anaerobic 

tolerance in species such as rice compared to intolerant species. 

In rice, a notable response to anaerobic conditions was the observed changes 

in the transcript abundance of genes encoding lipid metabolism functions (Study II). 

This was particularly novel, given that a role for changes in lipid metabolism under 

anaerobic conditions in plants has not been implied before. Oxygen is known to be 

required in the fatty acid desaturation step and during sterol synthesis plants (Schrick 

et al., 2004b; Schrick et al., 2004a; Penfield, 2008). Thus, the absence of oxygen 

would prevent the synthesis of polyunsaturated fatty acids and sterol, thereby affecting 

membrane composition and fluidity, ultimately affecting signalling. In Arabidopsis, a 

role for sterols has been shown in organised cell division (Schrick et al., 2000) and in 

the regulation of development and gene expression (He et al., 2003). In addition, a 

recent study has utilised Arabidopsis mutants to reveal an essential role for sterol 

biosynthesis in cell elongation (Suzuki et al., 2004). Thus, the observed elongation of 

rice shoots and roots (as part of the “avoidance” strategy) under anaerobic conditions 

may be mediated by these sterol biosynthesis pathways. Previous studies in yeast 

have also shown an up-regulation of sterol metabolism for energy production and 

signalling that occurs under anaerobic conditions (Zitomer and Lowry, 1992; Kwast et 

al., 1998). Thus, it is possible that the up-regulation of lipid metabolism functions may 

also be an indication of energy production via lipid metabolism under anaerobic 

conditions in rice (Study II). To confirm a role for lipid metabolism during anaerobiosis, 

rice mutants defective in these pathways or wild type rice treated with inhibitors of 

sterol biosynthesis could be examined under anaerobic conditions, where a decrease 

in anaerobic tolerance would reveal the extent of their requirement. 

5.4 Rice vs. Arabidopsis 

Given that Arabidopsis was the first plant to have a completed genome 

sequence and is the model dicot plant, much of the detailed research in plants has 

occurred in Arabidopsis (2000; Flavell, 2009). Once the rice genome was sequenced 

(Goff et al., 2002; Yu et al., 2002), it became the model monocot plant and many 

studies began comparisons between Arabidopsis and rice as a method of increasing 

understanding of processes in different plants. In addition, these comparisons 

presented a way to utilise knowledge from Arabidopsis to manipulate cellular 
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processes in rice. Various areas of research comparing rice and Arabidopsis has 

emerged over time, ranging from genomic comparisons (Itoh et al., 2007), to 

transcriptomic comparisons (Ma et al., 2005) and even comparisons of specific groups 

of proteins (Schwacke et al., 2007). Overall, these studies have provided valuable 

insight into avenues of conservation and divergence between rice and Arabidopsis. 

However, the examination of orthology in combination with transcriptomic analysis has 

never been examined globally, particularly for abiotic stress studies. Thus, Study III 

aimed to answer the question: How similar are the rice and Arabidopsis transcriptomes, 

across developmental tissues and in response to abiotic stress?  

5.4.1 Development 

In 2005, the transcriptomes from various tissues/organs in rice and Arabidopsis 

were compared using custom oligonucleotide microarrays (Ma et al., 2005). This study 

revealed that a large number of rice genes expressed in specific tissues/organs had no 

significant Arabidopsis orthologues (Ma et al., 2005), which concurs with the results 

observed in Study III. Thus, it is likely that the larger genome of rice is not only due to 

duplications of genes, but also due to significant divergence in the DNA sequence of 

these genes, producing the larger number of genes observed in the rice genome. The 

divergence of genes between species was also evidenced by another study that 

identified lineage specific genes in rice and Arabidopsis and revealed that a large 

proportion of lineage specific genes were also tissue/developmental stage specific 

(Yang et al., 2009). These findings were also supported in Study III, which showed that 

>25% of the genes that were tissue specific in expression had orthologues in 

rice/Arabidopsis and less than 5% were both orthologous and showed the same tissue 

specific expression in both species (Figure 3A). Collectively, it appears that there is a 

large divergence in the genes and specific expression for genes encoding tissue/organ 

specific proteins between rice and Arabidopsis (Ma et al., 2005; Itoh et al., 2007; Yang 

et al., 2009), Study III). 

5.4.2 Abiotic stress response 

Plants are sessile, thus various molecular mechanisms have evolved to tolerate 

and endure abiotic stresses. Some of the most common stresses include drought, salt, 

cold and heat stress. Thus, it is not surprising that global transcriptomic studies 

examining the response to these abiotic stresses have been carried out in rice and 

Arabidopsis. Comparison of the abiotic stress response at the transcriptome level 

revealed varying amounts of conservation and divergence in the response between 

Arabidopsis and rice (Study III). A significant finding from the analysis in Study III was 

that compared to the developmental tissue analysis, a significantly larger proportion of 

rice stress responsive genes had existing orthologues in Arabidopsis and vice versa 
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(Figure 3A). However, differing amounts of conservation in response was observed, 

depending on the specific stress treatment (Study III). Notably, between rice and 

Arabidopsis, the largest divergence in the transcriptomic response was evidenced 

following cold and heat stress, whilst greater conservation was observed in response to 

drought and salt stress (Figure 3B). 

Given that temperature change resulted in the most divergent response, it is 

important to state that Arabidopsis typically grows at lower temperatures than rice. 

Thus, Arabidopsis is naturally more cold tolerant whilst rice is naturally more heat 

tolerant. Therefore, the examination of rice and Arabidopsis in parallel not only gave 

insight on the pathways that enable natural tolerance but also gave insight on the 

pathways are responsive to changes and enable the observed tolerance. Study III 

revealed that the transcripts encoding stress responsive proteins, REDOX associated 

proteins and components of secondary metabolism, showed opposite responses; 

where an up-regulation of these transcripts was observed in rice, whilst the transcript 

abundance for the corresponding Arabidopsis orthologous genes were down-regulated 

(Figure 3B). In addition, a transcript encoding a non-symbiotic haemoglobin was 

oppositely responsive between Arabidopsis and rice, under all 4 abiotic stresses. A 

recent review describes potential roles for haemoglobins in the plant abiotic stress 

responses (Dordas, 2009). It is suggested that under limited oxygen conditions and 

perhaps under abiotic stress, the non-symbiotic haemoglobin may act as a component 

providing an alternative type of respiration from mitochondrial electron transport 

(Dordas, 2009). It is therefore possible that the up-regulation or activation of specific 

alternative mechanisms enables the observed differences in tolerance observed in rice 

compared to Arabidopsis. Overall, finding divergence in the transcript expression of 

orthologous genes such as those encoding REDOX pathway components and the 

non-symbiotic haemoglobins, reveals the significant danger in assuming conserved 

responses between orthologous genes. Nonetheless, this finding also reveals an area 

of divergence that may help to explain the greater heat tolerance in rice compared to 

Arabidopsis. 

In contrast to Arabidopsis, rice is also tolerant to anaerobiosis. Therefore, the 

aforementioned oppositely responsive genes from Study III were also examined in the 

context of Study II. Following the switch from aerobic to anaerobic conditions, a 

significant down-regulation of the transcripts encoding the non-symbiotic haemoglobin 

(LOC_Os03g12510.1) and other REDOX components was observed in rice, indicating 

that these pathways are down-regulated in response to anaerobic conditions (Study II). 

As described earlier, a similar down-regulation of the Arabidopsis orthologues to these 

genes was also observed under heat stress (Study III). Taken together, this was 
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particularly interesting, given that previous studies have shown a link between the 

anaerobic response and heat response Arabidopsis. Specifically, it has been observed 

that pre-heat treating Arabidopsis seedlings resulted in increased tolerance to 

anaerobic conditions (Banti et al., 2008). In addition, Study II and other studies have 

also shown that transcripts encoding ROS-related functions, heat shock proteins and 

heat shock TFs are differentially expressed under anaerobic conditions (Banti et al., 

2010; Mustroph et al., 2010). Therefore, it can be speculated that the differential 

response of oxygen related metabolism functions, including the systematic 

down-regulation of REDOX and haemoglobins is an important part of anaerobic 

tolerance in both anaerobic tolerant and intolerant species. 

Overall, the above results add to the evidence suggesting that anaerobic 

tolerance in rice is not entirely based on the activation of specific, unique pathways that 

enable this tolerance, but also based on the differential regulation of genes/enzymes in 

a variety of pathways, including conserved pathways. The idea that differential 

regulation strongly contributes to increased tolerance is further supported by the finding 

that >60% of the core anaerobic rice genes identified in Study II have Arabidopsis 

orthologues, yet Arabidopsis is not tolerant to anaerobic conditions (Figure 3A). Thus, it 

is evidenced that despite a significantly high proportion of orthologous genes in a 

stress/oxygen responsive subset, this does not equate to the same level of tolerance in 

both species. Instead, it is possible that regulation at the transcriptional, 

post-transcriptional and degradation levels may be responsible for the controlled 

responses and tolerances observed between species. This is particularly relevant 

knowledge in terms of future efforts for increasing plant yield and survival in 

sub-optimal growth conditions, as it suggests that intolerant plant species may already 

have the genes required to enable tolerance and it may be more a matter of altering 

the regulatory networks than introducing new genes. 

5.5 Regulation at the transcript level 

5.5.1 Trans-acting regulation - transcription factors 

When analysing transcriptome studies, one way of gaining insight into 

regulation is through examination of transcripts encoding TFs. Although this is not a 

direct measure of transcriptional regulation, it has the potential to reveal any induction 

or repression in the expression of specific TFs in a time course. Three of the studies 

presented in this thesis utilised the annotation of TFs to examine TF expression 

patterns under different conditions (Study I, II and III). As expected, there was some 

overlap in the response of certain TF families under different conditions and even 

between Arabidopsis and rice, revealing the TF families that may be involved in the 

conserved regulation of specific processes (Study I, II and III). However, as discussed 
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earlier, it was also apparent that the response of genes encoding TFs also differed 

significantly under anaerobic conditions vs. aerobic conditions in rice (Study II) or under 

stress conditions (Study III) between rice and Arabidopsis. These finds are consistent 

with the proposal that under different conditions, there is an important role for 

differential regulation of genes, achieved by combinatorial regulation, ultimately 

resulting in resistance to a particular set of conditions. 

Transcripts encoding AUX/IAA TFs were over-represented in the cluster of 

transcripts increasing in abundance over aerobic germination (Study I) and in the core 

aerobic set (Study II), eluding to an oxygen-dependant, developmental and responsive 

role for AUX/IAA TFs. Previous studies have characterised AUX/IAA TFs as “short-

lived nuclear proteins” that were found to have high turn-over rates both at the 

transcript and proteins levels (Abel and Theologis, 1996). Considering that germination 

can proceed in the absence of transcription (Rajjou et al., 2006), the up-regulation of 

these genes after 12 h during aerobic germination (Study I) and within 3 to 6 h after 

switching to aerobic conditions (Study II) supports the previously suggested role for 

AUX/IAA TFs as primary regulators specific processes during development (Abel and 

Theologis, 1996). In addition, AUX/IAA TFs have been characterised as active 

repressors of expression (Tiwari et al., 2001). Thus, it is possible that AUX/IAA TFs are 

involved in the repression of germination specific genes (i.e. genes down-regulated 

after 12 h) and also in the repression of the specific genes down-regulated in response 

to aerobic conditions.  

Closer analysis of the TFs that were transiently expressed revealed enrichment 

of the AP2 TF family (Study I). Notably, a role for members of the AP2 family in water 

uptake regulation was also observed during Arabidopsis germination (Song et al., 

2005), complementing the observed expression patterns of these genes in rice and 

suggesting that this regulatory role is conserved during rice germination (Study I). In 

Arabidopsis, a role for AP2 TFs has also been displayed in the regulation of flowering 

time and floral organ identity (Aukerman and Sakai, 2003). It was revealed that a group 

of transcripts encoding a subfamily of AP2 TFs, were targets of micro-RNA mediated 

degradation by miRNA172 and that when miRNA172 was over-expressed, early 

flowering and a disruption of flowering identity was observed (Aukerman and Sakai, 

2003). Thus, providing evidence that miRNA mediated degradation plays an important 

role in regulating temporal transitions in Arabidopsis. The observed transient 

expression of the AP2 family during rice germination (Study I) suggests that a similar 

miRNA mediated regulation of AP2 transcript abundance is also possible during rice 

germination. Furthermore, comparison of TF expression patterns following abiotic 

stress treatments in rice and Arabidopsis also revealed conservation in the response of 
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transcripts encoding AP2 TFs (Study III). Thus, it appears that members of the AP2 TF 

family are highly conserved in their response at the transcript level during development 

and under stress conditions, across Arabidopsis and rice, implying conserved 

regulation of the down-stream genes regulated by these transcription factors (Study I, II 

and III). 

