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ABSTRACT OF THE DISSERTATION 

 

Regulatory Mechanisms of Low Oxygen Sensing and Response  

in Arabidopsis thaliana 

 

by 

 

Seung Cho Lee 

 

Doctor of Philosophy, Graduate Program in Plant Biology 

University of California, Riverside, September 2012 

Dr. Julia Bailey-Serres, Chairperson 

 

Flooding is a major natural disaster that is responsible for significant crop loss 

worldwide. Ethylene accumulation and reduced oxygen availability are typical changes 

upon submergence in plant tissues. Researchers identified two antithetical strategies, 

‘escape’ and ‘quiescence’, for survival of submergence. These are manifested in rice 

(Oryza sativa) through regulation of growth and carbohydrate consumption by group VII 

ETHYLENE RESPONSIVE FACTOR (ERF) transcription factors. The low oxygen 

response of Arabidopsis thaliana, a model dicot species, includes transcriptional 

regulation. Independent transcriptomic analyses using microarray technology identified 

about 50 core hypoxia-responsive genes, including over 25 encoding proteins of 

unknown function. In this study, in planta measurement of oxygen content revealed 

distinct dynamics in root and shoot tissues upon submergence. Microarray analysis was 

conducted to dissect the molecular response to submergence of these organs in rosettes 

and for comparison to that of roots and shoots of hypoxic seedlings. Studies of loss-of-

function and gain-of-function mutants of HYPOXIA-RESPONSIVE UNKNOWN 

PROTEIN (HUP) genes identified conserved genes that contribute to low oxygen and 
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submergence tolerance in Arabidopsis. Of these, a previously uncharacterized protein was 

recognized as a negative transcriptional regulator of the hypoxia response. This protein, 

HYPOXIA RESPONSIVE ATTENUATOR1 (HRA1), contains a trihelix domain and 

functions as a transcriptional activator in yeast. Overexpression of HRA1 dampened 

transcription of core hypoxia-responsive genes in seedlings. Investigation of N-end rule 

pathway of targeted proteolysis (NERP) unveiled a mechanism of direct sensing of 

oxygen availability in Arabidopsis. Mutation of genes encoding NERP components 

resulted in constitutive expression of many core hypoxia-responsive genes. Five 

Arabidopsis group VII ERFs are positive regulators of transcription in response to 

hypoxia. One of these was shown to be unstable in seedlings maintained in air and 

stabilized upon transfer to low oxygen condition and in mutants lacking NERP activity. 

This and the observation that the mutation of the second amino acid of these proteins 

from cysteine to alanine, provide strong evidence that Arabidopsis group VII ERFs are 

substrates of NERP in an oxygen-dependent manner. This dissertation provides new 

insights into molecular mechanisms of low oxygen sensing and response in Arabidopsis, 

which may be conserved in other plant species.  
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Chapter 1 

 

Sensing, signaling and response to low oxygen in plants 

 

1.1. Introduction 

 

Partial to complete submergence of aerial organs can reduce oxygen availability, 

reduce rates of photosynthesis and promote ethylene entrapment in plants. Some plants 

possess the ability to endure submergence events for prolonged periods. This strategy of 

submergence survival is termed the quiescence strategy and is characterized by limited 

cellular metabolism and growth (Bailey-Serres and Voesenek, 2008). By contrast, other 

plants possess the ability to adapt to partial submergence, oftentimes manifesting what is 

termed the escape response. Adaptive responses to submergence include the development 

of structures that facilitate exchange of gases from aerial to submerged and flooded 

organs including aerenchyma and adventitious roots (Bailey-Serres et al., 2012; Voesenek 

et al., 2006), alterations in leaf cell ultrastructure and chloroplast positioning to enhance 

photosynthesis underwater (Mommer et al., 2005; Voesenek et al., 2006), and the 

maintenance of gas films on submerged leaves (Colmer et al., 2011; Pedersen et al., 2009; 

Winkel et al., 2011) (Figure 1.1). Semi-aquatic species such as Rumex palustris and 

Rorripa amphibia that adapt to seasonal progressive floods display a number of these 

traits. These species often also exhibit accelerated elongation growth of underwater 

organs to extend photosynthetic tissue above the air-water interface (Figure 1.1) (Akman 
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et al., 2012; Benschop et al., 2005; Chen et al., 2009; Chen et al., 2011; Pierik et al., 2009; 

Stift et al., 2008). The primary benefit of these adaptive strategies is better maintenance 

of oxygen in submerged cells or tissues during submergence. The activation of both the 

quiescence and escape responses largely depend upon the gaseous plant hormone 

ethylene, which is entrapped in cells by submergence and often further produced during 

the inundation (Figure 1.2). Ethylene regulates or interplays with the plant hormones 

abscisic acid (ABA), gibberellin (GA), and auxin. Through complex regulatory 

mechanisms these compounds control the metabolic, morphological and anatomical 

changes manifested during submergence.  

Unlike aquatic and wetland species, most land species including crops are 

susceptible to long-term flooding. Many non-aquatic plants cannot endure prolonged 

oxygen deficiency in roots and/or shoot systems due to partial or complete submergence. 

A notable exception among crop species is rice (Oryza sativa), which typically thrives 

when grown with a flooded root system due to constitutive development of aerenchyma 

and a thickened root epidermis that limits gas escape. Amongst the thousands of rice 

varieties there are landraces collected from ecosystems with slow prolonged floods. The 

deepwater or floating accessions are proficient in the submergence escape strategy. These 

are cultivated in slowly flooded zones and account for 2.3% of rice planted but only 1% 

of the total rice yield in Asia (Bailey-Serres et al., 2010). Landraces notable for their 

ability to endure prolonged submergence by the quiescence strategy have also been 

identified, with Flooding Resistant 13A (FR13A) the most well characterized. Because 

the genes responsible for deepwater escape or quiescence strategies are not present in the 
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highly productive cultivars developed during the Green Revolution, submergence events 

often significantly reduce yields. However, success in molecular mapping and 

characterization of key genes that underlie these survival strategies is rapidly enabling the 

breeding of new rice varieties with more stable yields even after flooding events. 

Like other eukaryotes, plant cells require oxygen to produce ATP energy via 

mitochondrial respiration. However, upon oxygen deficiency, plants alter central carbon 

metabolism to enhance substrate-level production of ATP through glycolysis (Bailey-

Serres and Voesenek, 2008; 2010). This is maintained by regeneration of NAD
+
 through 

pyruvate catabolism. Although ethanol is a predominant end-product, lactate and alanine 

are often produced. Recently, it has been shown that plants alter the tricarboxylic acid 

(TCA) pathway into a non-cyclic pathway under conditions of low oxygen stress to 

maximize substrate level ATP production (Bailey-Serres et al., 2012; Sweetlove et al., 

2010). However, the reconfiguration of metabolism appears to differ between genotypes, 

ecotypes or species. In some cases, one or few alleles of genes are sufficient to 

dramatically alter survival of flooded environments. In addition, a key survival strategy 

appears to involve cellular energy management. For example, sucrose is catabolized by 

UDP-utilizing Sucrose Synthase rather than ATP dependent Invertase and in some species 

PPi-dependent rather than ATP-dependent kinases are used in glycolysis (e.g. rice, 

Eleocharis vivipara, and Potamogeton pectinatus) (Huang et al., 2008). Energy is also 

conserved by limiting levels of rRNA biosynthesis and mRNA translation. On the other 

hand, a number of stress-induced mRNAs are actively translated under low oxygen 

conditions, and their products ultimately promote morphological and metabolic changes. 
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Altogether, responses at the organ, metabolic, and molecular levels, contribute to 

flooding tolerance in plants. 

 

 

1.2. Features and responses at organ and tissue-levels that contribute to flooding 

survival 

 

1.2.1. Shoot elongation in rice, Rumex species and Arabidopsis under submergence 

 

As a consequence of submergence, ethylene accumulation causes various types of 

morphological and anatomical changes among different species. One example is 

regulation of shoot elongation in response to flooding. In rice, quantitative trait loci (QTL) 

analyses that initiated with a submergence-tolerant landrace and a deepwater elongating 

landrace identified two multigenic loci at distinct chromosomal locations, 

SUBMERGENCE1 (SUB1) and SNORKEL (SK) (Figure 1.2) (Hattori et al., 2009; 

Voesenek and Bailey-Serres, 2009; Xu et al., 2006). The SUB1 locus isolated from 

FR13A confers tolerance of complete submergence at the vegetative stage for two-weeks 

or longer. This locus is comprised of two or three group VII Ethylene Response Factor 

(ERF) transcription factors (TFs). SUB1B and SUB1C are invariably present at the locus, 

but SUB1A is limited to a subset of indica and aus varieties, including some that are 

submergence tolerant (i.e. FR13A) (Fukao et al., 2006; Singh et al., 2010; Xu et al., 2006). 

Rice accessions with the SUB1A-2 allele are submergence intolerant, with one exception 
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(Singh et al., 2010). By contrast, all accessions containing the SUB1A-1 allele are 

submergence tolerant. Lines with SUB1A-1 possess the ability to limit carbohydrate 

consumption and shoot elongation by inhibiting GA response during submergence (Fukao 

et al., 2006; Fukao and Bailey-Serres, 2008). Introgression of the region containing 

SUB1A-1, SUB1B-1 and SUB1C-1 from FR13A into both indica and japonica varieties 

with a different SUB1 haplotype markedly increased tolerance upon complete 

submergence.  

The functional distinction between the SUB1A-1 and SUB1A-2 alleles remains 

somewhat unclear. The proteins encoded by the two alleles differ at a single amino acid, 

which encodes a Ser 186 in the tolerant (SUB1A-1) and Pro 186 in the intolerant (SUB1A-

2) accession (Xu et al., 2006). The Ser 186 residue is a putative phosphorylation site of 

mitogen-activated protein kinase (MAPK). It was noted that SUB1A-2 transcript 

induction is far less than that of SUB1A-1 during submergence, with the notable 

exception of a higher levels of SUB1A-2 transcript accumulation in a moderately 

submergence tolerant variety (Singh et al., 2010). These results indicate that it may be the 

level of production of SUB1A that is critical to submergence tolerance. The heterologous 

expression of SUB1A in Arabidopsis thaliana (Col-0) recapitulated some phenotypes 

associated with ectopic expression of SUB1A in rice but not submergence tolerance. 

These transgenics displayed GA-insensitivity and ABA hypersensitivity, enhanced petiole 

length and hyponastic in response to several environmental stimuli, and altered anther 

dehiscence (Pena-Castro et al., 2011). The heterologous expression study also revealed 

that SUB1A suppresses the expression of genes associated with floral induction in both 
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Arabidopsis and rice, allowing a hiatus in the progression to flowering during 

submergence.  

Another QTL identified from deepwater/floating rice is comprised of the genes 

SNORKEL1 (SK1) and SNORKEL2 (SK2), which also encode group VII ERF TFs 

(Bailey-Serres and Voesenek, 2010; Hattori et al., 2009; Nakano et al., 2006). These 

genes are absent or non-functional in modern rice cultivars. SK1 and SK2 promote the 

fast internode elongation during submergence associated with the escape strategy. These 

proteins were shown to be nuclearly localized and transcriptionally activated in rice via 

ETHYLENE INSENSITIVE 3-like (OsEIL1b) gene product (Hattori et al., 2009). SK1 and 

SK2 also function as transcriptional activators in yeast.  

Both the antithetical escape and quiescence strategies are found in species of Rumex 

and even within ecotypes Rumex palustris in relation to underwater petiole elongation 

depending on ethylene-mediated ABA sensitivity (Benschop et al., 2005; Chen et al., 

2010). Natural variation of petiole elongation was also observed in a survey of the 

survival of 86 accessions of Arabidopsis thaliana of complete submergence (Vashisht et 

al., 2011). Most likely because of the stress treatment was performed in complete 

darkness, there was only a minor correlation between petiole elongation and survival in 

Arabidopsis accessions. 
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1.2.2. Developmental adaptation to flooding in plants 

 

Aerenchyma formation is another adaptive strategy in terms of its advantages in gas 

transport from oxygen-deprived to oxygen-rich tissues (Figure 1.1). Many wetland and 

aquatic plant species form aerenchymatous tissues in roots and shoots either by 

differential expansion (schizogeny) or by programmed cell death (lysigeny) (Seago et al., 

2005). Lysigenous aerenchyma has been studied extensively on root in crop species, 

maize (Zea mays) and rice (Drew et al., 2000; Gunawardena et al., 2001; Jackson and 

Armstrong, 1999; Steffens and Sauter, 2010). Also, formation of root cortical lysigeny 

confers tolerance in maize under several nutrient-deficiencies (Postma and Lynch, 2011a; 

b). 

Programmed cell death occurs as a consequence of ethylene response in cortical 

tissues of maize roots. Ethylene and subsequent calcium signaling per se is sufficient to 

induce the formation of lysigenous aerenchyma in roots of maize (Jackson and Armstrong, 

1999; Drew et al., 2000). Whereas maize roots do not develop aerenchyma under normal 

growth conditions, rice roots constitutively form aerenchyma and these gas conduits are 

further induced by ethylene or partial submergence. The formation of shoot/stem and leaf 

aerenchyma also augments oxygen transport from shoot to root in wetland and semi-

aquatic species, including rice (Jackson and Armstrong, 1999; Steffens et al., 2011). The 

degree of aerenchyma formation was more prominent in older internodes of rice, 

indicating the formation is regulated by developmental stage (Steffens et al., 2011). Rice 

possessing the SUB1A-1 gene was not distinct in the volume of aerenchymatous tissue 



8 

 

(Parlanti et al., 2011; Fukao T. and Bailey-Serres, J., personal communication), 

suggesting that the quiescence strategy that this gene invokes is not linked to gas 

exchange. 

Ethylene, calcium and reactive oxygen species (ROS) are key modulators of 

lysigenous aerenchyma formation (Drew et al., 2000; Steffens et al., 2011). Recent 

studies on aerenchyma formation in maize used laser capture microdissection of root 

layers and transcriptomic analyses to demonstrate that exogenous ROS application plays 

a role in the formation of aerenchyma in the cortical cell layer (Rajhi et al., 2011). A 

single report of aerenchyma formation at the root-shoot junction of rosette-stage 

Arabidopsis plants exposed to waterlogging, provided some evidence of conditional 

induction of aerenchyma in the single layer thick cortex (Muhlenbock et al., 2007). The 

study provided evidence that the pathogen defense regulators LSD1, EDS1, and PAD4 

are involved in cell death in Ws-0 through controlling production of ethylene and ROS. 

Whether the evident aerenchyma enhances gas exchange between the shoot and root was 

not determined, providing an opportunity for future research.  

Upon waterlogging stress, some species such as tomato (Solanum lycopersicum) and 

rice develop adventitious roots at internodes to provide alternative root organs (Figure 

1.1). Ethylene-dependent regulation mediates development of adventitious roots through 

ethylene/Ca
2+

/ROS mediated programmed cell death of the epidermis at the sites of 

emergence, whereas auxin and other hormonal regulation are required to initiate 

adventitious root growth (Figure 1.2) (Steffens and Sauter, 2009; Vidoz et al., 2010). To 

date, there is no evidence that Arabidopsis develops adventitious roots under 
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waterlogging and submergence stresses. Another trait expressed in roots of frequently 

waterlogged plants is a thickened root epidermis that acts as a barrier to radial oxygen 

loss (Colmer and Voesenek, 2009). This barrier is an ethylene-induced mechanism in 

some species. Its presence is essential for maximizing the longitudinal flow of gases 

through aerenchyma and minimizing the loss of oxygen by diffusion into the flooded soil. 

Minimization of radial oxygen loss is likely to reduce the production of toxic compounds 

(i.e. Fe
2+

) in highly reduced flooded soils. 

When aerial organs are submerged, the maintenance of a leaf gas films provide a 

microenvironment for gas exchange for submerged photosynthetic organs (Figure 1.1) 

(Pedersen and Colmer, 2012). A cuticle that promotes gas films can be developmentally 

regulated, however species such as Spartina anglica and rice have an innately 

hydrophobic leaf cuticles, which promote formation of gas films (Pedersen et al., 2009; 

Winkel et al., 2011). Oxygen microelectrode studies showed that gas exchange between 

the gas film and stomata in underwater leaves helped maintain photosynthesis and 

thereby respiration. 
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1.3. Regulation of gene expression and metabolism in response to low oxygen in 

plants 

 

1.3.1. Common and unique hypoxia-induced genes among different cell-types and 

low oxygen regimes   

 

Extensive transcriptomic (total cellular mRNA) profiles of Arabidopsis, rice, cotton 

(Gossypium hirsutum) and poplar (Populus x canescens), provided insights of gene 

regulation under different low oxygen conditions or flooding systems (Branco-Price et al., 

2008; Branco-Price et al., 2005; Christianson et al., 2010; van Dongen et al., 2009; Jung 

et al., 2010; Klok et al., 2002; Kreuzwieser et al., 2009; Lasanthi-Kudahettige et al., 2007; 

Lee et al., 2011; Narsai et al., 2009; Liu et al., 2005). Most of studies used a low oxygen 

level between 0.1 and 8% oxygen (hypoxia), instead of a complete absence of oxygen 

(anoxia). Meta-analyses using multiple transcriptomic and metabolic datasets revealed 

common themes of low oxygen response in these species. These include genes and 

metabolites associated with enhanced glycolytic and fermentative pathways and 

accumulation of alanine, GABA and succinate (Branco-Price et al., 2008; Kreuzwieser et 

al., 2009; Narsai et al., 2009; Narsai et al., 2011; Barding et al., 2012). In addition, cell-

type specific translatome (ribosome-associated mRNAs from 21 cell types) of 

Arabidopsis identified 49 genes up-regulated by hypoxia stress across cell types 

(hypoxia-responsive core genes) (Mustroph et al., 2009). Notably, ca. 30 - 50% of the 

hypoxia-responsive core genes, differentially regulated in a number of independent 
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studies, encoded proteins of no known biological functions. Orthologs of about half of 

these HYPOXIA RESPONSIVE UNKNOWN PROTEIN (HUP) genes were identified as 

hypoxia-responsive in other plant species (Mustroph et al., 2010). The functional 

significance of a number of Arabidopsis HUPs is explored in Chapters 2 and 3 of this 

dissertation.  

Transcriptomic analyses of root versus shoot organs showed that the heterotrophic 

root system experiences more severe low oxygen stress than shoots during low oxygen 

stress (Mustroph et al., 2009; Mustroph et al., 2010). Partial submergence or 

waterlogging stress up-regulated hypoxia-induced genes in roots and changed gene 

expression in shoots of cotton but not in poplar (Christianson et al., 2010; Kreuzwieser et 

al., 2009). In addition, A. thaliana (Col-0) showed a systemic response in shoots caused 

by waterlogging, including down-regulation of genes associated with photosynthesis and 

up-regulation with ABA biosynthesis and response and glyconeogenesis (Hsu et al., 

2011). To summarize, genes are dynamically regulated under low oxygen regimes, 

apparently dependent upon oxygen level and/or energy homeostasis, cell type, and 

communication between tissues and organs in plants. However, there has not been a 

direct in planta examination of dynamics in oxygen content that has accompanied 

transcriptomic or metabolomic studies. 
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1.3.2. Regulation of gene transcription during hypoxia  

 

Regulation of the core hypoxia-responsive genes is likely to be controlled by 

multiple TF families in Arabidopsis. In animals, Hypoxia-Inducible Factor 1α (HIF1α), a 

bHLH domain protein, is a key regulator of hypoxia responses (Semenza, 2012). 