Studies I-III also evidenced an important role for the transcripts encoding bZIP 

TF family members in rice. It was observed that genes encoding bZIP family members 

were enriched in the rice core anaerobic set (Study II) and in the subset of genes 

up-regulated under heat stress in both rice and Arabidopsis (Study III). Previous 

studies have shown a role for bZIP TFs in the regulation of various stages of 

development, including germination and in response to stress (Jakoby et al., 2002; 

Nijhawan et al., 2008). In addition, it has been shown that members of the bZIP family 

can undergo post-translation modifications that can result in their activation (Ciceri et 

al., 1997; Schutze et al., 2008). Lastly, it has been proposed that the bZIP TF family 

evolved from “four founder genes” within the ancestor of green plants, and that these 

bZIP TFs functioned in response to oxidative stress and unfolded protein responses 

(Correa et al., 2008). Considering the findings from the aforementioned studies in 

combination with the transcriptomic findings from Study II and II, it is proposed that 

members of the bZIP family of TFs may act in response to oxygen sensing signals, 

playing a central regulatory role in downstream anaerobic metabolism in rice. Similarly, 

the conserved induction of bZIP TFs under heat stress in Arabidopsis and rice implies 

a conserved role for these in regulating general heat-responsive pathways in plants.  

Overall, examination of transcripts encoding TFs across rice and Arabidopsis 

revealed that with the exception of cold stress, there were more transcription factor 

families changing in rice compared to Arabidopsis, independent of genome sizes, 

implying that the regulatory network in rice is larger and possibly more diverse than 

Arabidopsis (Study III). Thus, it appears that complex regulation of transcription factors 

occurs during development, specifically germination (Study I and II) and under abiotic 

stress (Study III), with oxygen dependant regulation seen to occur for some 

transcription factors in rice (Study II). 

5.5.2 Cis-acting regulation 

Transcript abundance is the result of a balance between the rate of transcription 

and the rate of degradation. Given that all the studies presented here involved analysis 

of transcript abundance data (Study I-IV), it was important to consider factors 

influencing the activation and rate of transcription and degradation (where possible). 

The completion of the rice genome sequence allowed the 1kb upstream sequences for 

all rice genes to be analysed in the context of each study. However, limited annotation 
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of the 3’UTR sequences in rice prevented more detailed analysis of putative cis-acting 

elements in these regions. Thus, as more annotated 3’UTR sequence information 

becomes available for rice, this analysis will be repeated. In each of the studies, groups 

of co-expressed genes were examined for the depletion/enrichment of specific 

sequence elements. Typically, the percentage occurrence of 6-mers in the 1 kb 

upstream regions and 3’UTRs in a specific group were compared to their percentage 

occurrence in the genome (Study I, II and III).  

The conserved pattern of transient gene expression observed during the 

aerobic and anaerobic germination time course (Study I and II) represents an 

interesting subset for the analysis of cis-acting elements as these genes clearly 

required rapid regulation. Sequence analysis of the 1kb upstream regions and 3’UTRs 

for the group of transiently expressed genes (during aerobic germination; Study I) and 

the core aerobic and anaerobic genes (Study II), led to the identification of various 

over-represented sequence elements. An overlap in several putative motifs 

over-represented in the aerobic and anaerobic sets, suggests a similar mechanism as 

previously observed in yeast, following changes in oxygen conditions. In yeast, the 

HAP1 transcription factor acts as a positive regulator of aerobic genes encoding 

ergosterol biosynthesis function under aerobic conditions and a negative regulator of 

these genes under anaerobic conditions (Hickman and Winston, 2007). Thus, given the 

overlapping sequence elements in the genes from the aerobic and anaerobic sets 

(Study II), it is possible that this type of regulation also occurs in rice. In addition, 

analysis of the 3’UTRs in the core aerobic/anaerobic sets identified a number of 

putative motifs over-represented in the core aerobic set, with one of these putative 

motifs previously associated with rapid degradation (Appendix I; (Narsai et al., 2007) 

and none over-represented in the anaerobic set. This suggests that the transcripts in 

the core aerobic set may be actively degraded upon switching to anaerobic conditions, 

a mechanism seen to occur in yeast (Dagsgaard et al., 2001). In addition, changes to 

ribosomal loading have also been observed as a mechanism of post-transcriptional 

regulation at this level under anaerobic conditions in Arabidopsis (Branco-Price et al., 

2005). Considering these findings collectively and the observed rapid changes in 

transcript abundance that occurs following the switch to anaerobic/anaerobic 

conditions, it is proposed that in rice, the response to changes in oxygen availability 

occurs as a result of combinatorial control at the transcriptional and mRNA degradation 

levels, possibly also including active degradation of transcripts. 

As eluded to earlier, the results from Study III suggest that differences in 

tolerance abiotic stresses is largely due to differential responses of genes, and not only 

due to species specific genes that enable tolerance. Study III aimed to understand 
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whether the co-expression of orthologous genes between Arabidopsis and rice were 

also co-regulated under these abiotic stresses (Study III). Unexpectedly, different 

over-represented putative motifs were observed in the 1kb upstream regions of 

orthologous genes, indicating that overall, despite genes being orthologous and 

co-expressed in response to the same stress, they are not necessarily regulated by the 

same binding factors. Nevertheless, some overlap was observed in the putative 

over-represented motifs identified across co-expressed genes following drought and 

salt treatment, suggesting that the regulation of drought and salt responsive genes are 

more conserved between rice and Arabidopsis (Study III). In contrast, there was little to 

no overlap in the putative over-represented motifs identified across co-expressed 

genes following cold and heat treatment, indicative of the significant divergence at this 

level between rice and Arabidopsis. In 2007, Narsai and colleagues showed that for 

certain genes, the expression profiles following abiotic stress was comparable to the 

observed expression profiles following inhibition of transcription, suggesting a role for 

mRNA decay in the abiotic stress response (Narsai et al., 2007). Similarly, an in depth 

analysis of the role of mRNA degradation in the abiotic stress response, in rice and 

Arabidopsis, would provide valuable insight into this type of regulation across monocots 

and dicots. This is particularly relevant as it may explain the conserved down-regulation 

of a large number of transcripts, observed in response to abiotic stress 

(e.g. Translation functions under drought and salt, Figure 3). 

5.6 Empowering data by strength in numbers 

Over 30 years ago, the first Northern blot was developed as a technique for 

analysis of transcript abundance (Alwine et al., 1977). Between then and now, the 

techniques for transcript analysis have improved in specificity and throughput; with 

semi-quantitative RT-PCR, then QRT-PCR, to the advent of high-throughput QRT-PCR 

and microarrays, and now with the latest deep sequencing technology. The microarray 

revolutionised transcript analysis by enabling accurate measurement of transcript 

abundance for thousands of genes simultaneously. This opened the doors to 

snapshots of global transcript analysis, from various samples collected at different 

developmental stages or under stress conditions. As the number of microarray studies 

steadily increased into the hundreds, it was evidenced that the majority of these were 

carried out using standard microarrays from a single platform e.g. the Affymetrix 

platform. The unified method of microarray techniques, including implementation of 

internal endogenous controls and comparisons of biological replicates meant that 

maximum reproducibility was maintained. Based on this, it became possible to analyse 

and even compare microarrays on a common platform in the correct mathematical 

background.  
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The successful use of this advantage is highlighted in the development of 

databases such as Genevestigator, which displays expression data based on the 

combined analysis of all publicly available microarray data for a given species together 

(Zimmermann et al., 2004). Considering the useful outputs observed from such 

databases, as well as the availability of these microarrays, the benefits of comparative 

microarray analysis was clear. Hence, the availability of microarray technology, 

publically available microarray data and sequence information, facilitated the 

comprehensive, comparative analyses carried out Studies I-IV. An extra dimension of 

analysis was also added by comparison of rice and Arabidopsis, which gave novel 

insight into the conservation and divergence of the germination (Study I) and abiotic 

stress (Study III) responses at the transcript level. Similarly, comparing the expression 

of the core aerobic and anaerobic transcripts encoding TFs in rice, with the expression 

of these genes under other stress conditions enabled the identification of common 

expression patterns, such as the up-regulation of the bZIP family of transcription 

factors in other stress conditions (Study II). Study III and IV took this analysis to the 

next level and not only compared microarrays from different studies but also 

incorporated the use of databases that enable identification of orthologues (Remm et 

al., 2001).  

5.7 Role and place of transcripts in the grand scheme 

Since the central dogma of molecular biology was first proposed (Crick, 1970), 

various regulatory networks that control the processes from DNA to a folded, functional 

protein have been discovered (Figure 4). Studies I-IV presented significant 

investigation at the transcription level, with Study I and II also incorporating analysis at 

the metabolomic level. Unlike Studies I-III, Study IV aimed to identify transcripts that 

did not change in during development and response to any stress or hormone 

treatment. Although the focus of most studies (such as Studies I-III) is to examine 

changes, it is always important to consider the transcripts unchanging in abundance as 

these represent the transcripts that are specifically regulated to maintain their 

abundance. These “unchanging” transcripts are typically referred to as “housekeeping” 

or reference genes and are typically selected on the basis of orthology. However, 

Study III showed that orthology is not an accurate method for assuming similarity in 

expression. Using the global transcriptomic data compiled for rice, Study IV defined 

rice specific reference genes for use in normalisation of QRT-PCR data or other 

transcript abundance data. Considering the results from Study I-IV, it is clear that 

further examination of the factors affecting transcriptome regulation is required as this 

has the potential to reveal the mechanisms regulating the observed changes in 

transcript abundance and in the maintenance of steady-state expression levels under 

different conditions (Figure 4).  
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The transcript level represents an intermediate level between genes (encoded 

on DNA) and their encoded proteins (Figure 4). Therefore, transcript abundance does 

not equate to protein abundance, however the importance of the transcript level should 

not be underestimated. To date, various modes of cis and trans-acting modes 

regulation have been identified at the transcript level e.g. sequence binding factors 

such as transcription factors, miRNA mediated degradation and various others (Figure 

4). The reason for the existence of numerous modes of control at the transcript level 

compared to the protein level is somewhat unclear. It is possible that fine control at the 

transcript level enables the rapid and fine control in response to developmental or 

stress signals, whilst minimising the waste in energy required if this control occurred 

the protein level. Studies of the correlation between transcript abundance and 

abundance of the encoded protein, have shown mixed results with some studies 

reporting a low correlations (Anderson and Seilhamer, 1997; Heintzen et al., 1997) 

while some studies have reported higher correlations (Baerenfaller et al., 2008; Lee et 

al., 2008). However, it has been observed that at staggered stages in mouse embryos, 

higher correlations were observed when staggered time points were compared, in 

contrast to the lower correlations observed for same time comparisons (Irmler et al., 

2008). Thus, the use of time course studies has the potential to give insight into the 

correlation between observed responses at different levels of regulation. Consequently, 

proteomic analysis of germinating rice embryos under aerobic and anaerobic 

conditions could provide a foundation for the aforementioned correlation analysis and 

would also offer novel insight in post-translational regulation that occurs in response to 

changes under aerobic, anaerobic or stress conditions. Understanding the reasons for 

these correlations are further complicated by the fact that regulation can occur at the 

transcriptional (Figure 4), post-transcriptional (mRNA; Figure 4), translational and 

post-translational levels, allowing rapid and highly sensitive regulation of abundance. 

The transcript or protein abundance in a cell is therefore the product of the rates of 

synthesis and degradation, in addition to being the end result of various levels of 

regulation. 

5.8 Future directions 

The results presented in this thesis have yielded great insight into the 

responses and regulation that occurs at the transcript (Study I-IV) and even metabolite 

levels (Study I and II) under various conditions. However, these studies have also 

prompted more questions that would not have been formulated without these findings 

as a basis. Using this insight, future experiments can now be planned in a more 

directed manner. For example, further examination or manipulation of the identified 

genes from Study I and II, could facilitate the generation of rice strains with differential 

tolerance to changes in oxygen conditions. In addition, experiments have now been 
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planned to confirm activity of the putative cis-acting elements identified in Study I and II 

and once confirmed, to identify the proteins (possible transcription factors) that may 

bind these sites, to give insight into specific transcriptional regulation. Lastly, broader 

metabolite analysis involving lipids could also reveal more on the role of lipid 

metabolism under anaerobic conditions. Overall, it can be seen that understanding the 

mechanisms and regulatory factors that control/allow anaerobic tolerance and survival 

is of critical agricultural importance considering that every year, flooding (inducing 

anaerobic conditions) results in disastrous losses of crop production worldwide. 

In addition to flooding, there are many other causes resulting in the loss of rice 

and other plant species, with temperature stress (heat/cold), drought and salt stress 

also being strong contributors. Study III identified similarities and differences in the 

transcriptomes from rice and Arabidopsis for developmental tissues and under drought, 

salt, cold and heat. The genes identified as orthologous and responding in the same 

way under abiotic stress represents the set of genes that can be used for further 

investigation of the conserved stress response in plants, whilst the genes orthologous 

and responding in an opposite manner represents avenues of divergence between rice 

and Arabidopsis that have not been previously recognised. The results from Study III 

not only provided novel insight into the transcriptomic responses to these stresses but 

also allowed the monocot or species specific responses to be revealed independent of 

the general response to stress. Manipulation of specific oppositely regulated genes or 

the transcription factors that may be regulating these in Arabidopsis or rice could result 

in greater tolerance to temperature change in each species. For example, Arabidopsis 

plants over-expressing genes encoding specific components (such as those in the 

Redox pathway) could show improved tolerance to heat conditions, given that these 

were highly down-regulated following heat treatment in Arabidopsis (whilst the rice 

orthologues were up-regulated). Thus, the studies presented in this thesis represent 

discovery based investigations that can be used to prompt more directed hypothesis 

based experiments in future. 
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Figure 2. An outline of processes occurring during germination, from DNA to metabolites in germinating 
seeds under aerobic and anaerobic conditions.
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Figure 3. A) Outline of the rice and Arabidopsis transcriptomic comparison. Percentages in red/blue indicate 
significantly higher/lower percentage compared to the percentage of orthologues for that genome. Percentages 
in brackets indicate the percentage of genes that had orthologues and were expressed in a comparable way e.g. 
up to 66% of the rice genes that were differentially expressed under abiotic stress had orthologues in Arabidop-
sis, however only a maximum of 22% were both orthologous and differentially expressed in a comparable 
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red/blue respectively e.g. under salt stress, it can be seen that there is a conserved down-regulation of 
transcripts encoding transport functions in both rice and Arabidopsis.Black boxes indicates opposite regulation 
of these between rice and Arabidopsis.
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To gain a global view of mRNA decay in Arabidopsis thaliana, suspension cell cultures were treated with a transcriptional

inhibitor, and microarrays were used to measure transcript abundance over time. The deduced mRNA half-lives varied

widely, from minutes to >24 h. Three features of the transcript displayed a correlation with decay rates: (1) genes possessing

at least one intron produce mRNA transcripts significantly more stable than those of intronless genes, and this was not

related to overall length, sequence composition, or number of introns; (2) various sequence elements in the 39 untranslated

region are enriched among short- and long-lived transcripts, and their multiple occurrence suggests combinatorial control

of transcript decay; and (3) transcripts that are microRNA targets generally have short half-lives. The decay rate of

transcripts correlated with subcellular localization and function of the encoded proteins. Analysis of transcript decay rates

for genes encoding orthologous proteins between Arabidopsis, yeast, and humans indicated that yeast and humans had a

higher percentage of transcripts with shorter half-lives and that the relative stability of transcripts from genes encoding

proteins involved in cell cycle, transcription, translation, and energy metabolism is conserved. Comparison of decay rates

with changes in transcript abundance under a variety of abiotic stresses reveal that a set of transcription factors are

downregulated with similar kinetics to decay rates, suggesting that inhibition of their transcription is an important early

response to abiotic stress.

INTRODUCTION

When the existence of an mRNA-type molecule was proposed, it

was immediately recognized that the stability of this intermediate

could be an important point in the control of gene expression

(Jacob and Monod, 1961). Transcript abundance is the equilib-

rium between the rate of mRNA synthesis, catalyzed by poly-

merases, and the rate of degradation, catalyzed by nucleases

(Yang et al., 2003). Although it is widely accepted that the rate of

synthesis and degradation determine transcript abundance, the

majority of studies only measure steady state transcript levels,

largely due to the technical ease with which they are determined,

compared with measuring the rates of synthesis or degradation

(Abler and Green, 1996; Shu and Hong-Hui, 2004). Changes in

transcript abundance are often assumed to be due to changes in

the rate of transcription; thus, regulation by changes in promoter

activity is inferred. Significant research effort is invested in

determining the factors that are responsible for the proposed

coregulation of genes that display similar patterns of transcript

abundance (Pilpel et al., 2001; Zhu et al., 2002). This type of

approach has produced significant outcomes in identifying reg-

ulatory networks, such as those associated with developmental

processes in animals (Ochoa-Espinosa and Small, 2006), cell cycle

and rRNA transcription and processing in yeast (Sudarsanam

et al., 2002; Bahler, 2005), and light regulation in plants (Casal

and Yanovsky, 2005). However, an understanding of transcript

decay rates provides further insight into the global regulation of

gene expression and may reveal previously unknown coregula-

tory gene networks.

Studies examining mRNA decay rates in mammalian or yeast

cells using chemical or genetic means to inhibit transcription have

shown that the decay rate of mRNAs is correlated with the function

of the encoded protein (Wang et al., 2002; Yang et al., 2003). It was

observed in both organisms that transcripts encoding proteins

involved in central metabolism had longer half-lives compared

with those involved in regulatory processes. It was also reported

that the median half-life correlated with the length of the cell cycle

of Escherichia coli, yeast, and human HepG2/Bud8 cells, ranging

from 5 to 21 to 600 min, respectively (Yang et al., 2003). In-depth

analysis of mRNA decay rates in yeast also revealed that changes

in transcript abundance after inhibiting transcription were similar

to those following heat shock and that control of ribosome

biogenesis factors was posttranscriptional (Grigull et al., 2004).

These studies confirm that knowledge of transcript decay rates

can yield insights into diverse biological processes that are not

evident by measuring transcript abundance alone.

Approximately 100 transcripts have been defined as being

rapidly degraded in Arabidopsis thaliana with half-lives of <60 min

(Gutierrez et al., 2002). As was found in yeast and human studies,

these unstable transcripts were enriched in genes coding for

regulatory functions. Additional studies in Arabidopsis revealed

that transcripts encoding proteins associated with circadian

control were unstable and that this was associated with the
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presence of instability elements, such as the destabilizing down-

stream (DST) element in the 39 untranslated region (UTR; Newman

et al., 1993; Gutierrez et al., 2002; Lidder et al., 2005). Experi-

ments involving a mutant defective in DST-mediated decay

revealed that this element was involved in the changes in

transcript half-life which in turn affected circadian regulation at

a whole-plant level, indicating that plant circadian rhythms are in

part regulated by a sequence-specific mRNA degradation path-

way (Lidder et al., 2005). To gain a genome-wide perspective on

transcript instability in plant systems, this study makes use of the

availability of microarrays and the improved annotation status of

the Arabidopsis genome to investigate mRNA decay rates on a

whole-genome level in Arabidopsis cell culture.

RESULTS

Actinomycin D Inhibits Transcription in Arabidopsis

Cell Culture

To determine the decay rates of transcripts in Arabidopsis, the

transcriptional inhibitor Actinomycin D (ActD) was used on

Arabidopsis suspension cell cultures. To confirm that transcrip-

tion was efficiently inhibited, we tested the ability of ActD to

prevent the induction of transcripts upon addition of salicylic acid,

known to result in an increase in transcript abundance of specific

transcripts, such as NDB2, which encodes a mitochondrial

external NADH dehydrogenase (Clifton et al., 2005, 2006). A 1-h

pretreatment of cell cultures with ActD prevented the rapid four-

to fivefold induction of NDB2 transcript abundance observed

upon addition of salicylic acid (see Supplemental Figure 1A

online). Analysis of total RNA by agarose gel electrophoresis

before ActD treatment (0 h) and 1, 3, 6, 12, 24, and 48 h after ActD

treatment indicated that the rRNA bands were intact up to 24 h;

however, degradation of the rRNA bands was evident after 48 h

(see Supplemental Figure 1B online). Furthermore, the cRNA

quality was assessed up to 24 h using the Agilent Bioanalyzer,

and the 39/59 Actin ratios were found to be <2.5 up to 24 h.

Typically, 39/59 ratios of <3.0 indicate that the cRNA is not

degraded and is of sufficient quality to proceed with analysis of

abundance by microarrays. Also, the yield of total RNA per wet

cell weight at each time point, following ActD treatment, was not

significantly different up to 24 h (data not shown). Cell viability was

also examined, and it was indicated that >90% cell viability was

maintained up to 24 h following ActD treatment, whereas at 48 h,

cell viability was reduced to 60 to 70% (data not shown). Thus, we

assessed the decay rates of transcripts over a 24-h period of

ActD treatment, when cells were viable, and total RNA was intact

and good quality cRNA could be generated. It is important to

consider, however, that in any transcription inhibition experiment,

specific cellular functions may be hindered at the later time points.

Genome-Wide View of mRNA Decay

Effective transcriptional inhibition by ActD was further confirmed

by the observed decrease in cRNA synthesized from total RNA

during the microarray target preparation process (see Supple-

mental Figure 1C online). However, this presented a challenge

given that standard normalization procedures for analysis of

microarray data attempt to compensate for differences in total

mRNA levels, dampening real changes in transcript levels due

to transcriptional inhibition. For this reason, it was necessary to

modify data normalization as outlined in the Methods. This

preliminary analysis produced a genome normalized data set

consisting of mRNA decay profiles of 13,012 genes, referred to,

from this point on, as the whole-genome set. The microarray data

were validated by comparison to transcript profiles generated by

quantitative RT-PCR (QRT-PCR), and a Pearson correlation

coefficient was calculated for each of the 72 transcripts that

were analyzed by both methods (Figure 1A; see Supplemental

Table 1 online). These 72 transcripts were chosen as they re-

flected a range of transcript characteristics, including differing

base composition, transcript lengths, starting quantities, and

intron numbers, and the encoded proteins also represented a

range of functional catalogues (FunCats). An average correlation

of 0.95 confirmed that the normalization method employed was

valid. Furthermore, mock-treated cells, which were not analyzed

using microarrays, were examined by QRT-PCR and showed

that transcript abundance either remained stable or increased

and then stabilized to be similar to pretreatment levels (Figure

1A). The 13,012 transcript decay profiles generated from micro-

array analysis of the three independent time courses were

regressed using SAS (version 9.1). Nonlinear least-squares re-

gression was used to fit the decay profiles to an exponential

decay model and the regression parameters, including the decay

rate (k), the SE of the decay rate, the 95% confidence interval, and

the mRNA half-life (t1/2), were calculated for each of the tran-

scripts analyzed (see Supplemental Table 2 online). This method

effectively regressed decay profiles that varied widely, with the

abundance of some transcripts seen to decrease rapidly after

ActD treatment (e.g., WRKY6 transcription factor; At1g62300;

t1/2 ¼ 1.13 h), while some transcripts decreased more slowly

(e.g., hydroxypyruvate reductase; At1g68010; t1/2 ¼ 14.75 h;

Figure 1B). This method enabled comparison between tran-

scripts despite differences in decay rates, and in most cases the

transcript abundance and regression models tended to come

down to an asymptote by 24 h. However, as it cannot be ruled out

that inhibiting transcription may differently affect the decay rates

of transcripts, the half-lives of long-lived transcripts may be

overestimated; thus, the differences in decay rates need to be

treated in a relative manner.