Although plants possess TFs with the bHLH domain, they lack any evident HIF1α 

ortholog. Instead, the numerous transcriptiomic studies performed at the whole plant, 

organ- or cell-specific level on Arabidopsis have recognized the up-regulation of subsets 

of AP2/ERF, ARF, bZIP, bHLH, homeobox, DOF, HSF, LOB, MADS, MYB, and Zinc 

finger families transcripts at various oxygen concentrations and stress durations. Licausi 

et al. (2011b) evaluated transcripts encoding 1900 TFs under different oxygen 

concentrations and found AP2/ERF, Zinc-finger, and bHLH as the predominant regulated 

TF mRNAs. Profiling of cell-type specific translatomes discovered spatial and temporal 

regulation under hypoxia of many TF family members (Mustroph et al., 2009). Of the 49 

core hypoxia-responsive genes recognized in that study, there are at least four 

transcription factors of the ERF, LOB, Zinc-finger, and trihelix families.  

Only a small number of TFs have been studied for roles in low oxygen responses. 

For instance, Arabidopsis MYB2 was found to bind a GT-motif (5’-TGGTTT-3’) which is 

a component of Anaerobic Response Element (ARE) of the ADH1 promoter and mediates 

induction of ADH1 transcripts in transient expression assays with protoplasts (Dolferus et 

al., 1994; Hoeren et al., 1998). However, attempts to regulate MYB2 expression in 

transgenic Arabidpsis to validate its function in low oxygen responses were thwarted, 
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apparently because the MYB2 transcript is very unstable (Dolferus et al., 2003). An 

incomplete MYB-domain protein in rice, Mybleu, is encoded by an unspliced Osmyb7 

mRNA, and its ectopic expression in Arabidopsis increased tolerance of oxygen 

deprivation (Mattana et al., 2007). There is also evidence that Arabidopsis ANAC102 

regulates seed germination during flooding through regulation of classical hypoxia-

responsive genes such as ADH1 and SUS1 (Christianson et al., 2009). Heat Shock Factor 

A2 (HSFA2) is involved in heat and other abiotic stress responses in Arabidopsis. HSFA2 

is highly induced in seedlings by anoxia and its overexpression enhanced tolerance of the 

stress (Banti et al., 2010). Like HSFA2, ZAT12 mRNA shows pronounced induction under 

hypoxia and anoxia (Branco-Price et al., 2008; Loreti et al., 2005). This factor is known 

to regulate genes associated with oxidative- and light stress-response (Davletova et al., 

2005), and may play a role in limiting damage from ROS during oxygen deprivation.  

A number of TF mRNAs are highly upregulated across cell types in response to low 

oxygen stress. One of these is LOB DOMAIN 41 (LBD41), which was observed both 

hypoxia-treated or submerged Arabidopsis (Branco-Price et al., 2008; Lee et al., 2011; 

Mustroph et al., 2009). LBD41 is a member of the lateral organ boundary domain family. 

The induction of LBD41 was also observed at feeding sites of the nematode Meloidogyne 

incognita in Arabidopsis (Fuller et al., 2007). However, the exact role of LBD41 in 

hypoxia response remains elusive. One of the most highly induced hypoxia-responsive 

core genes encodes a protein initially annotated as a protein of unknown function 

(HUP14) and later recognized as a possible TF. Based on sequence similarity and domain 

structure, the gene encodes a trihelix TF (Kaplan-Levy et al., 2012). As elucidated in 
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Chapter 4 of this dissertation, HUP14 is a negative transcriptional regulator of the core 

hypoxia response, and was therefore re-designated HYPOXIA RESPONSE 

ATTENUATOR 1 (HRA1). Finally, as described in greater detail in the next paragraph, 

group VII AP2/ERF TFs are highly induced by low oxygen stress in Arabidopsis. The 

role of these proteins in transcriptional regulation during oxygen deprivation in 

Arabidopsis will be detailed in Chapter 5 of this dissertation.  

Group VII ERF TFs are key regulators of flooding responses in rice. SUB1A is 

upregulated by ethylene (Xu et al., 2006), submergence and reactive oxygen species 

(Fukao et al., 2006; Fukao et al., 2011; Jung et al., 2010). SUB1A positively controls a 

subset of hypoxia-induced genes encoding Sucrose Synthase (SUS), Pyruvate 

Decarboxylase (PDC) and Alcohol Dehydrogenase (ADH), as well as ABA responsive 

genes (Fukao et al., 2006; Fukao et al., 2011; Jung et al., 2010). Transcriptomic, 

metabolomic, and physiological data suggest that SUB1A also inhibits GA-mediated 

carbohydrate consumption and shoot elongation concomitant with altered expression of 

group VII and VIII ERFs (Fukao et al., 2006; Barding et al., 2012; Jung et al., 2010) and 

accumulation of mRNAs and proteins of GRAS domain TFs which act as negative 

regulators of GA (Figure 1.2) (Fukao and Bailey-Serres, 2008). On the other hand, the 

rice group VII ERFs SK1 and SK2 promote elongation of internodes via stimulation of 

GA production and/or sensitivity (Hattori et al., 2009).  

The Arabidopsis (Col-0) genome encodes five group VII ERF genes: HYPOXIA 

RESPONSIVE ERF1 (HRE1), HYPOXIA RESPONSIVE ERF2 (HRE2), RELATED TO 

AP2 2 (RAP2.2), RELATED TO AP2 3/ ETHYLENE-RESPONSIVE ELEMENT 
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BINDING PROTEIN (RAP2.3/EBP), and RELATED TO AP2 12 (RAP2.12). In contrast to 

other three genes, only transcripts of HRE1 and HRE2 are highly up-regulated by hypoxia 

stress (Hess et al., 2011; Hinz et al., 2010; Licausi et al., 2010; Yang et al., 2011). Based 

on qRT-PCR analyses, the overexpression of HRE1 and HRE2 modestly upregulate core 

hypoxia-responsive gene mRNAs (i.e. ADH1, PDC1 and SUS1) under normoxia (Licausi 

et al., 2010). Ectopic expression of RAP2.2 and RAP2.12 also upregulate some hypoxia-

responsive genes (Hinz et al., 2010; Licausi et al., 2011a). However, the overexpression 

of these genes had a more pronounced effect on upregulation of hypoxia-responsive 

genes during stress. Based on evaluation of single- and in some cases double-mutants for 

a number of the group VII ERFs, it was concluded that they play redundant roles in the 

hypoxia response in Arabidopsis. However, spatial regulation of group VII ERFs varied 

among tissue and cell types. For instances, accumulation of HRE1 and HRE2 mRNAs 

was increased by hypoxia mainly in root, whereas RAP2.12 transcripts were consistently 

expressed at a high levels in root and shoots at different developmental ages (Mustroph et 

al., 2009; Licausi et al., 2010).  

 

1.3.3. Translational and epigenetic regulation of the low oxygen response 

  

Early studies on species including soybean (Glycine max) and maize demonstrated 

that levels of protein synthesis are constrained during low oxygen stress (Lin and Key, 

1967; Bailey-Serres and Freeling, 1990). In fact, the initial characterization of the 

anaerobic response in maize provided evidence that protein synthesis was largely limited 
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to soluble proteins including ADH isozymes through some mechanism of impairment of 

translation of the vast majority of cellular transcripts (Sachs et al., 1980). Subsequent 

gene-focused studies in maize determined that mRNAs such as ADH1 are selectively 

translated in oxygen-deprived cells (Fennoy and Bailey-Serres, 1995; Bailey-Serres and 

Dawe, 1996; Fennoy et al., 1997). More recently, evaluation of mRNA translation at the 

global level in Arabidopsis seedlings has provided unequivocal evidence that mRNA 

recruitment to ribosomes is tightly regulated under conditions of low oxygen stress 

(Branco-Price et al., 2008; Branco-Price et al., 2005). The mRNAs that were efficiently 

translated during hypoxia encode proteins including anaerobic enzymes as well as the 

TFs HRE1, HRE2, HRA1 and LBD41. A number of highly induced mRNAs were not 

translated until reoxygenation. Whereas, over 65% of total cellular mRNA was 

translationally downregulated during hypoxia stress but returned to polysomes at or near 

to normal translation levels within 1 h of reoxygenation (Branco-Price et al., 2008). It 

was hypothesized that these mRNAs enter a translationally quiescent state by aggregation 

into cytoplasmic stress granules (Bailey-Serres et al., 2009). Translational repression 

during hypoxia stress is thought to be a means of energy conservation.  

The induction of micro RNAs (miRNAs) was reported in plants in response to low 

oxygen or submergence (Licausi et al., 2011b; Moldovan et al., 2010; Zhang et al., 2008). 

Only pri-miRNA of miR159c was induced by a short term period (30 min.) of low 

oxygen (Licausi et al., 2011b). Two independent experiments provided evidence that pri- 

and mature miR391 is expressed in Arabidopsis during low oxygen stress (Licausi et al., 

2011b; Moldovan et al., 2010). Even though miR391 has a potential target, an unknown 
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protein kinase (AT1G50990), the low-abundance transcripts of AT1G50990 were not 

significantly changed by low oxygen or submergence stress in the microarray dataset 

(Lee et al., 2011). The 5’ flanking DNA sequence of miR391 includes an ATCTA element 

(Licausi et al., 2011b), which has been reported as conserved in anaerobic genes in planta 

(Mohanty et al., 2005). Also, there are some studies showing hypoxia stress may affect 

chromatin remodeling in Arabidopsis. Known as a gene encoding a chromatin remodeling 

factor in vernalization, VIN3 was induced by low oxygen as much as by cold treatment 

(Bond et al., 2009). Phenotypic analyses with the knock-out mutant vin3 showed that 

VIN3 is required for tolerance of low oxygen condition but without affecting expression 

of core response genes (i.e. ADH1, PDC1, PDC2). Changes in methylation and 

acetylation status of Histone H3 were observed in the chromatin of ADH1 and PDC1 

genes by submergence in rice (Tsuji et al., 2006). These data suggest that post-

transcriptional regulation by miRNAs and possibly dynamics in chromatin remodeling 

are also important components of the hypoxia response in plants although the exact 

mechanisms and targets remain to be elucidated. 

 

1.3.4. Anaerobic metabolism  

 

Eukaryotic organisms undergo metabolic changes as adaptive mechanisms in low 

oxygen environments (Mustroph et al., 2010; Narsai et al., 2011). At a general level, 

metabolism is downregulated in response to low oxygen stress (Geigenberger, 2003). The 

metabolic adjustments are likely controlled at the species, organ and cell-type levels. The 
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anaerobic catabolism of starch reserves is prominently appeared in leaves of rice, but is 

not seen in all species (i.e. maize). Submerged rice coleoptiles promote starch catabolism 

modulated by calcineurin B–like–interacting protein kinase 15 (CIPK15) which 

positively controls the energy and stress sensor Snf1-related protein kinase 1 (SnRK1) 

(Lee et al., 2009). Because of energy efficiency, plant cells switch the pathway of sucrose 

breakdown from invertase (INV) to sucrose synthase (SUS) (Bailey-Serres et al., 2012; 

Bailey-Serres and Voesenek, 2008; Huang et al., 2008). Enhancement of glycolysis also 

known as ‘Pasteur effect’ is promoted to produce ATP at the substrate level under low 

oxygen condition. Generated by glycolysis, pyruvate can be catabolized via several 

metabolic routes.. Lactic fermentation is also one of the metabolic changes under low 

oxygen, but the rate of lactic acid fermentation is different among species. This may be 

because lactate detrimentally lowers cellular pH, causing cellular acidosis. The Davis-

Roberts pH stat hypothesis predicts that lactate production in response to oxygen 

deprivation reduces the cytosolic pH in a manner that promotes pyruvate decarboxylase 

activity, thereby providing a switch from lactic to ethanolic fermentation (Bailey-Serres 

and Voesenek, 2008). Although this hypothesis is debated, it is generally thought that ATP 

production under oxygen deprivation occurs via glycolysis coupled with the recycling of 

NAD
+
 via ethanolic fermentation of pyruvate (Bailey-Serres and Voesenek, 2008; 2010). 

Since ethanol is a diffusive compound, plant cells loose considerable amounts of carbon 

during waterlogging or submergence. Certain species circumvent this problem by 

channeling pyruvate to produce alanine, succinate, and γ-aminobutyric acid (GABA). 

Moreover, the production of succinate via a modified TCA cycle is advantageous because 
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it yields an additional ATP per mol hexose metabolized (Rocha et al., 2010; Sweetlove et 

al., 2010). All three of these metabolic intermediates can re-enter the TCA cycle (alanine 

and GABA) or the electron transport chain (succinate) in the post-stress period (Branco-

Price et al., 2008; Miyashita et al., 2007; Miyashita and Good, 2008). Arginine 

accumulation was observed in anaerobically-germinated rice embryos and coleoptiles 

(Narsai et al., 2009; Taylor et al., 2010) and in Arabidopsis (Branco-Price et al., 2008). In 

many instances, low oxygen stress and submergence result in production of a number of 

other amino acids (e.g. valine, leucine, isoleucine, serine, glutamate, proline, threonine), 

that are likely to be recycled upon aeration (Narsai et al., 2011; Barding et al., 2011). 

Anaerobic metabolic pathways not known in higher plants are found in green algae. 

In addition to numerous fermentative pathways, Chlamydomonas reinhartdti generates 

hydrogen gas through hydrogenases when cultured under anoxic condition (Grossman et 

al., 2011). Some of metabolic pathways in algae may alleviate cellular damage from 

hypoxia. For example, elevation of Stearoyl-acyl-carrier-protein desaturase involved in 

conversion from saturated fatty acids to unsaturated fatty acids is thought to prevent 

oxidative stress by increasing fluidity of the plasma membrane (Li et al., 2012). 

 

1.3.5. Signaling by energy sensing (SnRK1, CIPK, KIN10, KIN11) and stress 

responses 

 

Energy sensing-mediated control of growth is critical for plant survival of abiotic 

stresses including hypoxia (Baena-Gonzalez, 2010). Sensing changes in energy 
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homeostasis is crucial, but the mechanisms by which this occurs remain somewhat 

obscure. One possible signaling molecule is glucose. Hexokinase1 (HXK1) acts as a 

glucose sensor in Arabidopsis (Sheen, 2010). Additionally, two Arabidopsis SnRK1s, 

KIN10 and KIN11, were identified as sensors and central regulators of abiotic and biotic 

stresses including hypoxia (Baena-Gonzalez, 2010; Baena-Gonzalez et al., 2007; Baena-

Gonzalez and Sheen, 2008). The orthologs of KIN10/11 are the yeast SNF1 (Sucrose 

non-fermenting 1) and mammalian AMPK (AMP-activated PK) (Baena-Gonzalez, 2010). 

KIN10 positively regulates Arabidopsis S-group of bZIP TFs (Baena-Gonzalez et al., 

2007). As discussed above, in rice seedlings under submergence, CIPK15 activated 

expression of SnRK1 that promoted the activation of a MYB TF responsible for 

transcription of genes encoding amylases, which catalyze starch breakdown (Lee et al., 

2009). Rice OsSnRK1 and Arabidopsis KIN10 positively regulated stress-inducible genes 

such as DARK-INDUCED6 (Cho et al., 2012). Furthermore, protoplast transient assays 

showed that OsSnRK1 and KIN10 positively regulated expression of ADH1 and PDC1 

under submergence. An interesting possibility is that micromolar changes Trehalose-6P 

are contribute to low oxygen signaling, since it represses SnRK1 activity (Baena-

Gonzalez, 2010). A recent study found that expression of EXORDIUM-LIKE1 (EXL1) 

was controlled by KIN10 and induced by sugar starvation during extended periods of 

darkness and under low oxygen stress (Schröder et al., 2011). Moreover, altered 

expression of EXL1 affected brassinosteroid-mediated growth and survival under 

extended dark and anoxia. Altogether, these data strongly suggest that changes in energy 

homeostasis results in activation of CIPKs that activate SnRK1s, which play downstream 
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roles in hypoxia responses (Figure 1.2). Further experimental investigation of the role 

energy homeostasis sensing and signaling cascades in the low oxygen response is 

necessary.  

 

1.4. Low oxygen sensing and signaling in plants 

 

1.4.1. Indirect sensing by energy, calcium, ROS, and G proteins  

 

Indirect oxygen sensing in plants might be recognized by perception of changes in 

cellular levels of adenylates, carbohydrates (i.e. sucrose, glucose, T6P), pyruvate, pH, 

Ca
2+

, ROS, and nitric oxide (NO) (Bailey-Serres and Chang 2005; Bailey-Serres et al., 

2012; Bailey-Serres and Voesenek, 2008; Baena-Gonzalez, 2010). As mentioned above, 

energy sensing is thought to be a means of indirect oxygen sensing. On the other hand, 

changes in cytosolic Ca
2+

, ROS, and NO during oxygen deprivation are mediated by 

mitochondria in plants (Blokhina and Fagerstedt, 2010; Rhoads and Subbaiah, 2007). 

Therefore, these could be secondary signals resulting from inhibition of the electron 

transport chain as a consequence of reduced oxygen availability. Similarly, the reduction 

in cytosolic pH resulting from lactate could also be envisioned as an indirect signal of the 

change in oxygen homeostasis (Bailey-Serres and Chang, 2005). 

The two kinds of plant G proteins, heterotrimeric G proteins and small GTPases, 

could be involved in the indirect signaling events that occur as a result of oxygen 

deprivation. Three heterotrimeric G protein subunits, Gα, Gβ, Gγ, are encoded by single 

or few genes, whereas small GTPases are consisted of large superfamilies (i.e. 93 genes 
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in Arabidopsis and 111 genes in rice) (Steffens and Sauter, 2010). The GTPase activating 

RopGAP4, responsible for hydrolyzing Rop-GTP into its inactive Rop-GDP form, was 

identified as negative regulator of Rop GTPases in Arabidopsis (Ler) (Baxter-Burrell et 

al., 2002). By evaluation of constitutive active and dominant negative forms of Rop2 it 

was deduced that oxygen deprivation activates Rop, which mediates induction of H2O2 

and ADH1 mRNA transcript accumulation. RopGAP4 mRNAs were elevated under 

hypoxia stress and its expression was correlated with repressed ADH1 expression and 

activity. ROPGAP4 was proposed to prevent Rop GTPase-mediated activation of 

Respiratory Burst Oxidases (RBOH) at the plasma membrane, which promoted ROS 

production that further upregulated ADH expression (Baxter-Burrell et al., 2002; Fukao 

and Bailey-Serres, 2004). Although several RBOH genes are strongly induced by low 

oxygen stress but ROPGAP4 is not induced in the Col-0 accession (Branco-Price et al., 

2008). 

Another signal transduction cascade that contributes to the hypoxia response 

involves the stress-responsive MAP kinases. MPK3, MPK4, MPK6 are rapidly and 

transiently activated during hypoxia and reoxygenation in the seedlings of A. thaliana 

(Chang et al., 2012). Among the three MPKs, only overexpression of MPK6 increased 

tolerance of seedlings in oxygen deprivation but did not affect transcription of the 

hypoxia-responsive core genes. Instead, an mpk6 loss-of function mutant had 

significantly more down-regulated mRNAs in roots than either the wildtype or MPK6 

overexpression line. Treatment of inhibitors of the mitochondrial electron transport chain 

elevated ROS production and promoted MPK3 and MPK6 activation under normoxia in 
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Arabidopsis (Chang et al., 2012). In addition, independent studies have shown that the 

inhibition of mitochondrial electron transport by antimycin A promotes the expression of 

hypoxia-responsive genes including ADH1 (Branco-Price, 2005; Bond et al., 2009). 