The mRNA half-lives varied greatly across the genome, rang-

ing from 0.2 to >24 h, with a mean of 5.9 h and median of 3.8 h

(see Supplemental Table 3 online). Hierarchical clustering of

transcript abundance of the whole-genome set allowed visual-

ization of the variation in decay rates, with differences in the

transition from red to green on the heat map indicating different

rates of decay (Figure 2). After just 1 h, it was evident that some

transcripts had decreased significantly as seen by an early

transition from red to green at this time point (top of heat map,

Figure 2). By contrast, some transcripts represented at the

bottom of the heat map were still red at 12 h, indicating slow

decay rates. Even at 24 h, some transcripts were still quite

abundant, as evidenced by the fact that at 24 h, visualization

on the heat map was not a uniform green color, as would be

the case if all transcript decay had occurred at the same rate.
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Relationship of mRNA Decay Rates with Structural and

Regulatory Gene Features

Studies on individual genes have concluded that mRNA decay

rates may be affected by features within the mRNA sequence

itself, such as intron number/presence or microRNA (miRNA)

binding sites (Newman et al., 1993; Ross, 1995; Wang et al.,

2007). Subsets of transcripts were generated based on these

features, and to visualize any differences between the mRNA

half-lives in each of the subsets of genes compared with the

genome, cumulative distribution plots were generated. This

displayed the additive percentage frequency of transcripts over

a range of mRNA half-lives, and the Kolmogorov-Smirnov sta-

tistic was used to determine if differences in distributions were

significant (Davis, 1986). This method calculates the maximum

distance difference between the two distribution data sets

(D value) and then calculates a P value, p(same), for that distance

that indicates the probability of two data sets being distributed in

the same manner. A stringent P value of 1.0E-05 or less was

defined as significant.

mRNA binding factors, such as interfering RNAs, including

miRNAs, are known to be involved in influencing mRNA stability.

Studies in eukaryotes have revealed that the interfering RNAs

work by binding specific targets and preventing full translation

and ultimately lead to the degradation of the target transcript

(Reinhart et al., 2002). To determine the influence of miRNA

targeting on mRNA decay rates, a list of miRNA targets were

generated based on several miRNA databases (see Methods

and Supplemental Table 2 online), and their mRNA half-lives

were examined. It was evident that there were a significantly

higher proportion of miRNA target transcripts with shorter half-

lives, compared with the whole genome set, with >50% of these

transcripts having half-lives of <3 h (Figure 3A).

Another factor thought to be involved in influencing mRNA

stability is the presence of introns in the transcript. There

appeared to be no correlation between mRNA half-life and the

number of introns present in each transcript (see Supplemental

Figure 2A online). However, upon closer examination, it was clear

that for intronless genes (no introns in the .1 model) there were a

Figure 1. Transcriptional Inhibition after Treatment with ActD in Arabi-

dopsis Cell Culture.

(A) Transcript abundance of some genes analyzed by both QRT-PCR

and microarray analysis with the calculated correlation coefficient given

for each transcript. A value of 1.0 was assigned to the level of transcript

prior to treatment, and the transcript abundance at all other time points

was expressed relative to this value. Each data point represents the

mean 6 SE. The right panel displays transcript abundance of the same

genes analyzed by QRT-PCR following mock treatment with ethanol.

(B) Examples of mRNA decay profiles (using the microarray data) and the

nonlinear least-squares regression curve produced for each gene. Data

were regressed using the relative values from all three biological repli-

cates over all the time points using SAS, which allowed the rate of decay

for each gene to be determined. The blue line represents the actual data

points, and the red line represents the fitted exponential model.

WRKY6, WRKY6 transcription factor (At1g62300); OM64, outer mito-

chondrial membrane protein of 64 kD (At5g09420); MDHAR, mono-

dehydroascorbate reductase (At1g63940); UCP, uncoupling protein

(At3g54110); HPR, hydroxypyruvate reductase (At1g68010); TIM14,

translocase of the inner membrane protein 14 (At2g35795).
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significantly greater proportion of transcripts with shorter half-

lives compared with the genome (P ¼ 1.81E-66), with >60%

having half-lives of <3 h (Figure 3B). To confirm that stability

could be attributed to the presence of introns and not the

additional length of the transcript, the lengths of the 39 UTR,

the coding sequence, and the 59 UTR were all calculated, and

total mRNA length was compared with the mRNA half-lives,

revealing no correlation (see Supplemental Figure 2B online) and

thus confirming that the presence of introns has an independent

positive effect on mRNA stability.

Considering that the absence of introns appears to have a

pronounced effect on mRNA half-life, it was important to con-

sider the effect of alternative splicing on mRNA decay. To

address this, The Arabidopsis Information Resource (TAIR) 7.0

database was used to generate a list of genes that contain

introns in the first TAIR gene model and all of its splice variants

(always intron containing) and a list of genes for which the first

TAIR gene models contained at least one intron, but at least one

subsequent splice variant was intronless (intronless splice var-

iants). There are only 91 genes that encoded intronless splice

variants in this study, and it is important to note that apart from

this analysis, these transcripts have generally been designated

as containing introns due to the fact that their first gene model

contains at least one intron. Interestingly, there was a greater

proportion of transcripts with shorter half-lives for genes con-

taining intronless splice variants among other (.2, .3, etc.) gene

models compared with the genes without any intronless splice

variants (always intron containing); however, this was not statis-

tically significant (Figure 3B).

Previous studies have suggested that the length of the 39 UTR or

the presence of an intron in the 39 UTR contributes to mRNA

stability of transcripts by acting as cis-elements (Kertesz et al.,

2006). This was examined here, and it was observed that tran-

scripts with 39 UTRs longer than 300 bp showed no significant

difference in the distribution of mRNA half-lives of these transcripts

compared with the genome (Figure 3C). Similarly, there did not

appear to be a significant difference between the distribution of

mRNA half-lives in the genome compared with (1) genes containing

an intron in the 39 UTR, (2) genes that contained at least one 39 UTR

intron retention splice variant with respect to the first gene model

(56 genes), and (3) genes containing at least one 39 UTR intron, but

no 39 UTR intron retention splice variant genes (Figure 3C).

It is widely accepted that transcript abundance in the cell is a

function of the rate of decay and the rate of synthesis. Various

studies have examined the kinetics of this relationship and have

suggested that there is a proportional relationship between the

rate of decay and the concentration (Hargrove, 1993; Yugi et al.,

2005). It has been suggested that as half-life of a transcript

increases, the steady state concentration increases as it be-

comes a higher multiple of the synthesis rate (Hargrove, 1993).

Looking at 0 h signal intensity as a representation of starting

quantity of mRNA abundance, it was observed that transcripts

that had lower starting signal intensities (<100) had a significantly

higher proportion of transcripts with shorter half-lives (P¼ 5.20E-

49), while transcripts with high starting signal intensities (>1000)

had a significantly higher proportion of transcripts with longer

half-lives (P ¼ 1.45E-156), and transcripts with signal intensities

between 100 and 1000 showed no significant difference com-

pared with the genome (Figure 3D). This suggests that transcripts

with longer half-lives are more abundant, possibly due to their

longer half-lives, while transcripts with shorter half-lives are likely

to be less abundant due to their greater rate of decay. However, it

is important to observe this data with caution as the accuracy of

the relationship between signal intensity and actual mRNA

concentration is not a direct relationship, although a comparison

of microarray and TaqMan gene expression assays concluded

that microarray platforms could be used for quantitative mea-

surement of gene expression (Canales et al., 2006).

Figure 2. Hierarchical Clustering of the Fold Changes in Transcript

Abundance for 13,012 Transcripts after Treatment with ActD.

For each gene, the transcript abundance at 0 h was set to 1, and the

transcript abundance at all other times was expressed in a relative

manner. Rapidly decaying transcripts can be seen by a change from red

to green at the early time points (indicated in hours at the top of the heat

map). An increase in the brightness of green indicates a decrease in

transcript abundance. By contrast, slow-decaying transcripts only

changed from red to green at later time points.
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Figure 3. The Distribution of mRNA Half-Lives of the Whole Genome Compared with Subsets of Transcripts with Specific Sequence Features.
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It is established that cis-acting sequence elements within the

39 UTR of transcripts can influence mRNA stability (Garneau

et al., 2007). This has been observed particularly for AU-rich

elements where the presence of these motifs is associated with

highly unstable transcripts (Ross, 1995; Abler and Green, 1996;

Yang et al., 2003). To determine whether the AU content of

transcripts affect mRNA decay rates, the AU content within the 39

UTR, coding sequence, 59 UTR, and whole mRNA was calcu-

lated (see Supplemental Table 2 online). However, no significant

correlation was found (see Supplemental Figure 2C online). To

investigate if any sequence elements were enriched in fast- or

slow-decaying transcripts, we searched for the occurrence of all

possible 6-mers in a set of transcripts that were the 1000 fastest

decaying (half-life ;1 h or less) or the 1000 slowest decaying

(half-life ;12 h or greater). Among the 4096 possible 6-mers, 167

were found to be significantly enriched at the P < 0.01 level in the

39 UTR of the fast-decaying transcripts, and 283 were found to be

enriched within the 39 UTR of slow-decaying transcripts (see

Supplemental Table 5 online). As a control, nonoverlapping sets

of 1000 unique, randomly selected transcript 39 UTRs were

generated, and an identical analysis was performed to test for

enrichment or depletion of 6-mers in one set with respect to the

other. This test was performed 20 times. In these trials, an

average of 37 motifs (SD of 6) was significantly enriched at the P <

0.01 level, compared with the 450 found enriched in either the

fast-decaying transcript set with respect to the slow or vice versa.

Using a more strict cutoff for significance of P < 0.001 (jZj < 3.89),

we found 117 motifs significantly enriched in the fast-decaying

transcript set with respect to the slow or vice versa. By contrast,

among the 20 trials of random transcript sets, 13 did not produce

any enriched motifs at this significance level. Five trials detected

one enriched motif, and two trials detected two enriched motifs at

this significance level. All data on the enrichment or depletion of

6-mers are available in Supplemental Table 5 online, including the

proportions of occurrences of the motifs in all transcripts in this

study for which there is 39 UTR sequence data. As expected, the

proportions of those motifs significantly enriched or depleted

with respect to fast- or slow-decaying transcripts among all

genes are between those of the fast and slow transcript data sets,

whereas the proportions of the entire transcript set are similar to

those of the fast and slow-decaying transcripts for those motifs

not significantly enriched or depleted in either set.

The top 10 elements ranked by significance as determined by

the Z-score for each category are shown in Table 1. For the

elements defined to be enriched in the fast-decaying transcripts,

elements ranked 3 (Table 1), 38, 45, and 103 (see Supplemental

Table 5 online) have been previously defined as instability ele-

ments. It is likely that the elements defined display degeneracy,

such as elements 2, 4, 7, and 9, which may all constitute a core

element that can tolerate some base variation (Table 1). How-

ever, even taking this into account, there are several distinct

elements that are enriched in both groups, suggesting a number

of different binding factors (Table 1; see Supplemental Table 5

online). The occurrence of the 50 most significant putative

destabilization and stabilization motifs present in the 39 UTRs

of the fastest and slowest decaying transcripts reveals that

transcripts contain several different motifs, with any single motif

often present more than once (see Supplemental Table 5 online).

Another important factor worth mentioning is the presence of

elements within 59 UTR of transcripts. To address this, we

calculated the enrichment or depletion of 6-mers, including the

proportions of occurrences of the motifs in all transcripts in this

study for which there is 59 UTR sequence data (see Supplemental

Table 5 online). Interestingly, some of the AU-rich motifs in the 39

UTR analysis are also found among the top of the list, enriched

Table 1. Putative Destabilization/Stabilization Motifs

Number Motif Fast (%) Slow (%) Z-Score

1 AATTTT 41.1 20.7 9.9

2 TTTTTG 50.8 31.8 8.6

3 TTTTTT* 49.1 31.1 8.2

4 AGTTTT 37.7 21 8.2

5 TTTTGT 58.7 43.4 6.8

6 ATTTTG 39.3 25.3 6.7

7 ATTTTT 43.1 28.8 6.7

8 GTTTTG 36.2 22.7 6.6

9 GTTTTT 43.4 31.2 5.6

10 TAGGAT 7.7 2.5 5.3

4087 TTGCTT 14.6 24 �5.3

4088 TGTGTG 11.1 19.7 �5.3

4089 TGCTTT 12.3 21.2 �5.3

4090 AATAAG 7.9 15.8 �5.5

4091 ATCTCT 11 19.9 �5.5

4092 ATTTGG 11.5 20.8 �5.7

4093 TTATCT 13.8 23.7 �5.7

4094 AAATAA* 14.9 25.4 �5.9

4095 GAATAA 7.5 16 �5.9

4096 TCTCTT 17.9 30.2 �6.4

The 10 most significant putative destabilization (t1/2 <1.148 h) and

stabilization (t1/2 >12.487 h) 6-mers in the 39 UTRs (numbered 1 to 10

and 4087 to 4096, respectively), the percentage of fast/slow-decaying

transcripts that contain the motif, and the respective Z-scores for each

6-mer. An asterisk next to the motif indicates that it has been previously

identified as involved in mRNA stability.

Figure 3. (continued).

(A) to (C) The proportion of transcripts in each mRNA half-life category for the whole-genome set and for subsets, including transcripts that are

(A) known miRNA targets; (B) contain no introns (light blue), has one or more splice variant/s that does not have an intron (black), or has a one or more splice

variants that contain an intron in all the splice variants (i.e., always intron containing [red]) (C); contain a 39 UTR >300 bp, contain a 39 UTR intron, has one or

more splice variants that contain a retained 39 UTR, or has one or more slice variants that never contains a 39 UTR intron in all the splice variants.

(D) Transcripts that had 0 h signal intensities of <100, >100 to < 1000, and >1000. The cumulative percentage plots graphically display how the mRNA

half-lives are distributed in each category. The D-value represents the distance between the distributions and was used to calculate the Kolmogorov-

Smirnov statistic [p(same)] to determine if there was a statistically significant difference (asterisk) between each subset compared with the genome. The

number of genes in each data set is indicated in parentheses.
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for fast-decaying transcripts. We also searched for a known 59

UTR mRNA stability element present in yeast [poly(G) sequence]

(Muhlrad et al., 1995), although there was no correlation between

mRNA half-life and this motif. However, it is important to note that

accurate statistical treatment of this data is made difficult by the

short and probably truncated 59 UTR sequence data used for

many transcripts.

Relationship of mRNA Decay with Function and Location

of the Encoded Proteins

Previous studies in eukaryotes revealed that transcripts that

encoded proteins involved in highly regulated processes de-

cayed relatively rapidly in contrast with those involved in central

metabolic functions that were observed to decay relatively slowly

(Ross, 1995; Wang et al., 2002; Yang et al., 2003). To determine

whether this general relationship existed for Arabidopsis, a broad

annotation, such as the FunCat (Ruepp et al., 2004), was

employed for the annotation of genes based on the function of

the encoded proteins. This was clearly not feasible for all genes;

however, using various databases and manual annotation

methods, 63% of the 13,012 genes were annotated into 26

FunCats (see Supplemental Table 4 online), allowing statistical

analysis of the half-lives of the transcripts in each group to be

determined (see Supplemental Table 3 online).

The distribution of the whole-genome mRNA half-lives was

found to be significantly different from transcripts classified in

metabolism (P ¼ 1.3E-18), energy (P ¼ 7.1E-31), protein synthe-

sis (P ¼ 5.7E-29), and subcellular localization (P ¼ 4.8E-08)

categories (Figure 4A). This is particularly evident for the tran-

scripts classified into energy and protein synthesis functions

where a much higher percentage of transcripts have longer half-

lives compared with the whole genome (Figure 4A). By contrast,

some FunCats showed a greater distribution of transcripts with

shorter half-lives, including transcripts classified in transcription

(P ¼ 4.9E-21) and communication (P ¼ 9.1E-11) categories

(Figure 4A; see Supplemental Table 3 online). These results

indicated that, in Arabidopsis, there are differences in the distri-

bution of half-lives of transcripts in specific FunCats compared

with the whole genome, and specific groups of transcripts

merited further investigation.

Sets of genes encoding transcription factors, pentatricopep-

tide repeat (PPR) proteins, kinases, and ribosomal proteins were

also compared. Transcripts that encode transcription factors,

PPR proteins, and kinases had a significantly higher proportion

of transcripts with short half-lives compared with the genome

(Figure 4B). By contrast, transcripts encoding ribosomal proteins

had a significantly higher proportion of transcripts with longer

half-lives, with almost 30% having half-lives longer than 12 h in

contrast with the genome where only 9% had half-lives of 12 h or

more, consistent with the fact that they are involved in the basic

cellular process of protein synthesis and have little regulatory

function (Figure 4B).

It has been established that there is a relationship between

mRNA half-life and function of the encoded protein, but to

determine if location of the protein product has any relationship

with transcript half-life, we analyzed sets of transcripts on the

basis of experimental localization of their translated products. It

was found that transcripts encoding mitochondrial, chloroplast,

and peroxisomal proteins have a significantly higher proportion

of transcripts with longer half-lives (Figure 4C). This may be

largely due to the fact that many of the proteins known to be

located in these organelles are associated with metabolism and

energy. However, exceptions to this clearly apply given that

some transcripts encoding organellar proteins have short half-

lives, as pointed out above for transcripts encoding PPR proteins

(Figure 4B). Similarly, it was found that transcripts encoding the

proteins in the major membrane systems of the cell, the vacuolar

tonoplast, and plasma membrane, as well as the major metabolic

machinery in the cytosol, had a significantly higher proportion of

transcripts with longer half-lives with 55, 42, and 64% of tran-

scripts having half-lives longer than 6 h compared with the

genome (31%; Figure 4C). By contrast, transcripts encoding

nuclear proteins were found to have a higher proportion of

transcripts with shorter half-lives; 48% were found to have half-

lives <3 h compared with the genome (40%) or to the average of

the other organelle and membrane systems (25%; Figure 4C).

Analysis of mRNA Decay in Arabidopsis Orthologs

Given that large data sets of yeast and human mRNA decay

profiles already exist (Wang et al., 2002; Yang et al., 2003), a

comparison of these with the data set derived from this study

was performed. Summary statistics, including minimum, maxi-

mum, and median half-life, as well as the cell cycle length (CCL)

were compared for all three species (Figure 5A). Previous mRNA

decay studies have observed a roughly proportional relationship

between the median mRNA half-life and the CCL, where the

median half-life appears to be 20 to 25% of the CCL. This has

been found for a range of organisms, including E. coli (median

half-life ¼ 5 min, CCL ¼ 20 min; Bernstein et al., 2002), yeast

(median half-life¼ 20 min, CCL¼ 90 min; (Wang et al., 2002), and

human HepG2/Bud8 cells (median half-life ¼ 10 h, CCL ¼ 50 h;

Yang et al., 2003). Interestingly, this was also observed for

Arabidopsis, where the median half-life was found to be 3.8 h and

CCL, for cell culture derived from the same source, was previ-

ously reported to be ;19 h (Menges and Murray, 2002).

The InParanoid database was used to obtain a list of orthol-

ogous genes between Arabidopsis and human as well as

Arabidopsis and yeast (Remm et al., 2001; O’Brien et al., 2005).

Filtration methods were then used to generate a list of 1830

Arabidopsis genes for which there are orthologs in humans (712),

yeast (1407), or both (289; see Supplemental Table 6 online).

To compare across the three species, the mRNA half-lives

were calculated relative to the CCL, and the frequencies were

illustrated as cumulative distribution plots (Figure 5B). The

Kolmogorov-Smirnov statistic was then used to determine dif-

ferences in the distribution of mRNA half-lives across the spe-

cies, and the distribution of the Arabidopsis mRNA half-lives was

found to be significantly different to the distribution of mRNA

half-lives in the orthologs in yeast (P ¼ 5.39E-30) and humans

(P¼ 5.96E-09; Figure 5B). It was also evident that the mRNA half-

life distributions of Arabidopsis and human (D value¼ 14%) were

more closely matched to each other than with yeast (D value ¼
20%; Figure 5B). Although, there appears to be a higher propor-

tion of transcripts with very short half-lives (<10% CCL) in
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Figure 4. The Distribution of mRNA Half-Lives of the Whole Genome Compared with Subsets of Transcripts Encoding Proteins within Specific

Functional and Localization Categories.
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humans and Arabidopsis compared with yeast, this was not

statistically significant (Figure 5B). However, there was a signif-

icantly higher percentage of transcripts with relatively short half-

lives in humans (D ¼ 14%) and yeast (D ¼ 20%), where 51 and

74% of the transcripts had half-lives #20 and #30% of the length

of the CCL, respectively, compared with 37 and 54% in Arabi-

dopsis, respectively (Figure 5B). However, for the human mRNA

half-lives, there was also a higher percentage of transcripts

(;6%) with very long mRNA half-lives of >50 h (>100% CCL)

compared with Arabidopsis, where <2% of transcripts had

mRNA half-lives longer than the CCL (Figure 5B).

After consideration of the number of transcripts analyzed, the

CCL and the minimum, maximum, and median transcript half-

lives for each of the genome datasets, four transcript decay rate

categories were formed based on the CCL, and these were

defined as ‘‘fast’’ – t1/2 # 10% of the CCL, ‘‘moderate1’’ – t1/2

10 to 22% of the CCL, ‘‘moderate2’’�t1/2 22 to 50% of the CCL,

and ‘‘slow’’ � t1/2 $ 50% of the CCL (Figure 5A). Analysis was

then performed to compare how many transcripts had half-lives

that fell into these decay rate categories across Arabidopsis

versus yeast and Arabidopsis versus human data sets. From all

the orthologous genes analyzed, 627 were found to fall in the

same decay rate category (Figure 5C; see Supplemental Table 6

online). Of the 79 categorized as ‘‘fast’’, almost 50% were in-

volved in nucleic acid binding, cell cycle, transcription, or RNA

processing compared with 25, 16, and 3% for the ‘‘moderate 1’’,

Figure 4. (continued).

(A) Distribution of the half-lives of transcripts for genes grouped into various functional categories.

(B) Distribution of the half-lives of transcripts for genes encoding transcription factors, PPR proteins, kinases, and ribosomal proteins.

(C) Distribution of the half-lives of transcripts for genes encoding proteins targeted to various subcellular locations. The number of genes in each data

set is indicated in parentheses. Significant differences (asterisks) in distributions when compared with the whole-genome set were determined as

outlined in Figure 3.

Figure 5. Comparison of the Half-Lives of Transcripts of Orthologous Genes among Arabidopsis, Human, and Yeast.

(A) General features of all three mRNA decay studies, including summary statistics for each data set.

(B) The distribution of mRNA half-lives across all three species. As there were several transcripts with short mRNA half-lives in all three species, there is

a scale break where the scale from 0 to 0.l is smaller (0.02).

(C) A comparison of the 627 transcripts classified as ‘‘fast’’, ‘‘moderate 1,’’ ‘‘moderate 2,’’ or ‘‘slow’’ in yeast and/or humans compared with the

respective Arabidopsis orthologous transcripts in the same categories. The number of transcripts in each category is indicated in red, and the number of

genes in each category was expressed as a percentage to allow comparison of the proportion of transcripts encoding proteins in different FunCats.
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‘‘moderate 2,’’ and ‘‘slow’’ categories, respectively (Figure 5C). By

contrast, only 5% of the ‘‘fast’’ transcripts were found to be in-

volved in metabolism or energy, while 33% of the transcripts

categorized as ‘‘slow’’ fell into this FunCat and included compo-

nents of glycolysis and the trichloroacetic acid cycle. For the pro-

tein synthesis FunCat, the percentage in the ‘‘fast’’ through ‘‘slow’’

groupings increased from 6 to 24% (Figure 5C). Thus, it appears

that transcripts encoding orthologous proteins involved in cell

cycle, transcription, translation, and energy metabolism have rela-

tively conserved rates of mRNA decay across diverse species.