Together, these findings suggest that mitochondrial ROS formation may activate 

retrograde signaling from the mitochondrion   

 

1.4.2. Direct oxygen sensing 

 

Oxygen sensing mechanisms have been defined in animals. The basic helix-loop-

helix-PAS domain-containing TF, HYPOXIA INDUCIBLE FACTOR 1α (HIF1α), is 

hydroxylated by oxygen-dependent prolyl hydroxylases (PHDs) in oxygen-rich cells and 

then targeted by the von Hippel-Lindau protein for ubiquitin-dependent proteasomal 

degradation (Semenza, 2012). On the other hand, HIF1α is stabilized during oxygen 

deficiency due to inhibition of PHD activity, allowing the factor to accumulate and 

interact with its partner HIF1ß to activate genes associated with anaerobic metabolism. 

The PHDs are considered oxygen sensors because of their high Km for oxygen (178 mm 

Hg), as compared to mitochondrial cytochrome c oxidase (< 1 mm Hg) (Acker, 2005). 

HIF and PHD orthologs are evolutionary conserved within the animal kingdom 

(Loenarz et al., 2011; Rytkonen et al., 2011). The up-regulation of six Arabidopsis PDH 

transcripts under oxygen deprivation has been reported (Mustroph et al., 2010; Vlad et al., 

2007). However, it is not clear whether these enzymes are involved in oxygen sensing 

mechanisms associated with protein modification, in a manner similar to the PHD/HIF 
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relationship in animals. In contrast to extensive studies of animal PHD/HIF system, there 

is no known direct oxygen sensing mechanism in plants (Bailey-Serres and Voesenek, 

2008). Chapter 5 of this dissertation will describe evidence that the N-end rule pathway 

of targeted proteolysis (NERP) is involved in a homeostatic oxygen sensing mechanism 

in plants that regulates expression of a number of the core hypoxia-responsive genes. 

This pathway was exposed in the hypoxia-regulated accumulation of mammalian RGS4 

and RGS5, specific GTPase activating proteins that regulate heterotrimeric G protein 

activity involved in blood vessel viability and maturation (angiogenesis) as well as 

myocardial cell differentiation and proliferation (Lee et al., 2005). The NERP includes an 

oxygen-dependent mechanism by which proteins with N-terminal cysteine are turned 

over (Sriram et al., 2011). This specific branch of the NERP is conserved across animal 

and plant species, but absent in fungi and bacteria. 

 

1.5. Dissertation objectives 

 

The aims of this dissertation research were: 

 

1) To investigate the roles of hypoxia-responsive unknown genes (HUPs) in low 

oxygen response and tolerance in Arabidopsis. Chapter 2 presents spatial and temporal 

expression of HUPs in different oxygen conditions. Comparative analyses identified 

putative orthologues of HUPs in poplar and rice. It was demonstrated that ectopic 

expression or knock-out of HUPs can affect tolerance of Arabidopsis to low oxygen 
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stress. Chapter 3 provides evidence of the importance of HUPs for submergence 

tolerance. 

2) To compare the root and shoot transcriptomes of submerged Arabidopsis thaliana 

Col-0 ecotype with those of hypoxia-treated seedlings. Chapter 3 presents genome-scale 

transcriptome dynamics analysis of submerged Col-0 plants. Col-0 rosette stage plants 

were first evaluated for changes in internal oxygen concentration in root and shoot tissues 

upon submergence. Two submergence time points (7 and 24 h) were chosen for 

microarray data analyses. Root and shoot data of submerged Col-0 rosette plants were 

compared to those of hypoxia-treated seedlings in order to dissect hypoxia and 

submergence response. The results indicate that submergence response is distinct 

between organ types and between different developmental and growth conditions. The 

comparative study also identified common responsive genes of two low oxygen 

conditions. 

3) To understand the role of a trihelix protein, HUP14/HRA1 in regulation of 

hypoxia-responsive genes. Chapter 4 provides evidence that HUP14/HRA1 negatively 

regulates the core hypoxia responsive genes in Arabidopsis. HUP14/HRA1 was shown to 

be a transcription factor though analyses that included protein interaction, subcellular 

localization, and in vivo DNA-binding. 

4) To understand direct sensing of low oxygen stress in Arabidopsis. Although direct 

oxygen sensing mechanisms were discovered in animals, it has been unclear how plant 

cells sense changes in internal oxygen status. Mutants of N-end rule pathway were 

examined to determine whether NERP mediates the direct sensing of low oxygen in 
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Arabidopsis. Group VII AP2 ERFs, known as positive regulators of hypoxia response in 

Arabidopsis, were identified as NERP substrates. Chapter 5 demonstrates the dynamic 

regulation of group VII ERFs by NERP and implications this mechanism in regulation of 

transcription of the core hypoxia-responsive genes. The transcriptional activation of these 

genes by group VII ERFs is directly antagonized by HRA1, indicating that plants both 

positively and negatively regulate the genes responsible for the switch to anaerobic 

metabolism. 
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Figure 1.1. Plant adaptation to partial flooding and submergence conditions. Plant 

species exhibit diverse anatomical and morphological characteristics. Adventitious roots 

often develop in response to soil waterlogging or partial submergence of the aerial system. 

Shoot elongation is prominently observed in petioles of dicot and in internodes of 

monocot species during partial submergence events. Aerenchyma (aerial spaces) are 

constitutively formed or induced by flooding through differential expansion (schizogeny) 

or programmed cell death (lysogeny) depending on the species. Leaf gas films are caused 

by waxy cuticles on epidermal cells of some plant species and provide a gaseous micro-

environment that aids photosynthesis and respiration underwater. 
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Figure 1.2. Regulation of flooding/submergence responses modulated by metabolites 

(black), hormones (presented as red), proteins (blue). This figure summarizes our 

knowledge before the experiments of this dissertation study. Development of adventitious 

root and aerenchyma is regulated by ethylene, Ca
2+

 and reactive oxygen species (ROS). 

Shoot elongation is controlled by gibberellin (GA)-mediated pathways which act 

downstream of ethylene and abscisic acid (ABA). Rice group VII ERFs, SNORKEL1 and 

SNORKEL2 (SK1, SK2) positively regulate shoot elongation presumably through 

stimulating GA-mediated starch consumption and elongation growth. Conversely, the 

group VII ERF SUB1A inhibits the elongation by maintaining levels of transcription 

factors that act antagonistically to GA response. Oxygen deficiency caused by flooding or 

submergence dampens ATP energy levels and activates SnRK1, promoting carbohydrate 

catabolism and fermentative pathways. 
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Chapter 2 

 

Initial functional characterization of HYPOXIA-RESPONSIVE 

UNKNOWN PROTEINs of Arabidopsis thaliana 

 

2.1. Abstract 

 

Genome-scale analyses of transcriptomic data identified commonly and uniquely 

expressed genes among different plant species or tissues under various low oxygen 

conditions such as hypoxia, anoxia, waterlogging, and submergence. Among the 

differentially expressed genes, a number of genes encode proteins function of unknown. 

Core-hypoxia response genes from cell-type specific translatome comprised of nearly 50% 

of unknown proteins. Also, many of the unknown proteins were coregulated with other 

anaerobic pathway genes in the meta-analysis using public microarray datasets. To 

understand unknown mechanisms underlying in hypoxia response, we selected 17 

HYPOXIA-RESPONSIVE UNKNOWN PROTEINs (HUPs) and studied for their 

expression patterns in different conditions of microarray datasets. Most of examined 

HUPs were highly induced by low oxygen, but their expression patterns varied among 

tissue types. Cross-species comparisons showed that thirteen and nine putative 

orthologues of 17 HUPs are present in poplar and in rice, respectively. Overexpression 

and T-DNA insertional mutants were obtained and evaluated under prolonged low oxygen 
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stress to investigate importance of the HUP expression under the stress. Further study is 

needed to unveil the precise functions of HUPs in low oxygen signaling and response. 

 

2.2. Introduction 

 

The dicot model species, Arabidopsis thaliana ecotype Columbia-0, was the first 

plant to have a completely sequenced nuclear genome (Arabidopsis Genome Initiative, 

2000). The initial annotation of the Col-0 genome identified 25,498 protein coding genes, 

of which approximately 40% had no predicted biological function (Gollery et al., 2006; 

Gollery et al., 2007). These genes, termed proteins of unknown function (PUFs), present 

one of the major challenges of the post-genomic era (Horan et al., 2008). PUFs are more 

highly diverged among eukaryotic genomes whereas proteins of defined functions are 

often conserved. This implies that PUFs might be causal factors of species specificity 

(Gollery et al., 2006). 

Initial insight into the function PUFs can come from the patterns of their expression, 

since co-regulated genes often are involved in similar processes (Horan et al., 2008). The 

evaluation of the steady state abundance of gene transcripts, by use of DNA microarrays, 

has been widely used to study abiotic responses in Arabidopsis, including low oxygen 

stress. The first-generation of microarrays were cDNAs spotted onto glass slides and 

hybridized simultaneously with Cy3 and Cy5-labelled probes. This platform was used by 

Klok et al. (2002) to evaluate response of cultured root tissue to 5% oxygen, as compared 

to normal aerated conditions (normoxia/non-stress). The second-generation DNA 
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microarrays used only 3’-untranslated regions of gene transcripts to improve resolution of 

expression of paralogous genes, as used by Liu et al. (2005) to evaluate responses of 

Arabidopsis seedlings to 3% oxygen over 48 hours, relative to normoxia. Later 

generations of DNA microarrays used long or short oligonucleotides that were better able 

to detect transcripts of individual genes. Two Affymetrix GeneChip platforms, AG and 

ATH1, with sets of 14mer gene-specific oligos, evaluated circa 8,200 and then 23,000 

probe pair sets (genes) (Redman et al., 2004). These were used to monitor changes in the 

total population of cellular transcripts or only those associated with polyribosomes 

(polysomes) in response to various regimes of low oxygen stress (Branco-Price et al., 

2008; Branco-Price et al., 2005; Loreti et al., 2005; Mustroph et al., 2009). These and 

other Affymetrix datasets deposited into public databases such as National Center for 

Biotechnology Information Gene Expression Omnibus (NCBI GEO) (Barrett et al., 2011) 

and NASCarrays (Craigon et al., 2004) have been included in gene expression analyses 

(Horan et al., 2008; Hruz et al., 2008; Ma et al., 2007). For instance, Ma et al. (2007) 

identified a network that included 6760 nodes (genes) connected by 18,625 significant 

edges (interactions) based on the graphical Gaussian model using 2000 Affymetrix ATH1 

microarray experiments in the NASCarrays database. Horan et al. (2008) obtained 1,310 

Affymetrix raw data Cel files from the AtGenExpress (Kilian et al., 2007; Schmid et al., 

2005) and NCBI GEO and built a co-expression database Plant Gene Expression 

Database (http://bioweb.ucr.edu/PED). A common idea of these analyses is to reveal gene 

networks in Arabidopsis thaliana using multiple experiments of various conditions such 

as abiotic and biotic stress, development, chemical and hormone treatments, and 
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genotypes. These analyses allow the identification of a co-regulated hypoxia-induced 

gene network. 

The independent evaluations of dynamics in the Arabidopsis seedling transcriptome 

(total mRNAs) and translatome (ribosome-associated mRNAs) under low oxygen stress 

(hypoxia and anoxia versus normoxia) consistently showed that mRNAs encoding 

enzymes associated with carbohydrate catabolism and fermentation are upregulated 

during the stress. Surprisingly, over 50% of genes upregulated by hypoxia through at the 

transcript accumulation and translational level were annotated as unknown or 

hypothetical proteins (Branco-Price et al., 2008; Branco-Price et al., 2005). Furthermore, 

cell type specific data of transcriptome and translatome revealed common and unique 

expression patterns of hypoxia-induced genes during low oxygen stress (Mustroph et al., 

2009). Of the 49 genes recognized as the “core” hypoxia-responsive transcripts based on 

their upregulation in the translatome across seedling cell types, 28 (over 50%) were 

annotated as having no known biological function (i.e. PUFs).  

It can be hypothesized the hypoxia-inducible genes encoding PUFs play important 

roles in low oxygen tolerance in Arabidopsis and possibly other plant species. To test this 

hypothesis, 56 HUP genes were selected from the datasets of Branco-Price et al. (2005) 

and (2008). Arabidopsis thaliana Col-0 lines that possess a T-DNA insertion in a HUP or 

overexpress an epitope-tagged version of a HUP were developed by Angelika Mustroph, 

Eugenia Zanetti, Cristina Branco-Price, Teruko Oosumi, and Huijun Yang with the 

assistance of UC Riverside undergraduates. A portion of this collection of lines was used 

here to systematically address the functional relevance of seventeen HUPs in seedlings 
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transiently deprived of oxygen (Table 2.1). The results confirm that HUPs play a role in 

low oxygen survival in Arabidopsis seedlings. 

Some of the initial functional analysis of HUP genes reported in this chapter was 

included in the publication Mustroph et al. (2010). 

 

2.3. Materials and Methods 

 

2.3.1. Microarray data used in the analysis 

 

This analysis utilized published Affymetrix Arabidopsis GeneChip (ATH1) datasets 

available through the NCBI GEO dataset and generated in Chapters 3, 4 and 5 for 

Arabidopsis thaliana accession Columbia-0 (Col-0). For the cross-species analysis, HUP 

data were extracted from Mustroph et al. (2010), which obtained raw microarray data 

from publicly available datasets (Populus ⅹ canescens, Kreuzwieser et al. (2009); 

germinating rice seed and seedling, Narsai et al. (2009); rice leaf tissue of M202 and 

M202(Sub1) genotypes, Mustroph et al. (2010); rice coleoptile, Lasanthi-Kudahettige et 

al. (2007)). The robust multichip average normalization (RMA) was used for all 

organisms except for rice data that was normalized by GC-corrected RMA. The linear 

models for microarray data package (LIMMA) was used to obtain the signal-log2 ratio 

(SLR) using R (http://cran.r-project.org/) and Bioconductor 

(http://www.bioconductor.org/). Data (Signal Log2 Ratio [SLR] values) from Table S9 of 

Mustroph et al. (2010) were used in the analyses, as indicated in figure legends. An 
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OMCL analysis with protein sequences was conducted to identify homologous proteins 

on different plant species as indicated in Mustroph et al. (2010). 

Except for the HRA1 dataset, which was generated in Chapter 4, all microarray data 

used in this chapter were published and is accessible through the NCBI GEO database 

(GSE29941, Gibbs et al. (2011); GSE24077, Lee et al. (2011); GSE14578, Mustroph et al. 

(2009); GSE29187, Licausi et al. (2011)). For the polysome translatome data of 

Arabidopsis thaliana Col-0, SLR values for HUPs were obtained from Branco-Price et al. 

(2008). The cell-type specific translatome data was from Mustroph et al. (2009) and the 

electronic fluorescent protein (efp) browser that displays that data from that analysis 

(efp.ucr.edu; Mustroph et al., 2009; Mustroph and Bailey-Serres, 2010). Submergence 

data of Col-0 was from Lee et al. (2011) (Chapter 3). HRA1 and N-end rule datasets are 

reported in Chapters 4 and 5 and include data reported in Gibbs et al. (2011) and Licausi 

et al. (2011). The HA-RAP2.12 dataset from Licausi et al. (2011) was co-analyzed with 

the HRA1 dataset as described in Chapter 4. Calculated SLR values for the Affymetrix 

probes corresponding to HUPs were collected from each published analysis. Heatmaps 

visualizing SLRs of all the datasets were constructed using MultiExperiment Viewer 

software (v 4.8) (Saeed et al., (2006); Saeed et al., (2003)).  

  

2.3.2. Phenotypic analysis of HUP mutants under prolonged low oxygen stress 

 

SALK T-DNA insertion mutants were obtained from the Arabidopsis Biological 

Resource Center (Ohio State University). T-DNA mutants were screened by polymerase 
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chain reaction (PCR) to identify homozygous plants and kanamycin resistance was 

confirmed by growth in the presence of 50 mg/L of antibiotic. Overexpression lines were 

produced by Agrobacterium-mediated transformation with gene constructs containing the 

Cauliflower Mosaic Virus 35S constitutive promoter and Tobacco Mosaic Virus omega 5’ 

untranslated leader sequence, fused to the coding sequence of a HUP cDNA. In each 

construct a His6-FLAG was fused to the N-terminus or a FLAG-His6 tag was fused to 

either the C-terminus of the protein (Table 2.1). The production of these constructs was 

described in Mustroph et al. (2010).  

For the phenotypic analyses, seeds of the control (Col-0), mutant (T-DNA insertion) 

and overexpression lines were produced at the same time in a growth room (Sunshine 

Mix LC1, JM McConkey, Sumner, WA) plus 150 g Osmocote 14-14-14 fertilizer (Scotts, 

Marysville, OH) and 75 g Marathon pesticide (Crop production services, Riverside, CA) 

per 3.8 ft
3
 of Sunshine Mix LC1) in a controlled environmental growth room (16 h at 

~100 μE light: 8 h dark at 23 °C). Sterilized seeds were arrayed in a row, with the control 

and mutant or overexpression line on the same square petri dish (100 x 100 x 15 mm) 

containing Murashige and Skoog (MS) medium (0.43% [w/v] Murashige and Skoog salts, 

1% [w/v] Suc, and 0.4% [w/v] Phytagel, pH 5.75). The dishes were placed in a vertical 

orientation at 23 °C with a 16-h-day (50 μmol photons m
-2

 s
-1

) and 8-h-night cycle for 7 d 

in a growth chamber (Model # CU36L5, Percival Scientific, Perry, IA) (Branco-Price et 

al., 2008). Plates were transferred to a Lucite chamber (250 x 370 x 170 mm) with a gas 

inlet and outlet port and seedlings were deprived of oxygen for 8 or 12 h or mock treated 

under dim light (0.15 μmol photons m
-2

 s
-1

) as detailed previously (Branco-Price et al., 
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2008). Treatments commenced at the end of the light period. After treatment, samples 

were returned to the growth chamber for 3 d. Tolerance of overexpression lines, T-DNA 

insertion mutants, and Col-0 seedlings grown on the same plate was scored as follows: 

the number of non-damaged, damaged, and dead plants (scores 5, 3, and 1, respectively) 

were summed for each genotype. Non-damaged plants had green aerial tissue and no 

evident tissue damage; damaged plants had anthocyanin-pigmented or bleached 

cotyledons or leaves; and dead plants had dead aerial meristems. Root growth was 

attenuated in all genotypes after 8 h of stress; therefore, root growth was not measured. 

Tolerance of overexpression and T-DNA insertion lines was compared with that of Col-0, 

using Student’s t test to identify significant differences between means of replicates (n = 

3~4) of different genotypes. 

 

2.4. Results 

 

2.4.1. Molecular characteristics of HUPs 

 

The initial characterization of the HUPs considered whether they were single or 

multi-copy genes, conserved across plant species and encoded proteins with at least one 

known protein domain. Of the 17 HUPs evaluated in this work (Table 2.1), five (HUP14, 

HUP29, HUP43, HUP53, HUP54) are members of small multi-gene families and only 

four do not have a putative ortholog among the annotated rice and poplar genes (HUP9, 

HUP17, HUP42, HUP44) (Table 2.2). A protein domain analysis by Horan et al. (2008) 
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identified three of these HUPs as proteins of known function (PKFs) More specifically, 

since their initial designation as hypoxia upregulated genes, more detailed annotation has 

become available for HUP6 (galactose oxidase), HUP14 (Myb/SANT-like DNA-binding 

domain), and HUP36 (RNA pseudouridylate synthase). Currently, Pfam domains are 

found in regions of eight of the 17 HUPs, including four domains of unknown function 

(DUFs). Therefore, based on current Pfam domain definitions, nine of the 17 HUPs have 

no protein domain, even though six have putative orthologs in poplar and/or rice. 