A Comparison of Transcript Decay Profiles and the

Transcriptional Stress Response

A previous study in yeast revealed there was similarity between

mRNA stability profiles and transcript profiles under heat stress,

suggesting that one of the effects of heat stress in yeast was an

inhibition of transcription of a subset of genes (Grigull et al.,

2004). To determine if any stress treatment in Arabidopsis may

be acting to inhibit transcription, microarray experiments using

shoot tissue and involving stress treatments over a 24-h time

period (Kilian et al., 2007) with time points identical to those used

in this study were examined to see if patterns of transcript

change correlated with those observed with the inhibition of

transcription by ActD. An overview of the comparisons per-

formed to identify genes that contained similar patterns of

change is outlined in Supplemental Figure 3 online. Using self-

organizing map (SOM) analysis (Tamayo et al., 1999), 8878

transcript profiles were grouped into five clusters that showed

variation over time, from relatively stable levels (Clusters 1 and 2)

to rapid decreases (Cluster 5) over the 24-h time period (Figure

6A). From these clusters, genes for which the transcript profiles

under the stress treatments resembled the decay profile in

response to ActD could be identified (SCA; Figure 6A). A total

of 711 genes were identified in this manner, and the greatest

overlap with the ActD profiles was observed with osmotic stress

followed by wounding (Figure 6B; see Supplemental Figure 3

online). The six most abundant FunCats were examined across

this SCA set and are displayed as blocks of color next to the

corresponding genes (Figure 6B; see Supplemental Table 7

online). It is evident that there are a large number of transcripts

involved in protein synthesis and metabolism, typically having

relatively long half-lives, which decreased in abundance follow-

ing osmotic stress and wounding (pink and purple blocks; Figure

6B), indicating that long-term effects of these stresses appear to

be a downregulation of these basic cellular processes. It was

also observed that a large number of the transcripts that were

found to decrease over time and across more than twp stresses

were involved in transcription (green blocks) and cellular com-

munication (orange blocks; Figure 6B). The top of the heat map

was examined more closely because it contained most of the

genes that showed profiles common for three or more stress

treatments (Figure 6C). Of these 12 transcripts, it can be seen

that they all have short half-lives and most encode proteins with a

role in regulation and/or signaling, including transcription factors

and DNA binding proteins, as well as F-box, ARGOS, and

ARGOS-like proteins, which have all been implicated in auxin

signaling pathways (Hu et al., 2006; Parry and Estelle, 2006).

DISCUSSION

Genome-wide analysis of transcript stability in Arabidopsis by

transcription inhibition revealed that transcript half-lives varied

from 12 min to >24 h. The transcript decay profiles were suc-

cessfully fitted to an exponential decay model as >97% of the

transcripts analyzed had P # 0.01 (see Supplemental Table 2

online). Previous studies of mRNA decay in Arabidopsis focused

on the analysis of 100 of the most unstable transcripts (half-lives

of 1.01 h or less; Gutierrez et al., 2002). Of these 100 transcripts,

79 were present in our data set and >70% of these were also

found to have relatively short mRNA half-lives (t1/2 # 4.85 h). The

differences in predicted mRNA half-lives could be attributed to

differences in tissue type (leaf/cell culture), mode of transcrip-

tional inhibition (cordycepin/ActD), time points (minutes/hours),

and analysis of exponential decay and mRNA half-life (median/

mean). Another previous study identified DST sequences, asso-

ciated with rapid decay rates, as being highly conserved in plant

small auxin upregulated (SAUR) genes. Of the six SAUR tran-

scripts analyzed in this study, five had mRNA half-lives of <1.5 h,

which correlates with the expected high rate of decay of these

transcripts (Newman et al., 1993). This was complemented by

our finding that identical (ATAGAT) and highly similar (e.g.,

CATAGA) 6-mers to those within the DST motif were found to

be significantly enriched in transcripts with shorter half-lives (see

Supplemental Table 5 online). However, it cannot be excluded

that inhibiting transcription affects the decay of transcripts

differentially; for instance, the decay rates of long transcripts

may be slowed if the machinery to decay mRNA is compromised.

Although this cannot be overcome in such studies, the relative

differences in transcript abundance could be observed using a

single exponential decay model for all transcripts with a good fit,

in a time frame where cell viability was not significantly different

to mock-treated cells and the quality of cRNA in terms of 39 to 59

labeling ratio was sufficient for microarray analyses.

An Intron Stabilizes mRNA

In Arabidopsis, ;20% of genes lack introns, and of the 13,012

transcripts for which half-lives were calculated, 1571 of these

lacked introns. This allowed a meaningful comparison to be

performed to analyze the effect of this physical feature of a gene

on transcript stability. Notably, this correlation did not depend on

the number of introns, the length of the genes or introns, the AU

content, or the length of the 59 or 39 untranslated region, but

simply on the presence of one or more introns. An analysis of

transcript decay rates in mammalian cell lines with a smaller data

set of <100 genes that lacked introns revealed a similar trend

(Wang et al., 2007). Analysis of the effect of introns in both

mammalian and plant systems has been investigated using

changes in the activity of reporter proteins (Bourdon et al.,

2001; Nott et al., 2003), and a recent study in mammalian cells

revealed that the presence of a single intron stabilized a tran-

script irrespective of length or position, even though it contained

two instability elements (Zhao and Hamilton, 2007). This is

consistent with our findings and suggests that intron-associated

stabilization may be a feature common to eukaryotes. It is

unclear how the presence of an intron in a gene can affect
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Figure 6. Comparison of the Patterns of Transcript Changes Observed upon Treatment with ActD and Several Stresses.

(A) SOM analyses of transcript abundance data from microarray analysis following ActD treatment. The transcripts were grouped by a 1 3 5 SOM

(labeled C1-C5) using GeneCluster 2.0 software. In each of the graphs, the solid blue line represents the data mean, and the red lines indicate the range

of the data fitted to form each cluster. For each of the clusters, n¼ the number of genes in that cluster, A¼ the number of decay profiles (following ActD

treatment), and SCA ¼ the number of genes whose expression profiles under one or more stress(es) clustered with their respective ActD decay profile.

This produced a list of 711 transcripts (total number of SCA) whose expression profile, under at least one stress, clustered with the respective ActD

decay profile of that transcript.
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stability of a processed transcript, but the process of splicing

may result in binding of additional proteins that stabilize the

transcript or prevent the formation of secondary structures that

may induce degradation. Alternatively, splicing may increase the

efficiency of other modifications, such as capping or polyade-

nylation, thereby increasing stability.

Sequence Features of Transcripts That Determine

Decay Rate

Further analysis of the physical features of a gene that affect

transcript stability indicated that there was a significant enrich-

ment of specific sequence elements in both transcripts with short

half lives (< ;1 h) and long half-lives (> ;12 h) (Table 1; see

Supplemental Table 5 online). The presence of instability ele-

ments has been previously documented in Arabidopsis and other

systems (Ohme-Takagi et al., 1993; Meisner et al., 2004; Barreau

et al., 2006), and three of these previously identified instability

elements, TTTTTT, ATAGAT, and ATTTAn, were found to be

significantly enriched in transcripts with short half-lives in this

study. The motifs found to be most enriched among fast de-

cayers are thymine rich, accompanied by one or more purines,

and their RNA equivalents include and resemble closely the

classic AU-rich element AUUUA found to be destabilizing in

mammals and yeast. On the other hand, motifs found to be

enriched among slow decayers are typically pyrimidine rich. The

significance of this is unclear; however, pymidine-rich sequence

elements in the 39 UTR have been demonstrated to confer

stability to mRNA transcripts in a number of human genes

(Lindquist et al., 2004). Interestingly, the polyadenylation motif

AATAAA (Keller, 1995) was found to be significantly enriched

among slow-decaying transcripts. While this motif signals for

polyadenylation for the majority of animal transcripts, it is present

in <20% of 39 UTR sequences in plants, for which the process of

polyadenylation appears more complex (Loke et al., 2005).

However, it has been shown that substitution of the AATAAA

motif for the native polyadenylation motif in the pea (Pisum

sativum) rbcS-E9 gene enhanced polyadenylation efficiency (Li

and Hunt, 1995). Since poly(A) tails are understood to stabilize

mRNA, it is plausible, and our results would suggest, that genes

possessing the AATAAA motif tend to produce more stable

transcripts. Interestingly, it was also observed that the reverse of

several motifs was also significantly enriched (e.g., ATAGAT and

TAGATA; and the reverse of the polyadenylation motif [i.e.,

AAATAA]), suggesting that trans-elements that may bind the

motif/motifs may not necessarily be direction specific (see Sup-

plemental Table 5 online). Together, our initial results on se-

quence motifs influencing mRNA stability provide a fruitful

ground for further experimental and computational studies.

Nevertheless, for many of the fast-decaying transcripts in this

study, no 39 UTR data were available in the TAIR7 annotation of

their genes. Indeed, genes without an annotated 39 UTR are

significantly more unstable than transcripts of the genome as a

whole (data not shown). The explanation for this is simple:

transcripts with low half-lives are more likely to be expressed at

low levels and are thus less likely to yield EST or full-length

cDNA data, which is the most common source of UTR annota-

tion. Therefore, a somewhat incomplete data set was used for

the identification of putative destabilizing sequence motifs in

fast-decaying transcripts as 219 transcripts that were classified

as ‘‘fast decayers’’ lacked annotated 39 UTRs. To further inves-

tigate these transcripts, artificial 39 UTRs were constructed by

extracting the average length of Arabidopsis 39 UTRs (238

bases) of genomic sequence downstream of their stop codons.

As before, the occurrence of all possible 6-mers among this set

was compared with the set of slow decayers (see Supplemental

Table 5 online). Many of the putative stabilization/destabilization

motifs found in the initial comparison (e.g., ATAGAT, AATTTT,

pyrimidine-rich motifs, and AATAAA) are also found using these

artificial UTRs. It is clear that more accurate knowledge of the

39 UTRs of unstable UTRs would enhance this analysis.

It is well known that the 59 Gppp cap plays a role in stabilizing

transcripts in mammals and plants (Ross, 1995; Abler and Green,

1996). Also, studies in humans and yeast have revealed 59 UTR

elements thought to be involved in mRNA stability (Decker and

Parker, 1993; Meng et al., 2005; Wang et al., 2005). Thus, we

examined the 59 UTRs of the transcripts in this study for enriched

6-mers in the fast- and slow-decaying transcripts; however,

there were limitations for statistical analysis in this data set (see

Supplemental Table 5 online). Nevertheless, we did notice some

of the AU-rich motifs in the 39 UTR analysis were also found to be

enriched in the 59 UTR analysis for fast-decaying transcripts. This

is intriguing as a recent study in humans (ovarian carcinoma cells)

revealed that a protein (ELAV RNA stability factor HuR) known to

bind AU-rich elements within the 39 UTR was also found to bind

to the 59 UTR (of the insulin-like growth factor receptor), thereby

illustrating how some trans-factors can bind elements in both the

39 and 59 UTR (Peng et al., 1998; Meng et al., 2005). Therefore, it

is important to note that mRNA stability as a whole is likely to be

regulated by several factors, including elements within both

UTRs, and in some cases, these elements may be similar and

bind the same factor(s).

Furthermore, it was determined that transcripts that were a

target for miRNAs had significantly shorter half-lives (Figure 3A).

miRNAs mediate the cleavage of mRNA via specific base pairing

and cleavage by the RNA-induced silencing complex, and frag-

ments are subsequently degraded by an exoribonuclease

(Souret et al., 2004). The targets of miRNAs in Arabidopsis

Figure 6. (continued).

(B) Heat map of the mRNA decay profiles and stress transcript expression profiles that clustered together. Rapidly decaying transcripts can be seen by

a change from red to green at the early time points (indicated in hours at the top of the heat map). An increase in the brightness of green indicates a

decrease in transcript abundance. By contrast, slow-decaying transcripts only changed from red to green at later times. For each gene, the transcript

abundance at 0 h was set to 1, and the transcript abundance at all other times were expressed in a relative manner. Next to the heat map is a colored

distribution representing the six most abundant functional categories in decreasing order from left to right.

(C) The 12 transcripts that were found to cluster with three or more stresses. The transcripts that encode transcription factors are indicated in red.
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were found to have significantly shorter half-lives, suggesting

that binding of miRNA acts as a control step in the degradation of

mRNA.

Together, these analyses have presented several sequence

features involved in the control of mRNA decay. For some

transcripts, features such as the presence/absence of introns

cannot be regulated, and their role in mRNA decay is predeter-

mined for a given spliced transcript. Similarly, other sequence

features, such as the presence of miRNA target sequences, allow

regulation of mRNA decay by controlling the trans-factors, such

as the presence/amount of miRNAs and RNA-induced silencing

complex in the system. Similarly, the presence of motifs facili-

tates complex regulation as it enables several levels of control

based not only on the total number of motifs but also on the

number of unique motifs that may bind unique trans-factors. The

presence of multiple different motifs and multiples of single

motifs in any transcript suggests complex combinatorial control

of transcript degradation (see Supplemental Table 5 online), and

we propose that combinatorial regulation of both transcript

production and degradation may determine transcript steady

state levels.

mRNAs in eukaryotes can be degraded via several partially

independent pathways (Newbury, 2006), but the primary path-

ways appear to be degradation in cytoplasmic P-bodies (via the

59-39 exonuclease XRN4 in Arabidopsis) or degradation via the

exosome (a complex of 39-59 exonucleases). Recruitment of

mRNAs into the degradation pathways is often linked to trans-

lation defects and can be enhanced by binding of small interfer-

ing RNAs or specific protein factors. The best-known of these

factors are UPF1, UPF2, and UPF3, which can act to rapidly

destabilize mRNAs when bound to them. The UPF factors are

implicated in nonsense-mediated decay (NMD), so-named be-

cause mRNAs with premature termination codons are often

rapidly degraded (reviewed in Conti and Izaurralde, 2005). The

manner by which UPF factors recognize premature termination

codons is controversial and may differ between yeast, animals,

and plants. In plants, both exceptionally long 39 UTRs and introns

within the 39 UTR have been proposed to be signals for UPF

binding and thus NMD (Kertesz et al., 2006; Schwartz et al., 2006;

Hori and Watanabe, 2007). However, the evidence for this is

based on analyses of only a few transgene transcripts. The

results of our genome-wide study of mRNA decay indicate no

evidence that decay rates are influenced either by 39 UTR length

or the presence of an intron in the 39 UTR (Figure 3B). Hence,

natural Arabidopsis transcripts can either avoid NMD or the

triggers proposed so far are too simplistic.

Effects of Alternative Splicing

It is important to note that in this study, sequence features of

transcripts related to mRNA decay rates have been analyzed on

the basis of the first gene models provided by the TAIR database

(i.e., those ending with .1). Additional gene models (.2, .3, etc.)

have been constructed on the basis of alternatively spliced

transcripts. In Arabidopsis, ;20% of genes produce alterna-

tively spliced transcripts (Iida et al., 2004; Ner-Gaon and Fluhr,

2006). Therefore, of the 13,012 genes in this study, we expected

2602 genes to be subject to alternative splicing, and in agree-

ment with this, we found 2788 genes known to be alternatively

spliced. These genes were found to have a significantly higher

proportion of transcripts with longer half-lives (P ¼ 6.64E-10)

compared with the genome (see Supplemental Figure 4 online). It

is unclear why this subset has higher proportion of longer half-

lives, but it may be related to RNA processing required to

produce alternatively spliced transcripts. We focused on alter-

native splicing in the context of intron retention as this appears to

be the major form (;14%) of alternative splicing in Arabidopsis

and other plants, in contrast with mammalian systems for which

exon skipping is more predominant (Wang and Brendel, 2006). In

plants, altered mRNA stability has been demonstrated for a small

number of genes that have transcript variants as a result of

alternative splicing (Lejeune and Maquat, 2005; Thiele et al.,

2006). However, very little is known about the relative abundance

of splice variants. We chose to use the first gene models in our

analysis because anecdotal evidence suggests that they are

generally the most abundant, and these gene models formed the

basis for the design of the ATH1 genome array used in this study.

It is possible, however, that splice variants with altered mRNA

stability compared with transcripts of the first gene models are

present in sufficient abundance within our pool of mRNA to affect

the results of this work.

As this study found that the absence of an intron had a

pronounced affect on transcript stability and intron retention

alternative splicing occurs in ;14% of genes in Arabidopsis

(Wang and Brendel, 2006), we examined the mRNA half-lives of

(1) genes for which the first TAIR gene models contained at least

one intron, but at least one subsequent splice variant was

intronless (there are only 91 such genes in the list of 13,012

genes), and (2) genes for which the first gene model contains at

least an intron and all of its splice variants, if they exist, also

contain at least one intron. We found a no significant difference

between the first subset and the genome. By contrast, we found

that the transcripts that contain introns in the first gene model

and all of its splice variants had a higher proportion of transcripts

with longer half-lives; however, this was not statistically signif-

icant (Figure 3B). The small number of genes in the first set means

limits the statistical testing capability, but the result does (1)

confirm our earlier results on the instability of intronless tran-

scripts, (2) show that alternatively spliced transcripts possess

differing decay profiles, and (3) show that these splice variants

are in sufficient abundance to have an effect, albeit small, on the

analysis.

Recently, a study performed in humans showed that tran-

scripts with retained introns in the 39 UTR contain more putative

miRNA target sites, suggesting that such splice variants may be

more unstable (Tan et al., 2007). Therefore, we examined the

genes in this study that (1) contained at least one 39 UTR, (2)

contained at least one 39 UTR intron retention splice variant with

respect to the first gene model (56 genes), and (3) genes that

have no 39 UTR intron retention splice variants compared their

cumulative mRNA half-life distribution to the genome (Figure 3C).

For these subsets, there was no significant difference between

their distributions and the genome. Therefore, no conclusions

could be drawn on 39 UTR intron-retention/miRNA-mediated

destabilization, probably due to the fact that the abundances of

39 UTR intron-retention splice variants are not high enough in
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comparison with other splice variants to detect the effect.

However, even if this was the case, the results of this study

suggest that a variety of factors influence mRNA stability. An-

other study in humans has revealed significant differences in the

translation efficiency and mRNA stability of 59 UTR splice vari-

ants of the human SP-A1 and SP-A2, which highlighted the role

of the 59 UTR and the importance of considering alternative

splicing in mRNA stability (Wang et al., 2005). Comprehensive

studies on the relationship between alternative splicing and

mRNA stability could possibly be performed through the use of

exon/tiling arrays that are designed to detect alternative isoform

or genomic deletions and not only to measure transcript abun-

dance. The decay profiles of the splice variants could then be

compared. The results of this work provide a starting reference

point for such studies.

Transcript Decay Rates and the Function of

Encoded Proteins

Significant correlations were detected between decay rates and

the functional categorization of the encoded proteins (Figure

4A), the intracellular location of the encoded protein (Figure 4C),

and the physical characteristics of the transcript/gene (Figure 3).

Correlation of mRNA half-life with function has been previously

reported in other systems (Wang et al., 2002; Yang et al., 2003),

and this study indicates that this is also true for Arabidopsis.

Specifically, we found that transcripts encoding transcription

factors, PPR proteins, and kinases have short half-lives. Rapid

control of the abundance of transcription factors and PPR

proteins could act as a switch for global regulation of expression

of other genes controlled by these factors, and, similarly, ki-

nases are involved in regulating protein activity, cellular com-

munication, and signal transduction. Thus, rapid degradation of

mRNA of these regulatory factors may be an important control

mechanism to ensure quick responses to stimuli and rapid

reversion to equilibrium. Furthermore, comparison of mRNA

decay data sets for yeast and human, with the data obtained for

Arabidopsis from this study, indicates that transcripts encoding

orthologous proteins involved in cell cycle, transcription, trans-

lation, and energy metabolism have conserved rates of mRNA

decay.

The comparison of patterns of transcript changes observed

upon various stress treatments with ActD treatment revealed that

inhibition of transcription and/or transcript degradation occurs in

response to stress (Figure 6). Either of these mechanisms would

account for the decrease in transcript abundance observed. The

similarity in profiles observed for some genes suggests that

inhibition of transcription may be an important step in the stress

response. Furthermore, given that many of the genes that

consistently fell into this category across a variety of stresses

were annotated as transcription factors, this suggests that the

stress response signals may act to reduce transcriptional acti-

vation by these factors and/or inactivate factors that may have a

repressor function. Notably, a common response to four of the

stress treatments examined was a decrease in transcript abun-

dance of two ethylene response factor transcription factors,

reported to be involved in the plant stress response as well as

growth and development (Riechmann, 2002; Gutterson and

Reuber, 2004), suggesting that these processes may be an early

target of stress-induced transcriptional repression. Two other

types of regulatory proteins, RAV1 (for Related to ABI3/VP1) and

RAV2 and ARGOS-like (for Auxin-Responsive Gene Inducing

Organ Size), also showed transcript decreases in three or more

stresses (Figure 6C). Both of these types of proteins have been

reported to play a regulatory role in organ or cell expansion and

development (Hu et al., 2004, 2006). As both RAV and ethylene

response factor proteins can be negative or positive regulators

(Hu et al., 2004; McGrath et al., 2005), the rapid downregulation

of their transcript abundance may have multiple effects in re-

sponse to a number of stresses. Furthermore, it was found for

both wounding and osmotic stresses that a reduction in protein

synthesis may be a secondary target and may impair the ability to

repair damage caused by stress.

Conclusion

Overall, genome-wide analysis of the transcript degradation

profiles in Arabidopsis, determined using transcription inhibition

combined with a microarray approach, revealed that several

physical features of a transcript and the function of the encoded

protein correlated with its half-life. We have identified three

features of a gene that appear to play a role in determining the

half-life of mRNA: the presence or absence of an intron, the

occurrence of specific sequence elements, and if the mRNA is a

miRNA target. Thus, our analysis reveals that regulation of mRNA

stability in Arabidopsis is likely to occur at multiple levels. In

addition, the general relationship between mRNA half-lives and

function appears to be conserved across Arabidopsis, yeast, and

humans. Furthermore, there is evidence to suggest that decline

in transcript abundance, particularly for those transcripts en-

coding proteins with regulatory roles, may be a commonly

overlooked response to stress, where increases in transcript

abundance are routinely the focus. It will be of interest with future

studies to determine if decay rates are altered under develop-

ment or environmental signals and to identify the factors that

bind to the elements that are enriched in transcripts with different

decay rates. In addition to providing an alternative view and

greater insights into the overall process of regulation of gene

expression, it would provide a platform to design constructs with

altered stability, thus allowing alternative approaches to altering

expression of individual transcripts than simply overexpression

or knockout.

METHODS

Arabidopsis CellCulture Growth,ActD Treatment,and RNAIsolation

Arabidopsis thaliana (ecotype Landsberg erecta) cell suspension was

grown at 228C under long-day conditions (16 h of 100 mE m�2 s�1 light and

8 h dark) with orbital shaking at 100 to 150 rpm. For confirmation of ActD

effectiveness, cells were treated for 1 h with ActD (Sigma-Aldrich) to a

final concentration of 100 mg/mL and then treated with salicylic acid to a

final concentration of 100 mM. Cells were collected prior to salicylic acid

treatment (�1 h), prior to ActD treatment (0 h), and then 1, 3, 6, 12, 24, and

48 h after treatment. For the global mRNA decay study, triplicate

experiments were performed where, 4 d after subculturing, cells were

collected prior to ActD treatment (0 h) and then 1, 3, 6, 12, 24, and 48 h
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after treatment. Cells were immediately frozen in liquid nitrogen, and total

RNA was isolated using the RNeasy plant mini kit (Qiagen), with genomic

DNA removed using both the RNase-free DNase set (Qiagen) and the

DNA-free kit (Ambion). Cell viability was also examined at each time point

using acridine orange and ethidium bromide staining.

Quantitative RT-PCR Analysis

cDNA was prepared from 1 mg of each RNA sample using the iScript

cDNA synthesis kit (Bio-Rad), and quantitative RT-PCR analysis was

performed using an iCycler instrument and iQ SYBR Green Supermix

(Bio-Rad) under conditions optimized to maximize amplification effi-

ciency and minimize primer-dimer formation, using primers listed in

Supplemental Table 8 online. For every transcript, each cDNA sample

was analyzed in duplicate, and transcript abundance was expressed

as a ratio relative to pretreatment levels (0 h), which was set to a value

of 1.0.

Microarray Analysis

Microarray analysis was performed on samples collected prior to ActD

treatment (0 h) and 1, 3, 6, 12, and 24 h after treatment using the

Affymetrix GeneChip Arabidopsis ATH1 genome arrays. Prior to cRNA

target preparation, RNA quality was assessed using a Bioanalyzer

(Agilent Technologies) and spectrophotometric analysis to determine

A260 to A280 ratios. cRNA was prepared from 5 mg of total RNA almost

exactly as described in the Affymetrix GeneChip Expression Analysis

Technical Manual. However, as a result of inhibition of transcription and

subsequent mRNA decay, the yield of cRNA decreased over time.