Intriguingly, the HUP genes that encode proteins with no Pfam domain and no apparent 

poplar or rice ortholog have a predicted molecular mass of less than 10 kDa (HUP9, 

HUP17, HUP32, HUP42, HUP44).   

 

2.4.2. Regulation of HUP expression under low oxygen and submergence stress  

 

Trends in the regulation of HUP mRNA accumulation in seedlings in response to 

oxygen deprivation were generally similar. That is, transcripts of HUPs were actively 

upregulated and translated during hypoxia stress and dissociated from ribosomes within 1 

h of reoxygenation (Figure 2.1). HUP14, HUP40, HUP41, HUP43 and HUP44 

transcripts disappeared more rapidly within 1 h reoxygenation relative to the other HUPs. 

By contrast, the abundance of HUP17 mRNA was further increased upon recovery from 

the stress. This particular HUP contains a Pfam domain annotated as CELL DIVISION 

CONTROL PROTEIN 14 (CDC14). The steady-state level of HUP53 and HUP54 

mRNAs did not change upon recovery as compared to the 9 h stress sample, but 
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increased in polysomes, suggesting that upregulation of this transcript was in anticipation 

of reoxygenation. 

The majority of HUP mRNAs were upregulated by hypoxia stress in the root and 

shoot of seedlings, however, HUP17, HUP23, HUP26, HUP37 were predominantly 

induced in roots (Figure 2.2). In shoots, HUP37 mRNA was abundant during under 

normal conditions (normoxia) and not further induced by hypoxia (Figure 2.5). However, 

abundance of mRNA expression of all other HUPs was very low during normoxia and 

significantly increased after 2 h hypoxia. A meta-analysis of microarray datasets indicates 

that all 17 HUPs are co-expressed with stress response and anaerobic metabolism genes 

such as ADH1, PDC1, SUS1, SUS4 and HB1 (Table 2.2) based on Plant Gene Expression 

Database (http://bioweb.ucr.edu/PED) (Horan et al., 2008). 

Rosette-stage Arabidopsis plants grown on soil were evaluated for HUP mRNA 

regulation following subjection to complete submergence (Figure 2.2) and Chapter 3 (Lee 

et al., 2011). Steady-state levels of HUP17 transcripts were even more elevated in the 

shoot than in the root by submergence, in contrast to low-oxygen stressed seedlings. Four 

HUPs mRNAs, HUP23, HUP26, HUP41, HUP53, showed limited upregulated by 

submergence in both the root and shoot. For others, induction was maintained by 

prolonged submergence (24 h) in roots, whereas but not in the shoot. Interestingly, more 

than half of these HUPs (HUP23, HUP26, HUP32, HUP36, HUP37, HUP41, HUP42, 

HUP53, HUP54) were upregulated by the unanticipated shift to darkness in the root 

and/or shoot. 
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The N-end rule of targeted proteolysis controls the accumulation of key transcription 

factors that regulate the abundance of core hypoxia gene transcripts (Gibbs et al., 2011; 

Chapter 5). Mutations in this pathway result in elevation of transcripts of hypoxia-

responsive genes such as ADH1 under normoxia. Trends of regulation of HUPs in 

mutants defective in the N-end rule pathway of targeted proteolysis were very similar to 

those observed for the low oxygen stress and submergence data (Figure 2.2). For example, 

HUP17, HUP23, HUP26, HUP37, HUP41 and HUP53 mRNAs were not significantly 

upregulated in the N-end rule defective ate1ate2 and prt6 genetic backgrounds under 

normoxia, as compared to the other 11 HUP mRNAs. Constitutive expression of the 

group VII ethylene responsive transcription factor RAP2.12 at protein level was 

sufficient to upregulate some of the N-end rule pathway-dependent HUPs (HUP29, 

HUP32, HUP42, HUP43, HUP44) under normoxia. However, HUP6, HUP14, HUP36, 

and HUP40 mRNAs were only moderately upregulated. Among the N-end-rule-

dependent HUPs, HUP9, and HUP54 did not respond to RAP2.12 constitutive expression, 

suggesting there are other requirements for regulating these HUPs. 

HUP14 was more fully characterized in Chapter 4. This gene encodes a transcription 

factor that negatively regulates hypoxia responsive genes. When HUP14 overexpression 

lines were evaluated for their effect on normoxic and hypoxic gene regulation (Chapter 4), 

they were found to greatly limit the upregulation of hypoxia responsive genes. For this 

reason, HUP14 was renamed HYPOXIA-RESPONSIVE ATTENUATOR 1 (HRA1). Most 

of HUPs, including HUP14/HRA1 itself, were negatively regulated by HRA1 

overexpression after 2 h of hypoxic treatment of seedlings. Notably, HUP17 and HUP37 
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mRNAs were slightly upregulated in this genotype (Figure 2.2). By contrast, HRA1 

overexpression was not sufficient to affect HUP transcript accumulation under normoxia. 

Thirteen of the 17 Arabidopsis HUPs studied here have putative orthologs in poplar 

and nine have orthologs in rice based on an OrthoMCL analysis (Mustroph et al., 2010) 

(Table 2.2). When poplar roots were waterlogged, several HUP ortholog mRNAs were 

upregulated in the roots but not in the shoot (Figure 2.3). Whereas all nine putative HUP 

orthologs identified in rice were induced in coleoptiles exposed to anoxia, only six were 

upregulated in leaves of submerged plants, and to similar levels in submergence tolerant 

M202(Sub1) and intolerant (M202) genotypes. Several of the rice HUP orthologs 

displayed temporally regulated changes in transcript abundance in seeds germinated 

under low oxygen conditions. These results identify about five to seven putative 

orthologs of Arabidopsis, poplar and rice that are upregulated in response to a condition 

with a low oxygen component (anoxia/hypoxia/waterlogging or submergence).  

 

2.4.3. Seedling survival of HUP mutants under prolonged low oxygen stress 

 

The targeted HUPs were overexpressed with an epitope-tagged N- or C-terminus 

and their protein accumulation was monitored following immunopurification by western 

blot analysis (Table 2.1). These lines, as well as putative homozygous lines with a T-DNA 

insertion in a HUP were evaluated at the seedling stage for survival of low oxygen stress. 

Seedlings of each genotype were grown next to Col-0 seedlings grown on the same MS 

medium plates. It was found that 13 of 17 HUPs significantly modified seedling tolerance 

to low oxygen stresses of 8 h and 12 h duration (Figure 2.3; Table 2.3). Nine HUP 
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overexpression lines positively affected seedling survival (HUP14, HUP17, HUP23, 

HUP29, HUP36, HUP37, HUP42, HUP44, HUP54) and three negatively affected 

seedling survival (HUP6, HUP32, HUP41). For five HUP overexpression lines there was 

no evident effect on survival of low oxygen stress (HUP9, HUP26, HUP40, HUP43, 

HUP53). The two overexpression lines of HUP41 showed the most dramatic alteration in 

survival. These plants were unable to survive 8 h of low oxygen stress. Of the nine T-

DNA insertion lines evaluated, only the single HUP6 line appeared to have increased 

sensitivity to the stress.  

 

2.5. Discussion 

 

2.5.1. HUPs are upregulated as part of the core low oxygen response genes in 

Arabidopsis and other plant species 

 

Low oxygen stress causes energy crisis in plant cells due to constrains on 

mitochondrial respiration. Plants respond to oxygen deprivation by upregulating the 

expression of genes that encode enzymes that enable production of ATP through 

glycolysis and a non-cyclic flux of the tricarboxylic acid cycle (Bailey-Serres et al., 2012; 

Bailey-Serres and Voesenek, 2008; 2010; Sweetlove et al., 2010). Due to the decreased 

efficiency in ATP production, there is typically a reduction in cellular demands on ATP 

consumption by limiting processes that place a high demand on ATP and GTP, such as 

protein synthesis. Consequentially, mRNA translation occurs selectively on a subset of 
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cytosolic mRNAs under insufficient oxygen conditions (Branco-Price et al., 2008; 

Branco-Price et al., 2005). The genome-scale assessment of mRNAs that were strongly 

upregulated at the steady-state mRNA level and engaged with polysomes during oxygen 

deprivation using DNA microarray technology revealed that over half of the hypoxia-

responsive mRNAs encode proteins of no known biological function (Branco-Price et al., 

2008; Branco-Price et al., 2005). The more refined evaluation of hypoxia-responsive 

genes at the cell-type specific level performed by Mustroph et al. (2009), identified 49 

highly upregulated mRNAs across 21 cell types or regions of Arabidopsis seedlings. Of 

these core response genes, 11 genes are HUPs. The other members or the core response 

genes include genes such as ADH1, PDC1, and SUS4. In this chapter, 17 HUPs that are 

co-regulated with mRNAs, which encode proteins involved in anaerobic metabolism 

underwent an initial functional characterization (Figure 2.1) (Branco-Price et al., 2008). 

Based on evaluation of their patterns of expression, conservation across plant species and 

overexpression phenotypes, a number of HUP gene products function in survival of low 

oxygen stress.  

The majority of HUPs in this study encode a protein lacking similarity to proteins 

that have been previously characterized at the molecular, biochemical or cellular 

component level (Table 2.2). The analysis identified orthologs of 13 of the targeted HUPs 

in rice and/or poplar that are upregulated in response to conditions with a low oxygen 

component (i.e. waterlogging, submergence, anoxia). This finding suggests that the 

functions of HUPs may be conserved across plant species with regard to low oxygen 

response. Particularly, HUP54 co-regulated with anaerobic genes was present and 
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induced in advanced plants (Arabidopsis, rice, poplar) and Chlamydomonas (Mustroph et 

al., 2010).  

 

2.5.2. General positive effects of HUP overexpression in seedling survival 

 

To understand the functional roles of HUPs, T-DNA and overexpression lines were 

developed and evaluated under prolonged low oxygen stress in this study. Altered 

expression of 13 of the HUPs affected seedling survival under low oxygen stress (Table 

2.1). More specifically, ectopic overexpression of HUP14, HUP17, HUP23, HUP29, 

HUP36, HUP37, HUP42, HUP44 and HUP54 improved seedling survival of oxygen 

deprivation. This supports that HUPs have biological function in the response low 

oxygen stress. Manipulation of their expression may provide adaptive responses that 

provide transient resilience to low oxygen stress, presumably by functioning in anaerobic 

metabolism or other processes relevant to low oxygen survival.  

Sucrose breakdown, ethanolic fermentation and non-cyclic TCA flux are the major 

alternations in central carbon metabolism under low oxygen condition. These pathways 

require increased production enzymes such as sucrose synthase, pyruvate decarboxylase, 

alcohol dehydrogenase, and alanine aminotransferase. HUP expression might be 

controlled by via the same pathways that control these known genes, based on co-

expression data. The regulation of these genes could be via direct oxygen sensing or 

indirect sensing of a change in carbohydrate availability. Their expression could 

contribute to survival of oxygen deprivation by contributing to the appropriate use of 
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carbohydrate reserves to maintain sufficient ATP production to without fully depleting 

carbohydrate reserves (Fukao and Bailey-Serres, 2004).  

Since plants accumulate starch in leaf chloroplasts during the day, which is 

converted to sucrose at night to fuel mitochondrial respiration (Smith and Stitt, 2007), 

seedlings have the maximum starch content at the end of light condition. Just as leaf 

starch is depleted during the night to maintain ATP homeostasis (Graf et al., 2010; Smith 

and Stitt, 2007), seedling carbohydrates (i.e. starch and sucrose) are consumed by 

anaerobic metabolism during low oxygen stress in Arabidopsis seedlings (Branco-Price et 

al., 2008; Porterfield et al., 1997). To target the response to low oxygen rather than 

carbohydrate starvation, the low oxygen stress treatments in these experiments were 

initiated at the end of the light cycle with plants cultivated in the presence of 1% (w/v) 

sucrose, since this addition limits premature death because of carbohydrate limitation 

(Banti et al., 2008; Loreti et al., 2005). 

Because of this experimental set-up it was not unexpected that most of the HUPs 

were co-regulated with the metabolic enzymes associated with anaerobic metabolism 

(HUP6, HUP9, HUP14, HUP29, HUP32, HUP36, HUP40, HUP42, HUP43, HUP44, 

HUP53, HUP54). However, a few HUPs (HUP17, HUP23, HUP26, HUP37, HUP41) 

were co-regulated with other cohorts of genes (Table 2.2). For example, HUP41 was co-

expressed with ABSCISIC ACID RESPONSIVE ELEMENT-BINDING FACTOR1 (ABF1) 

and Arabidopsis PSEUDO-RESPONSE REGULATOR5 (APRR5). Whereas ectopic 

expression of HUPs co-regulated with anaerobic response genes generally improved low 

oxygen survival, ectopic overexpression of HUP41 negatively influenced tolerance. This 
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result is an example that timing and location of expression are important for cell survival 

under the hypoxia stress. In contrast to hypoxia, abundance of HUP41 mRNAs is not 

upregulated by submergence, either in root and shoot tissues at the rosette stage, but 

highly induced by darkness in both tissues (Lee et al., 2011). HUP17 and HUP37 were 

also not co-regulated with anaerobic response genes. HUP17 containing CDC14 domain 

is co-regulated with multiple transcription factors including ERFs and WRKYs. HUP37 

is co-regulated with genes related to response to reactive oxygen species (ROS). 

Therefore, there is the possibility that HUPs are involved in common stress acclimation 

such as scavenging reactive oxygen species. 

An aspect of HUP expression that deserves additional attention includes 

consideration of their developmental or cell-type specific regulation. In seedlings grown 

on MS medium with 1% (w/v) sucrose, all of the 17 HUPs examined except for HUP37 

and HUP53 at higher levels, are expressed at low levels during hypoxia in all cell types 

and significantly upregulated by hypoxia in specific cell types (Figure 2.5). This suggests 

that expression of HUPs is controlled by unidentified upstream regulators, which are 

active during hypoxia. 

The next steps toward studying HUPs can include several of the following steps: (1) 

identification of interacting proteins by use of yeast-two-hybrid assays, and (2) co-

immunopurification followed by proteomics for identification of interacting proteins. The 

former was performed for HUP6 and HUP9 by John Cushman’s laboratory (University of 

Nevada, Reno), and the latter was accomplished for HUP6, HUP9, HUP14, HUP17, 

HUP26, HUP29 and HUP44 by Teruko Oosumi of the Bailey-Serres lab. Disappointingly, 
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it was found that overexpression of these proteins generally leads to interactions 

primarily with heat shock proteins (HUP6, HUP14, HUP29, HUP26, HUP44), which was 

possibly an artifact of overexpression, or no evidence of associated proteins (HUP9, 

HUP17) (Oosumi, T. and Bailey-Serres, J., unpublished). Other approaches that might be 

more successful in characterizing the function of HUPs would be to (1) identify the 

subcellular localization of these proteins by use of GFP-tagged versions of the proteins 

and (2) test the accumulation of the proteins under normoxia, hypoxia and a recovery 

period. This approach was taken for HUP14 (Chapter 4). Ultimately, a combination of 

single or multiple insertion mutants, in the case of HUPs that are not single genes and 

HUP transgenes driven by endogenous promoters may be necessary to provide more 

exact functionality in a plant cell. (3) Large scale analyses of gene expression and 

metabolic profile using HUP mutants could provide insights into possible roles of HUPs 

and their downstream pathways in low oxygen response. Alternatively, targeted 

experiment monitoring expression of selected hypoxia marker genes such as ADH1 and 

SUS4 in HUP mutants might be also interesting. In conclusion, further physiological, 

biochemical, genetic characterization of the mutants will be necessary to identify novel 

domains and unveil precise functions in signaling and response of the HUPs that 

comprise 50% core hypoxia responsive genes.  
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Table 2.1. Overview of the HYPOXIA-RESPONSIVE UNKNOWN PROTEIN (HUP) 

genes analyzed. Genetic material for selected HUPs included putative knock-out (KO) T-

DNA insertion alleles obtained from the SALK Signal Collection and overexpression 

lines (OE) generated at UC Riverside. Plants homozygous for the KO insertion were 

confirmed by PCR. Effects of T-DNA insertion on transcript in HUP KO mutants were 

determined (Mustroph et al., 2010). § Presence of partial transcript in HUP14 KOs was 

reported in Chapter 4. The p35S near-constitutive promoter was used to drive the 

overexpression line each HUP with the addition of a FLAG-His6 tag (FH) at the N- or C-

terminus, as indicated by the overexpression construct name. The accumulation of the 

FLAG-tagged HUP protein in each transgenic was determined by immnoprecipitation 

followed by Western blot detection as reported in Mustroph et al. (2010). IP+, an epitope-

tagged protein of the expected size accumulated; IP-, no epitope-tagged protein was 

detected after immunopurification. In some cases the amount of immunopurified protein 

was low (weak IP). The overexpression lines were established by Teruko Oosumi and 

Huijun Yang. The genotypes were screened for tolerance of low oxygen stress as reported 

in Figure 2.5. Lines were scored as sensitive or tolerant if the survival scores were 

statistically different from Col-0. Line 1 and Line 2 (KO1, KO2 or OE1, OE2) represent 

independent lines.  
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Gene 

name 
AGI locus 

No. 

SALK  
T-DNA 

insertion 

alleles 
(KO) 

No. 

OE 
lines  

SALK ID of 

KOs  
(Line 1/Line 2) 

Effect of 

insertion on 
transcript 

Overexpression 

construct 

Western data of 

immunoprecipitated FLAG-
tagged protein (OE1/OE2)    

Low oxygen response compared to Col-0 

KO  

(Line 1/Line 2) 

OE 

(Line 1/Line 2) 

HUP6 At3g27220 1 2 SALK_047199 
no transcript 

detected 
p35S:At3g27220FH weak IP+/weak IP+ sensitive sensitive/sensitive 

HUP9 At5g10040 0 2   p35S:HFAt5g10040 weak IP+/no detected protein NA tolerant/sensitive 

HUP14 At3g10040 2 2 
SALK_041486/ 
SALK_060275 

partial 

transcript § 
p35S:At3g10040FH IP+/IP+ 

no change/no 
change 

no change/tolerant 

HUP17 At1g05575 0 2   p35S:At1g05575FH weak IP+/no detected protein NA tolerant/no change 

HUP23 At2g36220 1 2 SALK_021907 
transcript 
reduced 

p35S:At2g36220FH weak IP+/weak IP+ no change tolerant/no change 

HUP26 At3g10020 2 2 
SALK_078717/ 

SALK_025645 

no transcript 

detected 
p35S:At3g10020FH IP+, 2 bands/IP+, 2 bands 

no change/no 

change 

no change/no 

change 

HUP29 At5g15120 0 2   p35S:At5g15120FH IP+, abundant/IP+, abundant NA tolerant/no change 

HUP32 At1g33055 0 2   p35S:At1g33055FH weak IP+/weak IP+ NA sensitive/no change 

HUP36 At1g19530 0 2   p35S:At1g19530FH IP+/IP+ NA no change/tolerant 

HUP37 At2g41730 0 2   p35S:At2g41730FH IP+/IP+ NA no change/tolerant 

HUP40 At4g24110 0 1   p35S:HFAt4g24110 weak IP+ NA no change 

HUP41 At4g33980 1 2 SALK_137155 
no transcript 

detected 
p35S:HFAt4g33980 weak IP+/weak IP+ no change sensitive/sensitive 

HUP42 At4g39675 0 1   p35S:At4g39675FH weak IP+ NA tolerant 

HUP43 At5g39890 0 2   p35S:At5g39890FH weak IP+/weak IP+ NA 
no change/no 

change 

HUP44 At5g66985 1 2 SALK_013188 NA p35S:HFAt5g66985 
IP+, multiple bands/IP+, 
multiple bands 

no change no change/tolerant 

HUP53 At3g27770 0 2   p35S:At3g27770FH 
no detected protein/no 

detected protein 
NA 

no change/no 

change 

HUP54 At4g27450 1 1 SALK_141285 NA p35S:At4g27450FH no detected protein no change tolerant 

6
1
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Table 2.2. Molecular characteristics of HYPOXIA-RESPONSIVE UNKNOWN  

PROTEIN (HUP) genes analyzed for an effect on low oxygen survival. Pfam family and 

domains for HUPs were identified using the full amino acid sequence and Pfam version 

26.0 from November 2011 (Punta et al., 2012) (http://pfam.sanger.ac.uk/).              