Therefore, rather than using the same amount of cRNA to hybridize to

each microarray, the same volume of the purified in vitro transcription

reaction as was used for the 0 h samples (to give 15 mg of cRNA) was used

in the hybridization cocktail. Array washing, staining, and scanning was

performed as described in the Affymetrix GeneChip Expression Analysis

Technical Manual, using an Affymetrix Hybridization Oven 640, an

Affymetrix Fluidics Station 450, and an Affymetrix GeneChip Scanner

3000 7G. The quality of the data was assessed using GCOS 1.4

(Affymetrix) before CEL files were imported into Avadis 4.3 (Strand

Genomics) for further analysis. The MAS 5.0 algorithm was applied to

determine present or absent calls, and correlation between replicates

was checked and found to be $0.95. Transcripts were removed from

subsequent analysis if they were called absent in two out of three of the

0 h (pretreatment) samples, and to further eliminate false present calls, the

transcripts that had the bottom 2.5% average signal intensity at 0 h were

also removed. The data were then normalized against the Bacillus subtilis

thrB and thrC genes (present as controls on the ATH1 GeneChip), and the

pretreatment (0 h) abundance of each transcript was assigned a value of

1 and transcript abundance at all other time points was expressed relative

to this. Ambiguous probe sets and probes encoding organelle encoded

genes were removed before retrieval of locus number from the TAIR

database (www.arabidopsis.org/), for each probe ID, resulting in a final

data set of 13,012 Arabidopsis transcripts. All microarray data are

available from ArrayExpress (http://www.ebi.ac.uk/arrayexpress) under

accession number E-ATMX-21.

Analysis of mRNA Decay Profiles and Half-Life Calculations

SAS version 9.1 (SAS Institute) was used to fit a nonlinear least-squares

model to the QRT-PCR data and the normalized, relative microarray data.

mRNA decay has generally been found to obey first-order kinetics (Ross,

1995; Gutierrez et al., 2002); therefore, an exponential regression model

(A¼ 1e�kt) was applied, allowing a kdecay (with 95% confidence intervals)

to be calculated for each transcript (see Supplemental Table 2 online).

The mRNA half-life was then calculated using the following equation:

t1/2 ¼ ln(2)/kdecay. Statistical analysis of the regression was performed in

SAS whereby a t value and probt was calculated for each kdecay value to

test the null hypothesis that the data fits the exponential model. Approx-

imately 400 (;3%) transcripts were found to increase by 25% or more

from 0 to 1 h before decreasing from 3 h onwards, and most of these

genes were found to encode for heat shock proteins and stress-related

functions as seen in the yeast global mRNA decay study (Wang et al.,

2002). The decay profiles for these transcripts were regressed using the

equation A¼ be�kt, where b represents the value at 1 h, allowing the data

to be regressed more accurately.

Assignment of FunCats

To determine if there was any correlation between mRNA half-life and

function, the Functional Catalogue (Ruepp et al., 2004), based on the

fusion of the gene ontology (GO) biological process and the GO molecular

function, was used. Using the accession numbers for all 13,012 genes to

interrogate the FunCats detailed in the Munich Information Center for

Protein Sequences (MIPS) database resulted in 3284 of these being

annotated into different FunCats, while 9728 were classified either as

‘‘miscellanous function,’’ ‘‘classification not yet clear-cut,’’ or ‘‘unclassi-

fied proteins.’’ This limited further analysis of transcript decay data and

function; therefore, different means were used to annotate as many of the

9728 genes remaining as possible. Analysis of genes annotated in several

databases including the Arabidopsis Mitochondrial Protein Database

(AMPDB; http://www.plantenergy.uwa.edu.au/applications/ampdb/

index.html), the Database of Arabidopsis Transcription Factors (DATF;

http://datf.cbi.pku.edu.cn), the A. thaliana Transcription Factor Database

(AtTFDB; http://arabidopsis.med.ohio-state.edu/AtTFDB/), the RIKEN

Arabidopsis Transcription Factor database (RARTF; http://rarge.gsc.

riken.jp/rartf/), TAIR (http://www.arabidopsis.org), and one broad tran-

scription factor study (Czechowski et al., 2004) allowed annotation of a

further 1101 genes into appropriate FunCats. As described, the FunCat

was produced from analysis of the GO biological process and GO

molecular function; therefore, manual annotation of genes was performed

following analysis of the GO annotations, comparison to the FunCats of

members of the same family (where appropriate), and the broad anno-

tations (if available) (see Supplemental Table 4 online). In this way, a

further 3857 genes were annotated, giving a final annotated set of 8242

genes.

Generation of Specific Lists

To closely examine coordination of mRNA decay with function, gene lists

were generated based on previous definition into gene families (PPR

proteins and ribosomal proteins), groups of transcripts encoding similar

functions (kinases and transcription factors), or transcripts known to be

subject to specific forms of posttranscriptional regulation (miRNA tar-

gets). The transcription factor list was generated by analysis of the genes

annotated in the AMPDB, DATF, AtTFDB, RARTF, and TAIR databases

(described above) as well as one broad transcription factor study

(Czechowski et al., 2004) to produce a list of 1137 transcription factors

from the 13,012 genes. Similarly, genes that are the targets for miRNA

were compiled from several databases to produce a list of 270 miRNA

targets, both experimental and predicted, and the list of these targets and

corresponding references is in Supplemental Table 2 online (Rhoades

et al., 2002; Bonnet et al., 2004; Jones-Rhoades and Bartel, 2004; Sunkar

and Zhu, 2004; Wang et al., 2004; Adai et al., 2005; Jones-Rhoades et al.,

2006; Poethig et al., 2006). Subsets consisting of 258 kinases, 263 PPR

proteins, and 325 ribosomal proteins were generated by examination and

manual selection of the relevant annotations to produce each list.

Protein subcellular localization data were sourced from the Arabidopsis

SUBcellular location database for Arabidopsis proteins (SUBA; http://
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www.suba.bcs.uwa.edu.au; Heazlewood et al., 2005, 2007), which con-

tains data for 6743 Arabidopsis proteins on localization to the following

cellular compartments: cell plate, chloroplast, cytoskeleton, cytosol,

endoplasmic reticulum, extracellular space, Golgi, mitochondria, nu-

cleus, peroxisome, plasma membrane, and vacuole. Occasionally, two or

more of the information sources in SUBA annotate the same protein as

located in different compartments. A winner-takes-all approach was

adopted in which a protein was designated to a location if the majority of

the five information sources used by the SUBA database annotated it as

belonging to that compartment. Using the SUBA localization data

assigned a single subcellular localization to 5832 Arabidopsis proteins

of the 13,012 set, and a winner-takes all approach was only required to

resolve location in 358 cases.

Analysis and Presentation of Gene Expression Data

The whole-genome mRNA decay profiles were hierarchically clustered

using complete linkage and Euclidean distance. For all mRNA half-lives

and the mRNA half-lives in each of the FunCats, summary statistics,

including the number of genes in each data set, the minimum, maximum,

mean, SD, and the number of outliers, was calculated (see Supplemental

Table 3 online). The summary statistics also included calculation of the

mRNA half-life at different percentiles for that particular data set (e.g., for

the metabolism category) at percentile 25 the mRNA half-life is 2.70,

which indicates that 75% of transcripts in that data set have half-lives of

2.70 h or more.

Sequence Analysis of mRNAs

To determine whether sequence features of mRNAs correlate with half-

life, information on the UTR and coding sequence length and AU content,

as well as intron numbers and length, were extracted for all Arabidopsis

genes from the gene-finding format and chromosome sequence files

from the TAIR website (ftp://ftp.Arabidopsis.org/home/tair/Genes/TAIR7_

genome_release) using Perl scripts.

Motif Searches: Enrichment/Depletion of 6-Mers

For all genes in this study, annotated 39 UTR sequences were searched

for the presence of one or more of all possible 4096 6-mers of the bases A,

T, G, and C. From the mRNA half-life data, two sets of 1000 transcripts

each were generated: fast decayers, comprising genes with t1/2 < 1.148

h, and slow decayers, comprising genes with t1/2 > 12.487 h. The

proportions pf and ps of genes that contain each 6-mer in the fast and

slow sets, respectively, were compared using the two-sample z-statistic:

z ¼ pf � psffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ppð1� ppÞð1=nf þ 1=nsÞ

p ;

where pp is the pooled sample proportion. Statistical significance was

assessed at P ¼ 0.01 (jzj > 2.58) and P ¼ 0.001 (jzj > 3.89).

Analysis of mRNA Decay in Arabidopsis Orthologs

To compare genome-wide mRNA half-lives across the yeast, human, and

Arabidopsis genomes, a list of orthologous genes was compiled using the

InParanoid: Eukaryotic Ortholog Groups database (Remm et al., 2001;

O’Brien et al., 2005). The orthologous group files were downloaded for

whole-genome comparison of Arabidopsis versus Homo sapiens (6302

orthologs) and Arabidopsis versus Saccharomyces cerevisiae (5400

orthologs). For the human orthologs, the G-profiler database was used

to convert GenBank accession numbers to Ensembl protein identifiers

(Reimand, 2006; Reimand et al., 2007) to allow comparison to the human

mRNA decay study (Wang et al., 2002; Yang et al., 2003). Avadis 4.3 was

then used to filter for orthologs where half-life data for both species was

available, which produced a list of 712 orthologs for Arabidopsis versus

humans and 1407 orthologs for Arabidopsis versus yeast. By assessing

overlap of these lists, a final list of 1830 Arabidopsis genes was generated,

of which 423 are orthologous to humans only, 1118 to yeast only, and 289

to both humans and yeast (see Supplemental Table 6 online). After

consideration of the minimum, maximum, median mRNA half-life, and

CCL for each species data set, all transcripts were then categorized into

four groups based on mRNA half-lives relative to CCL for each species.

These categories were defined as short (<10% of CCL), moderate 1 (10 to

22% of CCL), moderate 2 (22 to 50% of CCL), and long (>50% CCL).

Stress Arrays and GeneCluster 2.0 Analysis

To determine whether changes in transcript abundance following stress

treatments correlated with the decrease in transcript abundance follow-

ing transcriptional inhibition with ActD, microarray data consisting of a

time series following stress treatments (Kilian et al., 2007) were compared

with the ActD decay profiles. A flow chart for the handling of the data is

shown in Supplemental Figure 3 online. Briefly, all array data were filtered

and normalized to produce a list of 9061 genes that were represented in

all data sets. A Pearson correlation of 0.7 was used to define ActD

transcript profiles that were similar to their profiles in each stress,

producing a redundant list of 5001 stress profiles that matched with

3877 ActD profiles (¼ total of 8878 profiles). These profiles were analyzed

by SOM clustering (Tamayo et al., 1999) to determine which stress

transcript profiles clustered with the ActD transcript profiles. Genes

whose transcript decay profiles clustered with five, four, three, two, or

only one stress profile/s were identified (see Supplemental Table 7

online), and these data were visualized in a heat map, arranged in

descending order so genes that overlapped with the most number of

stresses were positioned at the top.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the following accession numbers: WRKY6 (WRKY family

transcription factor), At1g62300; OM64 (mitochondrial outer membrane

protein of 64 kD), At5g09420; MDHAR (monodehydroascorbate reduc-

tase), At1g63940; UCP1 (uncoupling protein UCP/PUMP), At3g54110;

HPR (hydroxypyruvate reductase), At1g68010; and TIM14-1 (translocase

of the inner mitochondrial membrane), At2g35795.
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The following materials are available in the online version of this article.

Supplemental Figure 1. Analysis of RNA after Treatment with ActD in

Arabidopsis Cell Culture.

Supplemental Figure 2. Comparison of mRNA Half-Lives with Intron

Nnumber, Length, and AU% of All 13,012 Transcripts.

Supplemental Figure 3. Flow Diagram of Analysis Performed to

Generate the List of Genes Showing Stress Profiles Similar to Decay

Profiles.

Supplemental Figure 4. The Distribution of mRNA Half-Lives of the

Whole Genome Compared with Alternatively Spliced Transcripts.

Supplemental Table 1. Comparison of mRNA Decay Profiles Using

QRT-PCR and Microarray Analysis.

Supplemental Table 2. The Decay Rates and mRNA Half-Lives of the

13,012 Transcripts.

Supplemental Table 3. Descriptive Statistics of the mRNA Half-Lives

for the Whole Genome and All Analyzed Subsets.
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Supplemental Table 4. Functional Categorization Assignments Used.

Supplemental Table 5. A List of All 4096 6-Mers and the Significance

of Their Occurrence in the 39 UTR Regions of Genes Defined as Fast

or Slow and the Total Number of Occurrences of the Top and Bottom

50 Motifs in These Genes.

Supplemental Table 6. The 1830 Arabidopsis Genes for Which There
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