1
 Putative ortholog(s) identified but not induced by low oxygen (Mustroph et al., 2010).    

§
 Number of Arabidopsis genes with ≥35, ≥50 or ≥70% amino acid sequence identity 

from (Horan et al. 2008). 
#
 Co-expression network based on data of (Ma et al., 2007) and 

(Horan et al., 2008).  Anaerobic metabolism co-expressed genes include one or more the 

following: ADH1, PDC1, SUS1, SUS4 and HB1. Abbreviations for co-expressed genes: 

ABF1, Abscisic acid responsive-element binding factor 1; ACS2, 1-aminocyclopropane-1-

carboxylate synthase 2; APRR5, pseudo response regulator 5; ERF, ethylene responsive 

factor; ETR2, ethylene triple response 2; HSPs: heat shock proteins; KCO1, potassium 

channel 1; NAC, NAC-domain TF family; PP2C, protein phosphatase 2C; SnRK2, SNF1-

related protein kinases 2; T6PS, trehalose-6-phosphate synthase; WRKY, WRKY TF 

family; ZF, zinc finger protein. ROS, reactive oxygen species. 
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Gene name AGI locus 
Pfam 

family 
Pfam domain 

Horan et al., 

2008 
GO_SW_PF 

Ortholog(s) in plants Family members § 

Deduced 

Molecular 
weight (kDa) 

Co-expressed genes # 

HUP6 At3g27220 Kelch4 

Galactose 

oxidase, central 

domain 

NA rice, poplar 1_1_1 48.5 anaerobic metabolism 

HUP9 At5g10040 NA NA U_U_U none 2_1_1 9.8 anaerobic metabolism 

HUP14 At3g10040 
Myb_DNA-

bind_4 

Myb/SANT-like 

DNA-binding 

domain 

K_U_U rice, poplar 3_1_1 48.9 anaerobic metabolism 

HUP17 At1g05575 CDC14 

Cell division 
control protein 

14, SIN 

component 

U_U_U none 2_2_1 9.5 ERFs, WRKYs 

HUP23 At2g36220 NA NA U_U_U poplar1 2_2_1 29.0 PP2C, ERF4 

HUP26 At3g10020 NA NA U_U_U rice, poplar1 1_1_1 16.7 HSPs, SnRK2, T6PS 

HUP29 At5g15120 DUF1637 DUF1637 U_K_U rice, poplar 5_2_1 33.0 anaerobic metabolism 

HUP32 At1g33055 NA NA U_U_U rice, poplar 1_1_1 7.5 
anaerobic metabolism, 

ETR2, ZF 

HUP36 At1g19530 
PseudoU_synth_
2 

RNA 
pseudouridylate 

synthase 

U_U_U poplar 1_1_1 13.7 anaerobic metabolism 

HUP37 At2g41730 DUF3682 DUF3682 U_U_U poplar1 2_2_2 13.3 ACS2, NAC, ROS response 

HUP40 At4g24110 NA NA U_U_U rice, poplar1 1_1_1 28.6 anaerobic metabolism 

HUP41 At4g33980 NA NA U_U_U poplar1 1_1_1 24.6 PDC2, ABF1, APRR5, ZF 

HUP42 At4g39675 NA NA U_U_U none 1_1_1 8.2 anaerobic metabolism 

HUP43 At5g39890 DUF1637 DUF1637 U_K_U rice, poplar 19_7_1 30.8 anaerobic metabolism 

HUP44 At5g66985 NA NA U_U_U none 1_1_1 9.4 anaerobic metabolism 

HUP53 At3g27770 NA NA U_U_U rice1, poplar1 8_1_1 36.7 
anaerobic metabolism, 

KCO1 

HUP54 At4g27450 DUF3700 
Aluminum 
induced protein 

U_K_U rice, poplar 5_2_2 27.6 anaerobic metabolism 

 

6
3
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Figure 2.1. Steady-state and ribosome-associated mRNAs of HUPs following 2 h and 9 h 

hypoxia stresses and 1 h reoxygenation (Branco-Price et al., 2008). Analyses were 

performed on 7-d-old seedlings grown on MS agar medium containing 1% sucrose. The 

stress treatment was initiated at the end of the light period. Three biological replicate 

samples of total and polysomal mRNA populations were hybridized to ATH1 GeneChips. 

Abbreviation: NS, non-stress; HS, hypoxia stress, R, reoxygenation. Comparisons of total 

and polysomal (IP) mRNA levels are shown as SLR. 

6
3
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Figure 2.2. Accumulation of HUP mRNAs in different seedling organs, under different 

low oxygen conditions, and in mutant genotypes. Signal log2 ratios (SLR) are represented 

as yellow (upregulation) and blue (downregulation). (a) Root and shoot specific 

expression of Arabidopsis thaliana Col-0 ecotype at seedling and rosette developmental 

stage under low oxygen and submergence with control dark (see Chapter 3; Lee et al., 

2011). SLR values for the heatmap were obtained from Table S1 of Lee et al. (2011). All 

sample comparisons were performed between the stress treatment and its control. Sample 

abbreviation: Hypoxia, hypoxia vs. normoxia; Submergence, submergence vs. air dark; 

Dark, air dark vs. air light. (b) HUP expression in N-end rule pathway mutants (see 

Chapter 5; Gibbs et al., 2011). SLR values for the heatmap were obtained from Table S1 

of Gibbs et al. (2011). Each mutant sample of seedlings cultured under normoxia was 

compared to wild-type Col-0. Sample abbreviations: ate1ate2 Normoxia - ate1ate2 

normoxia vs. Col-0 normoxia; prt6 Normoxia - prt6 normoxia vs. Col-0 normoxia. (c) 

HUP expression in HA-RAP2.12 and HRA1 overexpression lines (see Chapter 4). Sample 

abbreviation: HA-RAP Normoxia - HA-RAP2.12 overexpression line vs. Col-0 in 

normoxia; Col-0 2 h Hypoxia - Col-0 2 h hypoxia vs. normoxia; HRA1 2 h Hypoxia - 

HRA1 overexpression line 2 h hypoxia vs. Col-0 2 h hypoxia; HRA1 2 h Normoxia - 

HRA1 overexpression line 2 h normoxia vs. Col-0 2 h normoxia. 
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Figure 2.3. Expression of poplar and rice orthologs of HUP genes in different tissue 

types and developmental stages under low oxygen stress. The heatmap was re-

constructed from data presented in Figure 5B of Mustroph et al. (2010) using Table S9 

(poplar, Kreuzwieser et al. (2009); germinating rice seed and seedling, Narsai et al. 

(2009); rice leaf tissue of M202 and M202(Sub1) genotypes, Mustroph et al. (2010); rice 

coleoptile, Lasanthi-Kudahettige et al. (2007)). The poplar data compares shoot and root 

mRNA for non-stressed and waterlogged (5, 24, 168 h) plants. For the rice leaf dataset, 

fold changes are shown by comparisons between non-stress and 4-d submergence of the 

M202 and M202(SUB1) genotypes. For the rice coleoptile dataset, etiolated 4-day-old 

seedlings of cultivar Nipponbare were subjected to anoxia for 4 d and compared to non-

stressed controls. For the geminating seed and seedlings dataset, rice cultivar cv. Amaroo 

were treated with anoxia for 1 h through 30 h (seeds) and 3 h and 6 h (seedlings), 

respectively, and compared to non-stressed controls. 
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Figure 2.4. Survival HUP overexpression lines of oxygen deprivation at the seedling 

stage. Seedling tolerance was compared with Col-0 seedlings grown on the same plate. 

Error bars represent SD (n = 3~4 plates with 10-15 seedlings per genotype). Oxygen 

deprivation was for 8 h for all genotypes except HUP14, which was for 9 h. Asterisks 

indicate significant differences in survival of mutant relative to Col-0 based on Student’s 

t test (* P < 0.1, ** P <0.05). 
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Figure 2.5. Phenotype data for transgenic Arabidopsis plants expressing low oxygen-

induced HUPs. Upper left, absolute expression of the respective HUP gene in different 

cell types of Arabidopsis WT obtained with the eFP server http://efp.ucr.edu (Mustroph et 

al., 2009; Mustroph and Bailey-Serres, 2010); Upper right, survival rate in comparison to 

Col-0 WT under 8 h (white bars; 9 h for HUP14 dataset) and 12 h (gray bars) of hypoxia; 

Lower half: pictures of transgenics after stress treatment and 3 days of re-aeration. Col-0 

WT is on the left side in each photograph, and the mutant on the right side. Asterisks 

indicate significant difference in survival of mutant relative to Col-0 based on Student’s t 

test (*, P ≤ 0.1; **, P ≤ 0.05). OE, overexpressing line; KO, knock-out line.  
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Chapter 3 

 

Molecular characterization of the submergence response of the 

Arabidopsis thaliana ecotype Columbia 

 

3.1. Abstract 

 

A detailed description of the molecular response of Arabidopsis thaliana to 

submergence can aid the identification of genes that are critical to flooding survival. 

Rosette-stage plants were fully submerged in complete darkness and shoot and root tissue 

was harvested separately after the O2 partial pressure of the petiole and root had 

stabilized at c. 6 and 0.1 kPa, respectively. As controls, plants were untreated or exposed 

to darkness. Following quantitative profiling of cellular mRNAs with the Affymetrix 

ATH1 platform, changes in the transcriptome in response to submergence, early darkness, 

and O2-deprivation were evaluated by fuzzy k-means clustering. This identified genes co-

regulated at the conditional, developmental or organ-specific level. Mutants for 10 

differentially expressed HYPOXIA-RESPONSIVE UNKNOWN PROTEIN (HUP) genes 

were screened for altered submergence tolerance. The analysis identified 34 genes that 

were ubiquitously co-regulated by submergence and O2 deprivation. The biological 

functions of these include signaling, transcription, and anaerobic energy metabolism. 

HUPs comprised 40% of the coregulated transcripts and mutants of seven of these genes 

were significantly altered in submergence tolerance. The results define transcriptomic 
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adjustments in response to submergence in the dark and demonstrate that the 

manipulation of HUPs can alter submergence tolerance. 

 

3.2. Introduction 

 

Waterlogging and submergence significantly reduce the diffusion of gases in and out 

of plant cells, resulting in reduced crop production and altered species distribution in 

natural environments. To cope with partial to complete submergence, plant species 

display various metabolic, anatomical and morphological adaptations such as ethanolic 

fermentation, aerenchyma development, adventitious root formation, and shoot 

elongation (Voesenek et al., 2006; Bailey-Serres and Voesenek, 2008; Colmer and 

Flowers, 2008; Colmer and Voesenek, 2009). Two opposing modes of response to 

flooding have been recognized in both crop and wild species: escape and quiescence 

(Bailey-Serres and Voesenek, 2008; 2010; Voesenek and Bailey-Serres, 2009). The 

escape strategy is characterized by accelerated elongation growth of aerial organs to 

allow photosynthetic tissue to rise above the water level. By contrast, quiescence during 

submergence is manifested by a conservation of energy reserves and restriction of 

underwater elongation growth. The former strategy is effective in prolonged shallow 

floods whereas the latter facilitates survival of short-term deep-flooding events. 

Evaluation of genetic variation in responses to complete submergence in rice (Oryza 

sativa) has demonstrated that submergence-induced entrapment of ethylene regulates the 

opposing survival strategies through ethylene responsive (ERF) transcription factors (TFs) 
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in the group VII subfamily. In deepwater rice the SNORKEL ERFs (SK1/SK2), retained 

from wild relatives following domestication, mediate gibberillin (GA)-promoted 

underwater elongation of internodes (Hattori et al., 2009). Contrastingly, accessions that 

tolerate up to 2 wk of submergence have acquired the SUB1A ERF at a locus that also 

encodes two related proteins (SUB1B and SUB1C) (Xu et al., 2006; Fukao et al., 2009). 

The ethylene-mediated submergence-induced expression of SUB1A dramatically limits 

the GA-mediated carbohydrate consumption that fuels underwater elongation (Fukao et 

al., 2006; Fukao and Bailey-Serres, 2008). A comparative transcriptomic analysis of near-

isogenic lines differing in the presence or absence of SUB1A emphasized that 

submergence tolerance is associated with altered orchestration of gene transcripts 

involved in numerous metabolic, cellular and developmental processes (Jung et al., 2010). 

In addition to ethylene entrapment, an important consequence of submergence is the 

reduction in the availability of O2 for ATP production via mitochondrial oxidative 

phosphorylation. Differential gene regulation in response to O2 deprivation has been 

studied extensively in Arabidopsis thaliana (Klok et al., 2002; Branco-Price et al., 2005, 

2008; Liu et al., 2005; Loreti et al., 2005; van Dongen et al., 2009; Mustroph et al., 2009), 

but also in rice (Lasanthi-Kudahettige et al., 2007; Narsai et al., 2009). Other 

highthroughput mRNA profiling studies evaluated the effects of soil waterlogging in grey 

poplar (Populus x canescens) and cotton (Gossypium hirsutum) (Kreuzwieser et al., 2009; 

Christianson et al., 2010a). All of these studies recognized differential regulation of gene 

transcripts associated with anaerobic metabolism. A multi-species comparison of 

transcriptome modulation by stresses with a low-O2 component (anoxia, hypoxia, 
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waterlogging and submergence) further identified similarly regulated orthologous genes 

associated with sucrose catabolism, glycolysis, ethanolic fermentation, trehalose 

metabolism, regulation of reactive oxygen species and heat stress responses (Mustroph et 

al., 2010). As in submerged rice, group VII ERFs were induced by O2 deprivation in 

Arabidopsis (HRE1 (At1g72360), HRE2 (At2g47520)) and by waterlogging of poplar 

(POPTR_0005s21690.1) and cotton (TC182772, TC183590) (Christianson et al., 2010a; 

Mustroph et al., 2010). Subsequent evaluation of mutants of Arabidopsis HRE1, HRE2 

and the related ethylene and dark-induced ERF RAP2.2 (At3g14230) confirmed that these 

TFs contribute to the regulation of anaerobic metabolism and low-O2 survival in 

seedlings (Hinz et al., 2010; Licausi et al., 2010). Collectively, these studies demonstrate 

an overlap in gene regulation in response to submergence and O2 deprivation. However, 

none of these reports couple measurement of in planta O2 levels with gene analyses. 

The objective of this study was to characterize the alterations in gene expression that 

occur in response to submergence in pre-bolting Arabidopsis. Towards this goal we 

monitored O2 dynamics at a site in the root and shoot in response to submergence. This 

was followed by the characterization of the transcriptomic adjustments in response to 

submergence in the two organ systems. We also utilized mutants to investigate the 

importance of several HYPOXIARESPONSIVE UNKNOWN PROTEIN (HUP) genes in 

the survival of submergence. 
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3.3. Materials and Methods 

 

3.3.1. Genetic material 

 

Arabidopsis thaliana (L.) Heynh. genotypes used in this study included Col-0, 

confirmed homozygous T-DNA insertion mutants from the Salk SIGNAL collection 

(SALK_047199, designated hup6-1; SALK_062834, designated hup17-1; SALK_078717, 

designated hup26-1; SALK_025645, designated hup26-2; SALK_108381, designated 

hup29-1; SALK_137155, designated hup41-1; SALK_013188, designated hup44-1; 

SALK_039100, designated hup53-1) (Alonso et al., 2003), and transgenic Col-0 

homozygotes expressing His6-FLAG tagged hypoxia responsive unknown proteins 

(HUPs) under the control of the CaMV 35S promoter (Mustroph et al., 2010). 

 

3.3.2. Plant growth and stress treatments 

 

Seeds were sown in pots containing soil and perlite in a 1 : 2 volume mixture 

supplemented with 0.14 mg MgOCaO (17%; Vitasol BV, Stolwijk, the Netherlands) and 

0.14 mg Osmocote (Scotts Europe, Heerlen, the Netherlands) per pot. The seeds were 

cold treated at 4 °C in the dark for 4 d and then grown for 8 d in a chamber at 20 °C, 70% 

(v/v) relative humidity, with a 9 h photoperiod (200 μmol m
-2

 s
-1

 photosynthetic active 

radiation). Individual seedlings were transplanted to a pot with the soil covered with a 
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thin mesh fabric and fertilized with a nutrient solution (Millenaar et al., 2005). Pots were 

watered from the bottom every day at the beginning of the photoperiod. 

For treatments, plants of uniform size at ten-leaf rosette stage were selected. Two 

hour into the photoperiod, the potted plants were completely submerged in water-filled 

tanks pre-equilibrated for 1 d at 20 °C in complete darkness. Control plants were 

maintained in the growth chamber (light control, watered every day) or in the dark in the 

chamber used for submergence treatments (dark control, watered every other day). These 

experiments were performed with the dark submergence screens of Vashisht et al. (2010), 

except that propagation and recovery was in a different growth room. 

To determine survival, 10 plants per genotype were removed from the treatment 

condition, photographed, and after a recovery period of 9 d, those with at least one green 

and viable leaf were scored as alive. The median lethal time (LT50), standard error (SE) 

and the 95% confidence interval for the LT50 of each line were calculated exactly as 

described by Vashisht et al. (2010). For measurement of petiole growth, the 5th or 6th 

leaf was marked and the petiole measured with digital calipers immediately before and 

after 3 d of treatment. The evaluation of submergence tolerance of each genotype was 

performed once, with Col-0 included as an internal control for each set of five to 10 

genotypes. Tissue was harvested from dark and submergence treated plants in the dark 

using a green safelight. Within 2 min of desubmergence, the soil was removed from the 

roots by immersion in water, root and rosette tissue was separated by cutting the 2 mm 

below the bulge at the base of the hypocotyl, and flash frozen. 
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3.3.3. In planta O2 measurements 

 

O2 partial pressure (kPa) was measured within the primary root and petiole of potted 

plants at ten-leaf rosette stage and in the soil and surrounding water by use of O2 

microelectrodes (Mommer et al., 2004). A micromanipulator (MM33; Märzhauser, 

Effeltrich, Germany) was used to insert the first electrode (OX10; Unisense A/S, Å rhus, 

Denmark; Revsbech, 1989) c. 150-175 μm, into the cortex of the primary root and a 

second microelectrode (OX25; Unisense A/S) c. 175-200 μm into the petiole, just below 

the petiole-blade junction of the youngest fully expanded leaf (Mommer et al., 2007). The 

electrodes were connected to a pico Amp meter (PA2000; Unisense A/S) with an A/D 

converter (ADC16; Pico Technology, Cambridgeshire, UK). For the O2 measurements, 

plants were held in darkness, until the 3 l tank was gently filled with tap water that had 

been equilibrated overnight at 20 °C. After 14 h of submergence in darkness, plants were 

illuminated with a photon flux of 200 μmol m
-2

 s
-1

 by use of a fiber lamp (CLV-180; 

Shinjuku, Olympus, Japan) for 2 h. Illumination was shut off for 2 h and then the plants 

were de-submerged. Additional O2 microelectrodes (OX500; Unisense A/S) were used to 

measure O2 partial pressure in the soil and floodwater close to the submerged plants. 

 

3.3.4. RNA isolation and microarray hybridizations 

 

Total RNA was extracted from frozen pulverized tissue using the RNeasy Plant Mini 

Kit (Qiagen) and quantified by detection of A260 with NanoDrop ND-1000 UV-Vis 
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spectrophotometer (Nanodrop Technology, Wilmington, DE, USA). The quality of the 

RNA was evaluated using the Agilent 2100 Bioanalyzer with the RNA 6000 Nano 

reagent kit. Biotin-labeled cRNA was synthesized from 500 ng total RNA with the 

Affymetrix 3’ IVT Express Labeling kit (Santa Clara, CA, USA), hybridized against 

Arabidopsis ATH1 Genome Array (Affymetrix) at 45°C for 16 h, on a rotating platform, 

using 12 μg of biotin-labeled cRNA at the Core Facility of the Institute for Integrated 

Genome Biology, University of California, Riverside (CA, USA). 

 

3.3.5. Transcriptome analyses 

 

CEL files from the microarrays were processed using the R program and 

Bioconductor package (Gentleman et al., 2004). The CEL files for 2 h control and 

hypoxia treated seedlings (root and shoot samples) were obtained from the Gene 

Expression Omnibus (GEO) with the accession number GSE14578 (Mustroph et al., 

2009). To estimate the abundance of each expressed mRNA in each of two biological 

replicate samples, the present call of the nonparametric Wilcoxon signed rank test (PMA 

values, Liu et al., 2002) was computed with the ‘affy’ package (Gautier et al., 2004), and 

the Robust Multi-chip Average (RMA) normalization was applied (Irizarry et al., 2003). 

Signal log2 ratio (SLR) and false discovery rate (FDR) were calculated using the LIMMA 

package (Smyth, 2004). Differentially expressed genes (DEGs) were those with a SLR ≥ 

|1| and FDR adj. P-value < 0.01. Genes were removed from the dataset if they encoded 

mitochondrial or plastid transcripts, or if they were not called as marginal or present by 
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MAS5 in any sample pair (P in at least one replicate (50%) of one sample type, organ, 

and stress treatment). The degree of correlation between transcriptomes of biological 

replicate samples was generated from the RMA normalized signal values. All r
2
 values 

were ≥ 0.96 (data not shown). 

The CEL files for the 4 h exposure of seedling roots (Stepanova et al., 2007) and 24 

h exposure of mature rosette leaves (Qiao et al., 2009) to 10 ppm ethylene were from 

GEO GSE7432 and GSE14247 and processed in an identical manner as the other datasets. 

The ATH1 microarray Gene Expression Omnibus (GEO) GPL198 platform was used. 

The microarray experiments reported here are described following MIAME guidelines 

and deposited in GEO under the accession number GSE24077. 

 

3.3.6. Identification of co-expressed genes by clustering and gene ontology analyses 

 

Data were analyzed by fuzzy k-means clustering with the FANNY function from the 

cluster package in R. Signal log2 ratios (SLR) of RMA-normalized data were used for 

clustering. DEGs (SLR ≥ |1| and adj. P-value < 0.01) were selected for each treatment 

and organ (seedling 2 h hypoxia/control; root or shoot 7 h submergence/dark control; root 

or shoot 24 h submergence/dark control; root or shoot 7 h dark control/light control). This 

filtering retained 7949 DEGs of the total 19 331 ‘Present’ call genes. The settings for the 

FANNY algorithm were the following: distance measure = Euclidean, number of clusters 

= 25, membership exponent = 1.1, maximal number of iterations = 5000) (Mustroph et al., 

2009). The median expression value of each cluster was calculated as described 
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previously (Mustroph et al., 2009). The resulting gene-to-cluster assignments and median 

cluster SLR values are given in Supplementary Table 3.1, Dataset 1 and were visualized 

with the TIGR MEV program. The specific gene lists obtained by fuzzy k-mean 

clustering were evaluated for enrichment of specific gene functions (Gene Ontology, GO) 

as described previously (Horan et al., 2008) using Arabidopsis gene-to-GO mappings 

from TAIR (http://geneontology.org; downloaded 13 July 2010). Members of 

transcription factor families were obtained from PlnTFDB annotation (Pérez-Rodríguez 

et al., 2010). 

 

3.4. Results 

 

3.4.1. O2 content declines more dramatically in the root than the petiole of 

submerged Arabidopsis plants 

 

Previous evaluations of transcriptomic adjustments to O2 deprivation or 

submergence lack measurement of endogenous O2 levels. Therefore, our first objective 

was to monitor the real-time dynamics in O2 depletion within the root and aerial tissue 

following submergence. Arabidopsis plants were grown in soil in growth chambers to the 

10-leaf rosette stage and submerged in water in complete darkness. By use of an O2 

microelectrode system developed for in planta measurements (Mommer et al., 2004, 

2007), we recorded a submergence-induced decline in O2 partial pressure in the primary 

root from 5 kPa to trace amounts (< 0.1 kPa) within 2 h (Figure 3.1). O2 availability 
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within the leaf petiole was significantly higher than in the root before submergence and 

declined from 16.5 kPa to 6.0 to 7.4 kPa in the first 3 h of submergence. Re-illumination 

of submerged plants restored O2 partial pressure in the shoot to 16.5 kPa within minutes, 

presumably as a consequence of photosynthesis. Despite a continual decline in the soil O2 

content, re-illumination also stimulated a slight increase in root O2 to 0.5 kPa. The system 

was highly dynamic as the newly produced O2 in the shoot was rapidly consumed to even 

lower levels when plants were shifted back to darkness. As expected, the depletion in O2 

in both organ systems was rapidly reversed upon desubmergence. 

 

3.4.2. Submergence and darkness promote organ-specific adjustments in the 

transcriptome 

 

To characterize the molecular response of the roots and rosettes of submerged plants, 

we compared the transcriptomes of these organ systems shortly after O2 levels stabilized 

(7 h) and after a more prolonged but sub-lethal stress (24 h) (Figure 3.2a). As controls, 

we monitored the transcriptome following the transfer to early darkness in air for 7 h and 

24 h (dark), and just before the start of the treatments under normal growth conditions 

(light). The subjection to darkness began 2 h after the photoperiod commenced (ZT2), to 

avoid the influence of circadian control.  

From the biologically reproducible microarray data we selected the 19 331 probe 

pair sets (representing independent genes or paralogs) with signal intensity above the 

background threshold in at least one experimental condition. SLR comparisons were 
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made to identify differentially expressed genes in the root or shoot in response to 

darkness or submergence in darkness (DEGs, probe pair sets with a SLR ≥ |1|, adj. P-

value < 0.01) (Supplementary Table 3.1; Dataset 1). Venn diagrams were constructed to 

obtain an overview of the DEGs (Figure 3.2b-e). We found that the unanticipated shift to 

darkness reconfigured the transcriptome to a greater extent than submergence. For 

example, 7 h of darkness significantly increased 1732 root mRNAs, whereas the same 

duration of submergence significantly increased 134 root mRNAs, as compared to the 

dark transcriptome. We also found that even though the submergence treatment was 

performed in darkness, the responsive mRNAs only partially overlapped with the dark-

regulated transcripts (e.g. 110 of 365 mRNAs induced by 7 h of submergence in the shoot 

were upregulated in response to the same duration of darkness). The extension of the dark 

period to 24 h did not increase the overlap in DEGs of submergence and darkness. 

Instead, it resulted in up- or down-regulation of an additional 4167 mRNAs that were not 

submergence regulated. Because our focus was on molecular responses to submergence, 

we included the 7 h darkness DEGs and excluded the 24 h darkness DEGs in our 

subsequent analyses (Supplementary Table 3.1). Together these data demonstrate that the 

transcriptome of the root and shoot are distinctively reconfigured by submergence and 

darkness. 
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3.4.3. Submergence and hypoxia promote overlapping adjustments in the 

transcriptome 

 

Previously we profiled the root and shoot transcriptomes of O2-deprived seedlings 

(Mustroph et al., 2009), using a system that imposes a c. 1.5 h transition from normoxia 

(20.9% O2) to anoxia (0.01% O2) (Branco-Price et al., 2008). To compare the 

transcriptomic adjustments to hypoxia and submergence, we uniformly processed the 

rosette-stage submergence-response and seedling hypoxiaresponse data to select DEGs. 

Using a Venn diagram, we identified a core set of 34 induced DEGs in the root and 37 

DEGs in the shoot at the two developmental stages and after short-term treatments 

(Figure 3.2f; Supplementary Table 3.1, Dataset 1). Submergence modulated considerably 

more mRNAs in aerial tissue than in the root system, whereas the greatest number of 

DEGs was observed in the hypoxic root. This initial examination demonstrates that 

submergence induces mRNAs that are also upregulated by O2 deprivation. 

 

3.4.4. Identification of genes co-regulated by single and multiple stresses 

 

Fuzzy k-means clustering was used to identify co-regulated genes (clusters) from the 

7949 DEGs identified from the submergence, darkness and O2 deprivation transcriptomes. 

Figure 3.3 a shows the median expression values of the 25 clusters that resolved the 

DEGs into groups of 34 to 687 co-regulated mRNAs. The gene ontogeny (GO) of cluster 

members was assessed to determine if genes associated with a specific biological process, 
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molecular function or cellular compartment were significantly enriched in each co-

regulated cohort (Supplementary Table 3.1). 

Clustering identified a core of highly induced anaerobic response genes in all 

hypoxia and submergence samples (Cluster 1, 34 genes; Figure 3.3 b). These were 

significantly enriched for response to low O2 (adj. P-value 2.48 E-12), including 

anaerobic respiration (4.00 E-09). In addition to genes associated with fermentative 

metabolism such as ALCOHOL DEHYDROGENASE1 (ADH1, At1g77120), PYRUVATE 

DECARBOXYLASE1 (PDC1, At4g33070) and PDC2 (At5g54960), Cluster 1 genes 

included SUCROSE SYNTHASE (SUS1, At5g20830; SUS4, At3g43190), ASPARTATE 

AMINOTRANSFERASE 2 (ASP2, At5g19550), a lactate transporter (NOD26-LIKE 

INTRINSIC PROTEIN 2 (NIP2,1)/NIP2-like (At2g34390/At2g29870)), regulators of 

ethylene biosynthesis and perception (1-AMINOCYCLOPROPANE-1-CARBOXYLATE 

OXIDASE1, ACO1 (At2g19590); ETHYLENE RESPONSE RECEPTOR 2, ETR2 

(At3g23150)), a non-symbiotic hemoglobin that enhances ATP homeostasis under 

anaerobiosis (ARABIDOPSIS HEMOGLOBIN1, AHB1 (At2g16060)), a putative calcium-

binding protein (CML38 (At1g76650)), and 19 uncharacterized proteins. TF genes in 

Cluster 1 included the previously characterized ERFs (HRE1 (At1g72360), HRE2 

(At2g47520)), LOB DOMAIN CONTAINING PROTEIN 41 (LBD41, At3g02550) and an 

uncharacterized putative trihelix domain TF (At3g10040). Cluster 1 genes generally 

displayed a stronger induction in roots than shoots and few were upregulated by early 

darkness. Another cohort of genes was strongly upregulated in hypoxic seedlings and 

slightly upregulated by submergence (Cluster 2, 283 genes). These were enriched for 
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responses to stimuli (1.62 E-19) and NAD(P)H oxidase activity (6.30 E-04) and included 

additional anaerobic response genes associated with glycolysis, alanine and GABA 

production (hexokinase 2 (At2g19860), fructose-bisphosphate aldolase (At2g36460), 

phosphoglycerate mutase (At2g17280), phosphofructokinase (At4g26270, At4g32840), 

pyruvate kinase (At3g52990), phosphenolpyruvate carboxylase kinase 2 (At3g04530), 

alanine aminotransferases (At1g17290, At1g72330)), and two members of the respiratory 

burst oxidase gene family (RBOHB (At1g09090), RBOHD (At5g47910)). Cluster 2 also 

included 57 TFs and several kinases associated with energy sensing (CIPK25 

(At5g25110), CIPK9 (At1g01140), SNRK2-5 (At5g63650)). 

Clustering also resolved gene cohorts that were primarily responsive to submergence 

in aerial tissue (Cluster 6, 244 genes; Cluster 7, 154 genes). Cluster 6 was induced by 

submergence, independent of darkness, whereas Cluster 7 genes were induced by 

darkness and to a further extent by submergence. With rare exceptions, O2 deprivation did 

not alter the accumulation of Cluster 6 and 7 mRNAs. We considered the possibility that 

these genes may be upregulated by submergence in response to ethylene accumulation. 

The comparison of the 7,949 DEGs to those enhanced in mature rosette leaves by 

treatment with 10 ppm of ethylene for 24 h (Qiao et al., 2009) confirmed that > 80% of 

the genes of Cluster 7 were also differentially expressed in response to ethylene 

(Supplementary Table 3.1). Interestingly, Clusters 6 and 7 were enriched in genes 

associated with responses to stress (Cluster 6, 1.22 E-09) and fungi (Cluster 7, 2.41 E-09). 

The up-regulation of LIPOXYGENASE 1 (LOX1, At1g55020), RECOGNITION OF 

PERONOSPORA PARASITICA 13 (RPP13, At3g46530), MILDEW RESISTANCE 
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LOCUS O 12 (MLO12, At2g39200), and a FLG22-induced receptor like kinase 

(At2g19190) suggests that the submergence treatment included exposure to biotic stress. 

The exposure of the submerged plants to pathogens was most likely due to the inevitable 

release of soil pathogens into the clean water used for submergence. This induction of 

genes associated with pathogen defense in submerged tissues indicates that low O2 and 

pathogen response signaling pathways can be simultaneously active. 

The shift to darkness significantly affected the abundance of > 7000 mRNAs, only a 

small proportion of which were also differentially expressed in response to submergence 

(i.e. Cluster 9, 100 genes). These genes were highly induced by early darkness and 

generally also modestly induced in the hypoxic root and submerged shoot. This cluster 

was significantly enriched in genes associated with amino acid catabolism (7.57 E-12) 

and response to fructose (6.93 E-05). Other dark-induced and submergence-regulated loci 

were associated with dark-induced starvation (e.g. DIN1-4, DIN6, DIN10, DIN11; Cluster 

9). Contrastingly, the dark induced mRNAs of Clusters 12 and 13 were upregulated by 

low O2 in seedlings rather than submergence. About 25% of these co-upregulated 

mRNAs encoded TFs (97 genes). A large proportion of the dark-induced Clusters 9, 12, 

13 and 15 were also significantly upregulated in response to ethylene treatment 

(Supplementary Table 3.1), indicating that ethylene plays a key role in observed 

reconfiguration of the transcriptome. 

The clustering analysis further resolved many dark-induced (Clusters 14-17, 1869 

genes) and dark-reduced genes (Clusters 18-25, 2950 genes). The resolution of dark-

reduced root-specific clusters enriched with mRNAs associated with energy demanding 
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biosynthetic processes was anticipated because of the energy deficit associated with 

darkness (Baena-González, 2010) (e.g. cell growth (Cluster 18, 1.39 E-05)), small 

molecule biosynthetic process (Cluster 19, 7.77 E-13) and ribosome biogenesis (Cluster 

20, 9.37 E-06). Despite great care in harvesting roots below the root : shoot junction, we 

observed significant dark-induced and root-specific increases in mRNAs associated with 

chloroplast (1.31 E-56) and photosynthetic processes (3.53 E-19) (Cluster 17). Finally, 

mRNAs in Clusters 14–24 were largely unchanged by O2 deprivation or submergence, 

however a large proportion of these mRNAs were significantly repressed at the level of 

translation in response to hypoxia (Branco-Price et al., 2008). 

 

3.4.5. Differential regulation of genes essential to carbon metabolism 

 

A holistic evaluation of the DEGs encoding enzymes involved in central carbon and 

nitrogen metabolism exposed several trends associated with the adjustment of these 

mRNAs by submergence, O2 deprivation and early darkness (Figure 3.4). First, gene 

family members showed variations in the stress and organ-specific regulation. For 

example, SUS1 and SUS4 were co-induced in the root and shoot in response to hypoxia 

and submergence. By contrast, PDC1 was induced in all submergence and low O2 

samples, whereas PDC2, PDC3 and PDC4 mRNAs displayed condition and organs 

specific regulation. Second, there was differential regulation of metabolic enzyme genes 

by submergence and low O2 vs darkness. For example, darkness upregulated mRNAs 

encoding amylases, beta-fructosidases, glycolytic enzymes, and pyruvate dehydrogenase 

(PDH). Third, all three treatments modulated mRNAs encoding trehalose-6-phosphate 
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phosphatases and trehalose phosphate synthases. Overall this analysis revealed 

considerable distinction in condition- and organ-specific gene regulation although all 

three stresses promote catabolism of carbohydrate reserves. 

 

3.4.6. Differential regulation of genes associated with cell expansion 

 

In some plant species, submergence promotes a response similar to shade avoidance, 

including hyponastic growth of leaves as well as the elongation growth of stems and 

petioles, aiding their escape from submergence (Bailey-Serres and Voesenek, 2008). We 

found that darkness and submergence in darkness promoted leaf hyponasty (Figure 3.5a), 

however, the rate of leaf petiole elongation was lower during submergence (0.38 ± 0.05 

mm d
-1

) than in darkness (0.55 ± 0.09 mm d
-1

). To limit the energetic costs associated 

with cell wall formation, these growth responses are mediated through a reduction of cell 

wall rigidity followed by unidirectional expansion of selected epidermal cells, rather than 

by cell division (Cosgrove, 2005). Mechanistically, the interactions between the cellulose 

and hemicellulose (xyloglucan) polymers of the cell wall are modified by the activities of 

the cell wall proteins, expansins (Kende et al., 2004) and xyloglucan 

endotransglycosylases ⁄ hydrolases (XTHs) (Rose et al., 2002) to increase the 

extensibility of the cell wall. The transcriptome data revealed that EXPANSIN (EXP) 

mRNAs were downregulated by submergence and to an even greater extent by darkness 

(Figure 3.5b). On the other hand, many XTH mRNAs were elevated by submergence 

including XTH23/XTR6 (At4g25810), which was upregulated by both submergence and 
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O2 deprivation. Overall, EXP and XTH gene family members displayed considerable 

organ-specific regulation in response to submergence, with limited correspondence to the 

regulation by O2 deprivation or darkness. 

 

3.4.7. Differential regulation of genes encoding transcription factors 

 

Group VII ERF TFs reportedly modulate anaerobic metabolism in O2-deprived 

Arabidopsis (Hinz et al., 2010; Licausi et al., 2010). Consistently, ERFs were highly 

upregulated by submergence (Figure 3.6a). These included the group VII ERFs, HRE1, 

HRE2 and RAP2.2, which were regulated at the temporal and organ-specific level by 

submergence (Figure 3.6b). RAP2.2 mRNA was induced by submergence and darkness, 

but not by hypoxia, in agreement with the report of its induction by ethylene and darkness 

in seedlings (Hinz et al., 2010). Remarkably, TFs accounted for nearly 10% of the 7,949 

DEGs analyzed in this study (Supplementary Table 3.1, Dataset 1). These included TFs 

induced by hypoxia in seedlings (Cluster 2, 54 TFs), by submergence in the root (Cluster 

5, 5 TFs), by submergence in the shoot (Cluster 6, 24 TFs), by low O2 and darkness 

(Clusters 12–15, 17, 37 TFs), and by submergence or darkness (Cluster 7, 15 TFs). The 

effect of darkness on some TF mRNAs was over-ridden by submergence, resulting in 

upregulation (Cluster 6, 24 TFs) or downregulation (Cluster 11, 28 TFs). Submergence 

and/or O2 deprivation affected accumulation of mRNAs encoding multiple members of 

the ERF ⁄AP2-EREBP (21), WRKY (12), MYB (8), NAC (7) and C2H2 (6) families 

(Figure 3.6a and b). Notably, a number of the submergence-induced MYBs displayed 

organ-specificity, as seen for hypoxia-induced MYBs (Mustroph et al., 2009). Together, 
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these data illustrate extensive spatial and temporal complexity of TF mRNA regulation 

by submergence. 

 

3.4.8. Hypoxia-induced proteins of unknown function contribute to submergence 

survival 

 

We reported previously that HYPOXIA-RESPONSIVE UNKNOWN PROTEIN (HUP) 

genes contribute to seedling survival of O2 deprivation (Mustroph et al., 2010). To 

consider whether these proteins generally lacking known structural or functional motifs 

may also influence submergence tolerance, we selected 10 HUPs that varied in regulation 

in Arabidopsis and conservation across plant species (Table 3.1; Figure 3.7a). Using a 

collection of homozygous lines, either expressing a HUP cDNA under the control of the 

CaMV 35S promoter or carrying a T-DNA insertion into a HUP gene, we monitored 

petiole elongation and the median lethal time (LT50) under submergence (Table 3.1; 

Figure 3.8a and b). The LT50 of each mutant was measured relative to the Col-0 ecotype 

(7.08 d ± 0.12 SE) and ranged from 5.66 ± 0.41 to 8.51 ± 0.35 d. We also found that 

petiole elongation during the first 3 d of submergence was inversely correlated with LT50 

for the genotype collection (r
2
 = 0.23; P < 0.05), except for the highly tolerant HUP44 

OE1 mutant which also showed enhanced petiole elongation (Table 3.1; Figure 3.7b). 

Overexpression of one other HUP (HUP53) and two insertion mutants (hup41-1, hup53-1) 

also displayed enhanced submergence survival, whereas five HUP overexpression 

mutants had reduced survival (HUP6, HUP17, HUP29, HUP35, HUP41). Consistently, 
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overexpression of HUP44 raised and HUP41 lowered seedling sensitivity to O2 

deprivation (Mustroph et al., 2010). Both HUP17 and HUP41 overexpression accelerated 

senescence in prolonged darkness (Figure 3.8a), suggesting that these gene products 

promote mobilization of carbohydrates and/or activate autophagy. Of the eight T-DNA 

insertion mutants evaluated only two showed a clear difference in survival relative to 

Col-0, possibly because of incomplete gene disruption or functional redundancy. Taken 

together, these studies demonstrate that manipulation of HUPs can impact submergence 

tolerance. 

 

3.5. Discussion 

 

Submergence imposes a complex stress by restriction of gas diffusion, limiting 

cellular access to O2 and CO2 and increasing levels of ethylene. Here we report on 

dynamics in the transcriptome of the shoot and root organ systems of Arabidopsis 

thaliana ecotype Col-0 coupled with real-time monitoring of O2 partial pressure at a 

representative shoot and root location. We confirmed that both the partially hypoxic 

shoot and more severely hypoxic root system induce mRNAs associated with anaerobic 

metabolism and that ectopic overexpression of several hypoxia-responsive genes 

encoding proteins of unknown function can alter endurance of submergence. 

The real-time in planta monitoring of O2 partial pressure demonstrated distinctions 

in O2 availability in the shoot and root system of plants grown in air or submerged in 

darkness. When plants were illuminated, the leaf petiole O2 partial pressure was close to 
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30 kPa (Vashisht et al., 2010) and declined to c. 16.5 kPa in darkness. Complete 

submergence caused a further depletion of petiole O2 to c. 6.5 kPa within 2 h that was 

maintained for at least 12 h (Figure 3.1). Because the O2 partial pressure in the 

floodwater was c. 15 kPa throughout the experiment (data not shown), the stabilization in 

petiole O2 content during submergence is likely to reflect a balance between influx and 

consumption that maintains rosette tissue in a partially hypoxic state. By contrast, the O2 

partial pressure in the root, measured just below the root-shoot junction, fell from 5 kPa 

to < 0.1 kPa after 1 h of submergence. This decline was more precipitous than that of the 

soil, indicating that O2 consumption led to an organ-level state of O2 deficiency that was 

maintained for at least 12 h. Notably, the O2 status of both organs was rapidly improved 

upon illumination or desubmergence. In addition to confirming a significant difference in 

O2 availability in the submerged root and shoot, these data indicate that O2 produced by 

photosynthesis or entering through stomata is rapidly transported to the root of 

Arabidopsis, presumably through gas space diffusion (see also Vashisht et al., 2010). The 

distinction in organ O2 partial pressure in the presence vs absence of light further 

emphasizes the integration of environmental conditions and cellular activities on oxygen 

status. 
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3.5.1. Submergence-induced transcriptomic adjustments poise cells for anaerobic 

metabolism 

 

The reconfiguration of the transcriptome in the partially hypoxic shoot and the 

severely hypoxic root of submerged plants included the hallmark elevation of gene 

transcripts associated with anaerobic metabolism (i.e. Cluster 1 genes SUS, PDC, ADH1; 

Figure 3.3b) that are induced across plant species in response to O2 deprivation, soil 

flooding and submergence (Christianson et al., 2010b; Mustroph et al., 2010). Here, the 

confirmation of significant elevation of anaerobic response mRNAs in the partially 

hypoxic aerial tissue raises important questions. Is the induction of these mRNAs limited 

to the subset of cells within the rosette that are severely O2 depleted? Does the induction 

of these mRNAs in partially O2-depleted cells enable the accumulation of key enzymes 

before a cellular state that necessitates anaerobic metabolism? 

In the first scenario, heterogeneity in O2 partial pressure of cells of the rosette is 

responsible for elevation of anaerobic response mRNAs. For example, cells of the 

vasculature may have lower O2 levels because of the distance required for diffusion; 

actively dividing and elongating cells may become more rapidly O2 deficient because of 

pronounced biosynthetic activities. Consistent with this, evaluation of mRNAs in specific 

cell-types and regions of aerated Arabidopsis seedlings identified higher levels of ADH1 

and other hypoxia-induced mRNAs in the root phloem companion cells and in the root 

apex (Mustroph et al., 2009). Thus, distinctions in availability in O2 and other metabolites 

may confer heterogeneity between transcriptomes of cells within an organ system. 
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In the second scenario, increases in enzymes associated with anaerobic metabolism 

precede the need to invoke the less energy-efficient mode of ATP production. In support 

of this, numerous studies have reported significant elevation of mRNAs encoding ADH 

and other enzymes associated with production of ethanol, lactate or alanine under 

modestly hypoxic conditions. For example, embryo-derived suspension cells of maize 

cultured in an atmosphere of 15% O2 markedly induced ADH1 and ADH2 (Paul and Ferl, 

1991) and seedlings of Arabidopsis exposed to 8% O2 displayed significant elevation of 

ADH1, PDC and other anaerobic response mRNAs (van Dongen et al., 2009). Although 

the cellular heterogeneity in O2 availability proposed in the first scenario may have 

relevance in these studies, increases in enzymes necessary for ethanolic fermentation do 

not necessarily accompany a proportional increase in ethanol production. This was 

demonstrated in rice in a systematic comparison of mRNA, enzyme and metabolite levels 

using near-isogenic submergence tolerant M202(Sub1) and submergence intolerant 

(M202) lines (Fukao et al., 2006). Although the tolerant genotype induced significantly 

higher levels of ADH and PDC mRNAs and enzyme activity, it generated less ethanol 

due to a restriction of carbohydrate catabolism. Thus, this second scenario would allow 

cells to obtain the capacity for anaerobic metabolism in advance of conditions that limit 

cytochrome c oxidase activity (i.e. < 1% O2) (Bailey-Serres and Voesenek, 2010). 

We propose that both scenarios may be in play in the submerged rosette of 

Arabidopsis. Cellular expression states may differ because of local oxygen availability 

and the capacity for anaerobic metabolism may be established before the less-efficient 

anaerobic production of ATP becomes a necessity. These possibilities further emphasize 
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the importance of monitoring cellular status of O2 or other metabolites to determine their 

role in shifting carbon flux from aerobic to anaerobic metabolism of pyruvate (Tadege et 

al., 1999; Zabalza et al., 2009; Bailey-Serres and Voesenek, 2010). To address this, future 

investigations into the mechanism of submergence response should consider dynamics in 

accumulation and flux of specific metabolites at the cellular level, ideally in genotypes 

that are distinct in submergence tolerance. 

 

3.5.2. Sensing and response to an energy crisis during submergence and darkness 

 

The transcriptomic data presented here illustrate both overlap and distinction in the 

regulation of genes associated with signaling and response to the cellular energy crisis 

invoked by darkness or submergence. Under both conditions, increases in energy reserves 

consumption and conservation are needed to maintain homeostasis. In leaves, the starch 

reserves produced in the light are extensively depleted by the end of each dark period 

(Gibon et al., 2004; Smith and Stitt, 2007; Usadel et al., 2008; Graf et al., 2010). This 

process is under the control of both energy sensing and circadian control pathways. Our 

transcriptomic data confirm that starch degrading α-amylase and β-amylase mRNAs were 

significantly upregulated in the root and shoot in response to early darkness. However, 

only one β-amylase transcript was induced in leaves by submergence (At5g18670), 

supporting the notion that starch degradation may be more limited by submergence than 

by darkness in leaf tissue, as observed in Arabidopsis plants exposed to low O2 stress 

(Ramonell et al., 2001). Beyond starch consumption, O2-deprived cells catabolize soluble 
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sugars (sucrose, fructose, glucose) to produce ATP at the substrate level through 

glycolysis. This process appears to be optimized in multiple ways. First, there is evidence 

that production of alanine and succinate in O2 deprived cells increases substrate level 

ATP production via the TCA enzyme succinyl CoA synthase (Dubini et al., 2009; Rocha 

et al., 2010). Second, the efficiency of anaerobic metabolism is improved in some species 

by the use of organic pyrophosphate (PPi) rather than ATP in the conversion of Fru-6-P 

to Fru-1,6P2 by PPi-dependent phosphofructokinase and phosphenolpyruvate to pyruvate 

by pyruvate-orthophosphate dikinase, as well as the use of PPi-dependent vacuolar proton 

pumps (Huang et al., 2008). Although genes of all three PPi-dependent pathways are 

induced by submergence in rice, this is apparently not the case in Arabidopsis (Figure 3.4; 

Mustroph et al., 2010). 

There is growing evidence of common components of energy management in 

darkness, hypoxia and submergence at the level of signal transduction. These include 

SNF1-related protein kinases (SnRK1; KIN10 and KIN11), which promote adaptive 

responses to dark and hypoxia in protoplasts of Arabidopsis (Baena-González et al., 

2007), and a calcineurin B-like interacting binding kinase 15 (CIPK), which 

phosphorylates a SnRK1A that drives expression of α-amylase genes during anaerobic 

germination of rice (Lee et al., 2009). Another overlap in energy management between 

darkness and submergence is likely to be the regulation of trehalose 6-P (Baena-González, 

2010). Here, we identified SnRK1, CIPK, trehalose-6-phosphate phosphatase and 

trehalose phosphate synthase family member mRNAs that were significantly elevated in 

response to darkness, submergence and/or O2 deprivation. 
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3.5.3. Limited shoot elongation during submergence in darkness 

 

Under submergence, some plants respond with a change of the leaf position, through 

petiole hyponasty or leaf elongation, to aid the escape of photosynthetic organs from the 

floodwaters (Pierik et al., 2005; Bailey-Serres and Voesenek, 2008). This response is 

mediated by ethylene entrapment during partial to complete submergence of aerial tissue 

(Bailey-Serres and Voesenek, 2008; Fukao and Bailey-Serres, 2008; Colmer and 

Voesenek, 2009). In organs with submergence-triggered cell elongation, such as the 

petiole of Rumex palustris, ethylene promotes the metabolism of ABA, which de-

represses GA insensitivity, triggering the catabolism of energy reserves and a reduction in 

cell wall rigidity (Vreeburg et al., 2005). This underwater elongation occurs primarily in 

the light phase of a diurnal cycle (Chen et al., 2010). An earlier study of the Col-0 

accession of Arabidopsis confirmed that ethylene perception is necessary for hyponastic 

growth during submergence (Millenaar et al., 2005). Although a hyponastic growth was 

detected in response to submergence in darkness (Figure 3.5 a), there was limited 

correlation between petiole elongation and submergence tolerance in the HUP mutants 

(Table 3.1; Figure 3.7b) and a collection of Arabidopsis accessions (Vashisht et al., 2010), 

respectively. Also, beyond the induction of transcripts encoding the enzyme required for 

the final step in ethylene biosynthesis (ACO1), an ethylene receptor (ETR2) and a subset 

of XTH mRNAs, there was little evidence that submergence promoted ethylene 

biosynthesis or the ethylene, ABA, and GA signaling hierarchy associated with 

underwater elongation of petioles. Given that several Arabidopsis XTHs mutants are 
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defective in petiole elongation under low light (Sasidharan et al., 2010) and that the 

relevant changes in gene expression are most likely restricted to the petiole, a more 

directed analysis of region and cell specific gene expression during submergence is 

merited to further explore the control and consequence of elongation growth during 

submergence in Arabidopsis. 

 

3.5.4. Identification of proteins of unknown function that modulate survival of 

submergence 

 

We previously reported that HUPs function in the response to O2 deprivation 

(Mustroph et al., 2010). Here, we identified > 10 HUP mRNAs that were significantly 

elevated in response to submergence in the root and/or shoot (i.e. Cluster 1; Figure 3.3b). 

Of these genes six have putative orthologs in both monocots and dicots, one appears 

limited to dicots and three to Arabidopsis and its close relatives (Table 3.1). In several 

cases, putative orthologs are induced by conditions with a low-O2 component in other 

plants. Here, we confirmed that ectopic overexpression of both narrowly and broadly 

conserved HUPs can significantly alter the submergence LT50, but not to the extremes 

observed in the Arabidopsis accessions surveyed by Vashisht et al. (2010). In some cases 

HUP overexpression reduced rather than enhanced tolerance. This could indicate that 

some genes act to limit aspects of the stress response or that more precise regulation of 

these genes is necessary to improve submergence survival. This analysis emphasizes that 

poorly characterized proteins provide rich opportunities for phenotype manipulation. For 
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example, the induction by low oxygen stress, waterlogging, or submergence of HUP26 

orthologs in eudicots and monocots (Mustroph et al., 2010) raises the possibility that 

engineered or natural genetic variation of this HUP might be used to improve 

submergence and waterlogging tolerance in multiple species.  

In conclusion, the submergence of Arabidopsis rosette stage plants orchestrates a 

complex readjustment of the transcriptome of the root and shoot organ system that 

includes overlap with the response to O2 deprivation. This molecular characterization 

highlights several avenues for future investigation, including detailed consideration of 

signaling mechanisms, organ-specific responses, metabolic flux, and the role of specific 

genes in tolerance mechanisms. 
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Table 3.1. Features of HYPOXIA-RESPONSVE UNKNOWN PROTEIN (HUP) genes, 

products and mutants. 
a
Orthologs of rice and poplar reported in Mustroph et al. (2010); 

cotton orthologs identified in the same manner (data not shown). 
b
Putative ortholog(s) 

induced by low O2 (Kreuzwieser et al., 2009; Christianson et al., 2010a; Christianson et 

al., 2010b; Mustroph et al., 2010). 
c
Presence of Pfam domains in HUPs (Horan et al., 

2008). Petiole elongation rate calculated from measurements prior to (L0) and after 3 d of 

submergence (L3); Relative elongation rates of Col-0 and mutants were obtained by (L3 - 

L0)/L0. The elongation ratio of Col-0 is 0.49±0.06 (n=5; n=10 for HUP26, HUP41, and 

HUP53 mutants). 
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Molecular 

mass (kD) 

Petiole Elongation   

HUP 

Gene 

Arabidopsis 

Gene 

Identifier 

Ortholog(s) 

in higher 

plants
a
 

Line ID Mean±S.E. 
Pfam 

Domain (ID)
c
 

HUP6 At3g27220 
rice

b
, poplar

b
, 

cotton 
48.5 

hup6-1 0.78±0.08 Kelch domain 

(PF01344, 

PF07646) 

HUP6-OE1 0.70±0.14 

HUP6-OE2 0.94±0.06 

HUP9 At5g10040 None 9.8 HUP9-OE 0.66±0.08 none 

HUP17 At1g05575 None 9.5 

hup17-1 0.80±0.04 

none HUP17-OE1 0.93±0.03 

HUP17-OE2 0.69±0.06 

HUP26 At3g10020 
rice

b
, poplar, 

cotton 
16.5 

hup26-1 0.28±0.06 

none 
hup26-2 0.46±0.07 

HUP26-OE1 0.27±0.08 

HUP26-OE2 0.55±0.17 

HUP29 At5g15120 
rice

b
, poplar

b
, 

cotton
b
 

33.0 
hup29-1 0.89±0.08 

none 
HUP29-OE 0.65±0.09 

HUP35 At1g19020 
rice, poplar, 

cotton 
9.2 HUP35-OE 0.90±0.18 none 

HUP41 At4g33980 poplar, cotton 24.6 

hup41-1 0.32±0.12 

none HUP41-OE1 1.07±0.09 

HUP41-OE2 0.80±0.12 

HUP44 At5g66985 None 9.4 

hup44-1 0.70±0.12 

none HUP44-OE1 1.21±0.44 

HUP44-OE2 0.74±0.09 

HUP46 At1g35140 
rice

b
, poplar, 

cotton 
33.2 HUP46-OE 0.75±0.10 

Phosphate-

induced 

protein 1 

conserved 

region 

(PF04674) 

HUP53 At3g27770 
rice, poplar, 

cotton 
36.7 

hup53-1 0.51±0.06 

none HUP53-OE1 0.64±0.07 

HUP53-OE2 0.61±0.05 
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Figure 3.1. Real-time dynamics in O2 partial pressure (kPa) in the primary root and 

petiole of Arabidopsis thaliana Col-0 and the water of the soil in response to 

submergence. An O2 microelectrode (Mommer et al., 2007) was inserted c. 150-175 μm 

into the cortex of the primary root below the first lateral root and c. 175-200 μm into the 

petiole just below the petiole-blade junction. The plant was in the dark (shading) when 

fully submerged in tap water (indicated by the arrow), where it was left for 14 h to obtain 

a quasi steady-state in O2 partial pressure. Dynamics in O2 partial pressure were 

measured when the chamber with the submerged plant was re-illuminated, returned to 

darkness, and finally desubmerged in darkness. Soil water O2 partial pressure continued 

to drop during submergence and following desubmergence, as the soil substrate remained 

waterlogged. The trace shown is representative (n = 4 for roots and n = 2 for petioles). 

The slight increase in pO2 after 12 h of submergence in this petiole was due to slight re-

positioning of the tip of the microelectrode. 



127 

 

 
  



128 

 

Figure 3.2. Overlapping organ specific transcriptomic adjustments to submergence and 

hypoxia. (a) Time scheme of the light cycle, submergence and dark treatment and harvest 

of samples. Arabidopsis Col-0 ecotype plants grown until the 10-leaf rosette stage were 

submerged in pots in darkness (black bar) 2 h after photoperiod initiation (Zeitgeber time, 

ZT2). Root and shoot tissue was harvested after 7 h and 24 h of submergence; dark 

control plants were harvested after the equivalent period in the dark. Light control plants 

were harvested at ZT2. (b-d) Identification of differentially expressed gene transcripts 

(SLR ≥ |1|, adj. P-value < 0.01) following submergence in darkness for 7 h or 24 h, or 

transfer to darkness in air for 7 h. Parentheses indicate the total number of genes in a 

circle. (b) Root responsive gene transcripts upregulated by the treatments; (c) Shoot 

responsive gene transcripts up-regulated by the treatments; (d) Root responsive gene 

transcripts down-regulated by the treatments; (e) Shoot responsive gene transcripts down-

regulated by the treatments; (f) Overlap in the differentially expressed gene transcripts 

(SLR ≥ |1|, FDR adj. P-value < 0.01) of the root and shoot of submerged plants and of 

seedlings under low O2 for 2 h under low light and in the presence of sucrose (Mustroph 

et al., 2009). Sub, submergence. 
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Figure 3.3. Clustering of differentially expressed genes. Genes were selected from the 

eight comparisons of submergence, hypoxia and early dark treatments (SLR ≥ |1| adj. P-

value < 0.01). (a) Fuzzy k-means clustering was performed and median expression values 

of each cluster were plotted. (b) Signal log2 ratio (SLR) data and identities for Cluster 1 

genes from Supplementary Table 3.1, Dataset 1. Column order is the same as in (a). 
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Figure 3.4. Signal log2 ratio (SLR) values for gene transcripts encoding proteins involved 

in central carbon metabolism. Colored bars group enzymes operating in the same sub-

pathway. All genes represented were differentially expressed in roots or shoots in 

response to hypoxia, submergence and/or darkness. Data values are in Supplementary 

Table 3.1, Dataset 1. Abbreviation in the heatmap label: R, Root; S, Shoot; Hyp, Hypoxia; 

Sub, Submergence. 
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Figure 3.5. Leaf hyponasty and expression changes of EXPANSIN (EXP) and 

XYLOGLUCAN ENDOTRANSGLYCOSYLASE/HYDROLASE (XTH) genes in different 

experimental conditions. (a) Col-0 plants after 48 h light, dark, and submergence 

conditions. Dark and submergence-treated plants show a hyponastic response. (b) SLR 

values for EXP and XTHgenes from Supplementary Table 3.1, Dataset 1. 
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Figure 3.6. Differential expression of transcription factor family members under hypoxia 

and/or submergence. (a) Number of TF family members upregulated by submergence in 

root and shoot. (b) Regulation of TF transcripts of Cluster 1, 2, 6, and 7 that include 

genes induced by hypoxia and/or submergence. SLR values from Supplementary Table 

3.1, Dataset 1. Abbreviation in the heatmap label: R, Root; S, Shoot; Hyp, Hypoxia; Sub, 

Submergence. 
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Figure 3.7. Submergence-induced responses in Col-0 and HUP mutants: expression of 

HUPs and petiole elongation of mutants by submergence (a) SLR values for the ten HUP 

genes evaluated for contribution to submergence tolerance. Data values from 

Supplementary Table 3.1, Dataset 1. (b) Relative petiole elongation of genotypes during 

submergence: (L3 -L0)/L0, where L0 is the petiole length prior to submergence and L3 is 

the length after 3 d submergence (n=10 plants HUP26, HUP41, and HUP53; n=5 plants 

for other genotypes). Red bars indicate intolerant and green bars tolerant genotypes based 

on LT50 measurements (see Figure 3.8 b). Data represent mean ± SE and an asterisk 

indicates a significant difference from Col-0 (* P < 0.05; ** P < 0.01), as determined by 

ANOVA (GLM procedure) and TukeyHSD test. 
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Figure 3.8. Submergence survival of Arabidposis thaliana Col-0 and HUP mutants. (a) 

Rosette-stage plants with 10 leaves were submerged for 0, 7 or 9 d under complete 

darkness. Dark treatment was for 8 or 9 d (plants in darkness for 8 d are indicated with an 

asterisk). Photographs were taken immediately after de-submergence or release from 

darkness. (b) Median lethal time (LT50 + SE) were obtained from the survival rate after 9 

d recovery from each submergence time point (n = 10 plants) of a single experiment that 

included Col-0 as an internal reference. The LT50 of Col-0 is from six independent 

experiments. HUP genotypes include independent transgenic ectopic overexpression 

lines (OE) and T-DNA insertion mutants. Red bars represent significantly intolerant lines 

and green bars tolerant lines as compared to the LT50 of Col-0 based on standard errors 

and 95% confidence interval values. 
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Chapter 4 

 

Roles of a trihelix transcription factor HYPOXIA-RESPONSIVE 

ATTENUATOR 1 (HRA1) in regulation of the low oxygen response 

 

4.1. Abstract 

 

More than 25 of the 49 gene transcripts that are significantly upregulated in response 

to hypoxia across Arabidopsis thaliana seedling cell types encode HYPOXIA-

RESPONSIVE UNKNOWN PROTEINs (HUPs). Here, we investigated the potential role 

of HUP14 (At3g10040) in the hypoxia response. By genetic manipulation of HUP14 

expression, it was found that HUP14 functions as strong negative regulator of 30 of the 

49 core hypoxia response genes. Many of the genes positively regulated by group VII 

ethylene responsive factor (ERF) transcription factors via the N-end rule of protein 

proteolysis were targets of HUP14 regulation. Therefore, HUP14 was designated as 

HYPOXIA-RESPONSIVE ATTENUATOR1 (HRA1). HRA1 encodes a trihelix 

transcription factor. Using targeted RNAi to reduce expression of HRA1 and the near-

constitutive CaMV 35S promoter to drive overexpression of HRA1, it was shown that this 

protein negatively controls transcription of genes upregulated by low oxygen stress. This 

included reduction of hypoxia-triggered increases in ALCOHOL DEHYDROGNASE1 

(ADH1) mRNA and alcohol dehydrogenase activity. Independent HRA1 overexpression 
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lines displayed sensitivity to prolonged darkness and submergence. To discover DNA-

binding sites of HRA1, chromatin-immunoprecipitation and next-generation sequencing 

were performed. The majority of the binding sites mapped to regions 5’ of transcriptional 

start sites of the putative target genes. However, of the 146 putative HRA1 target genes 

identified, only seven were among the 1295 genes identified as differentially regulated by 

HRA1 overexpression by DNA microarray analyses. It was observed that HRA1 

overexpression also limited expression of the endogenous HRA1 gene and bound within - 

333 ~ + 5 nt of the HRA1 transcriptional start site. Based on these results, we propose that 

HRA1 acts as a repressor of hypoxia-induced genes during low oxygen stress, primarily 

through a DNA-binding independent mechanism. HRA1 appears to counteract its own 

activity by directly binding to its promoter and limiting its transcription. In summary, the 

transcription of genes associated with anaerobic metabolism is restricted by the activity 

of the trihelix protein HRA1, which negatively regulates its own transcriptional activity. 

 

4.2. Introduction 

 

Low oxygen stress generally results in a rapid and significant increase in the 

abundance of HUP14 mRNA transcripts in Arabidopsis thaliana, as reported in a number 

of independent transcriptome studies and the evaluation of seedling cell types by 

translatome analysis (Branco-Price et al., 2008; Lee et al., 2011; Liu et al., 2005; 

Mustroph et al., 2009). HUP14, encoded by At3g10040, was initially annotated as a 

protein of unknown function and later as a ‘transcription factor’ in the Arabidopsis 
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information resource (TAIR) database (http://www.arabidopsis.org). HUP1 encodes a 

Myb-like DNA-binding domain protein (PFAM feature PF13837; Myb/SANT-like DNA 

binding domain) (see Chapter 2; Table 2.2). By phylogenetic analyses, HUP14 was 

classified as a member of trihelix transcription factors (Gao et al., 2009; Kaplan-Levy et 

al., 2012). A total of 27 and 33 trihelix genes were reported in Arabidopsis in two 

different databases (http://plntfdb.bio.uni-potsdam.de/v3.0/ (Perez-Rodriguez et al., 2010); 

http://planttfdb.cbi.edu.cn/ (Zhang et al., 2011)). These same databases reported that 

Oryza sativa subsp. indica and subsp. japonica genomes encode at least 22 and 26 

trihelix genes, respectively (Perez-Rodriguez et al., 2010) (cf. indica 32, japonica 43 in 

Zhang et al., 2011). A recent review recognized five clades of trihelix proteins: GT-1, GT-

2, SH4, GTγ, and SIP1 (Kaplan-Levy et al., 2012). Members of each clade commonly 

contain a trihelix domain with characteristic variations in amino acid sequence, relative to 

members of the other clades.  

Characterization of a trihelix protein was first accomplished for GT-1 of pea, which 

is involved in light-regulated gene expression. First, the GT cis-acting core element (5’-

GGTTAA-3’), identified in the promoter of the light-induced RBCS3A gene of tobacco, 

was found to bind and be transcriptionally activated by a protein designated GT-1 (Green 

et al., 1987; Green et al., 1988). The gene encoding GT-1 was cloned and characterized in 

tobacco by two independent studies, which also showed GT-1 mRNA and GT-1 protein 

were constitutively expressed and unaffected by the light regime (Gilmartin et al., 1992; 

Perisic and Lam, 1992). This led to the hypothesis that GT-1 activity was regulated post-

translationally (Le Gourrierec et al., 1999). A second GT factor, GT-2, that contains 
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duplicated trihelix domains was characterized as a protein that binds the promoter region 

of Phytochrome A (PhyA), a light-regulating gene, in rice. The binding motif included the 

core element 5’-GGTAATT-3’ and 5’-GGTAAAT-3’ (Dehesh et al., 1990; Dehesh et al., 

1992; Kaplan-Levy et al., 2012; Kay et al., 1989).  

The trihelix domain proteins are predicted to have a tri-helical structure 

evolutionarily related to the tri -helical structure of MYB-domain proteins (Nagano, 

2000; Nagata et al., 2010). GT-1 factor typically contains a conserved threonine residue 

in the trihelix DNA-binding domain. DNA binding of GT-1 was enhanced via calcium-

dependent phosphorylation of a Thr133 or mutation of Thr133 to Asp in the trihelix 

domain in Arabidopsis (Maréchal et al., 1999; Nagata et al., 2010). It was also shown that 

in vitro-translated GT-1 of Arabidopsis bound DNA as a homodimer, promoted by their 

C-terminal regions (Hiratsuka et al., 1994). Dimeric, trimeric, tetrameric homo-multimers 

of tobacco GT-1 were formed with in vitro expressed protein, but it was concluded that 

this oligomerization was independent of DNA-binding activity (Lam, 1995). In addition, 

GT-1 was shown to function as a trans-activator in yeast, with both the trihelix domain 

and a C-terminal protein interaction domain contributing to the activity (Le Gourrierec et 

al., 1999). These researchers found that GT-1 was not a transcriptional activator in 

tobacco BY-2 cells, which they attributed to a lack of post-transcriptional modification or 

the absence of a partner protein in those cells. A demonstration of interaction of GT-1 

with TATA BINDING PROTEIN 2 (TBP-2), led them to conclude this trihelix may 

promote activation via interaction with the TFIIA-TBP-TATA components of the pre-

initiation complex.  
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Genetic analyses and functional characterization of other trihelix proteins in tobacco, 

Arabidopsis, rice, soybean suggest that these proteins are involved in transcriptional 

regulation in response to various environmental stimuli including light, salt, freezing, 

drought and pathogen infection, as well as developmental processes including trichome 

and embryo development (reviewed by Kaplan-Levy et al. 2012). For example, 

STOMATAL DENSITY AND DISTRIBUTION1 (SDD1) was found as a direct target of a 

poplar trihelix protein GTL1, which bound the SDD1 promoter and negatively regulated 

its transcription (Weng et al., 2012). However, a number of general questions about these 

proteins remain unanswered. Can individual trihelix proteins function as activators and 

repressors? Do they homo- or heterodimerize? Do they interact with transcriptional 

activators or repressors factors? Is their activity regulated in a condition-specific manner, 

such as in response to oxygen deprivation? In addition, to date, there has been no 

functional characterization of a GTγ trihelix protein of Arabidopsis.  

HUP14 is a member of the GTγ clade of trihelix proteins, with three members in 

Arabidopsis accession Col-0 (At1g21200 [GTγ-1-3-like2], At1g76870 [GTγ-1-3-like1], 

At3g10040 [HUP14 / HRA1 / GTγ-4-like]) and four members in Nipponbare rice 

(Os01g21590 [GTγ-4], Os02g33770 [GTγ-1], Os11g06410 [SAB18 / GTγ-2], 

Os12g06640 [GTg-3]) (Kaplan-Levy et al., 2012). GTγ trihelix proteins commonly have 

a trihelix domain, the fourth amphipathic α-helix, and a coiled-coil domain (Figure 4.1). 

A characteristic feature of the GTγ clade is the modification of the third conserved 

tryptophan to phenylalanine in the trihelix domain (Kaplan-Levy et al., 2012). Based on 

Genvestigator (Hruz et al., 2008), the Arabidopsis efp Translatome Browser (Mustroph et 
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al., 2009; Mustroph and Bailey-Serres, 2010), HUP14/HRA1/GTγ-4-like transcripts were 

generally present in low abundance except during late seed development and following 

hypoxia, anoxia or submergence. During low oxygen stress of seedlings, HUP14 mRNA 

was highly associated with polyribosomes, indicating that HUP14 is synthesized during 

the stress (Chapter 2, Figure 2.5). By contrast, transcripts encoding the other two GTγ 

genes (At1g21200 and At1g76870) were not significantly changed by low oxygen or 

submergence conditions (Table S1 in Lee et al. (2001)). In rice, SAB18/GTγ-2 

(LOC_Os11g06410) mRNA levels were not induced by submergence (Jung et al., 2010; 

Mustroph et al., 2010), but the protein was identified in a yeast-two-hybrid screen as a 

direct interactor with the group VII ERFs SUB1A and SUB1C (Seo et al., 2011). Rice 

GTγ clade genes, including SAB18, were induced by salt and cold stress (Fang et al., 

2010).  

To investigate the function of HUP14 in Arabidopsis, homozygous T-DNA insertion 

knock-out (KO) and overexpression (OE) lines were established and evaluated for 

phenotypes in seedlings and mature plants under different growth conditions. The 

regulation of hypoxia-responsive genes was evaluated in three genotypes, Col-0, KO, and 

OE lines using DNA microarray technology. Characteristics of HRA1, such as its 

function in yeast as a transcriptional activator, protein interactors and DNA-binding 

activity were also explored. The results of this study support the conclusion that HUP14 

acts as a key negative regulator of transcription of genes that promote the switch to 

anaerobic metabolism in response to low oxygen stress and submergence in Arabidopsis. 

Therefore, HUP14 was re-designated HYPOXIA RESPONSE ATTENUATOR 1 (HRA1). 
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4.3. Materials and Methods 

 

4.3.1. Plant materials and growth conditions 

 

Arabidopsis Salk T-DNA insertion lines (hra1-1: KO1, SALK_041486; hra1-2: 

KO2, SALK_060275) as putative knock-out mutants (KOs) were obtained from the 

Arabidopsis Biological Resource Center (Ohio State University) (Figure 4.2). To generate 

lines that ectopically overexpression HRA1, a construct was made that linked the CaMV 

35S promoter to the full cDNA of HRA1 followed by NH2-Gly7-

FLAG(AspTyrLysAsp4Lys)Gly3-His6-COOH and the octopine synthase (OCS) terminator 

sequence (Figure 4.3a). Two homozygous lines that ectopically express C-terminally 

FLAG-tagged HRA1 (35S:HRA1#1 [OE1] and 35S:HRA1#2 [OE2]) were established and 

T3 or later generations were evaluated. A third overexpression line using the 35S 

promoter and OCS terminator but without the C-terminal epitope tag (35S:HRA1#3 

[OE3]) was kindly provided by Pierdomenico Perata (Scuola Superiore Sant'Anna, Pisa, 

Italy). A 35S:HRA1-GFP translational fusion construct was made by Teruko Oosumi 

using the 35S promoter linked to the complete HRA1 cDNA followed by mgfp5 and the 

FLAG-His6 tag described above (Figure 4.3b). The construct utilized the vector pPZP111 

as a backbone (Hajdukiewicz et al., 1994). Five RNAi lines were produced by expression 

of hairpins with 3’ (997 - 1296 bp) or 5’ (1 - 300 bp) region of HRA1 cDNA sequence for 

the RNAi_1-3 lines, and the RNAi_4-5 lines, respectively (Figure 4.3c). For this, a vector 
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was reconstructed using pPZP111 and the Gateway-compatible pJawohl17 destination 

vector (source of hairpin) (Busch et al. 2011). Primers used for cloning are listed in Table 

4.1. 

 

4.3.2. Submergence treatment 

 

The performance of genotypes under submergence stress was evaluated as described 

in Chapter 3 and Lee et al. (2011). Briefly, seeds were sown in pots containing soil and 

perlite in a 1 : 2 volume mixture supplemented with 0.14 mg MgOCaO (17%; Vitasol BV, 

Stolwijk, the Netherlands) and 0.14 mg Osmocote (Scotts Europe, Heerlen, the 

Netherlands) per pot, transferred to 4 
o
C for 4 days, and then grown for 8 d in a growth 

chamber at 20 
o
C, under a 9 h light and 15 h dark cycle with 200 μmol m

-2
 s

-1
 

photosynthetic active radiation and 70% (v/v) relative humidity. Seedlings were 

transferred to a pot with the soil covered with a thin mesh fabric and returned to the 

growth chamber. For submergence and control (air light control or air dark control) 

treatments, plants at the ten-leaf rosette stage were selected and completely submerged in 

tanks of water in complete darkness. Control plants were kept in the dark in the same 

chamber used for submergence treatments (air dark control). After desubmergence or 

dark treatment, plants were returned to the growth room to recover. The number of plants 

with a live (green, non-water-soaked) shoot meristem region was recorded each day for 

up to 12 d after desubmergence for each genotype. From the number of survivors relative 

to the total number of plants per genotype, the median lethal time (LT50), standard error 
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(SE) and the 95% confidence interval were calculated with the data from the 9 d recovery 

time point (Vashisht et al., 2011). 

 

4.3.3. Auto-activation and screening of protein interaction by yeast-two-hybrid assay 

 

Full length and truncated versions of HRA1 were fused to the Saccharomyces 

cerevisiae GAL4 binding domain (BD, amino acids 1-142) using restriction digestion and 

ligation with NcoI and PstI sites in the pAS2 vector containing the TRP1 gene (Clontech, 

Mountain View, CA) (Harper et al., 1993). Competent yeast cells were transformed with 

the lithium method, with a final concentration of 0.1M LiAc, 33% (w/v) PEG 3500, 280 

mg/ml salmon sperm DNA, 1 μg HRA1-BD plasmid into the PJ69-4A strain (MATa, 

trp1-901, leu2-3,112, ura3-52, his3-200, gal4Δ, gal80Δ, GAL2-ADE2, LYS2 : : GAL1-

HIS3, met2 : :GAL7-lacZ), which is unable to synthesize Ade, His, Trp, and Leu. The 

yeasts were also transformed with an empty pACT2 vector containing a GAL4 activation 

domain (AD) construct and LEU2 (Clontech) (Harper et al., 1993). Transformants were 

screened on synthetic dropout (SD) media lacking Trp and Leu. The colonies were 

cultured overnight in 3 ml SD/ –Trp/ –Leu liquid media and measured for A600 using a 

spectrophotometer to determine colony-forming unit (cfu).  Liquid cultures of 2 μl 

containing 10
5
 cfu cells were spotted onto petri plates with SD/ –Trp/ – Leu and SD/ – 

Ade/ – His/ – Trp/ – Leu agar media and grown at 30 
o
C for three days. β-galactosidase 

activity was detected by colony-lift assay using X-gal and Z buffer following the Yeast 

Protocols Handbook (Clontech) (Breeden and Nasmyth, 1985). 
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Yeast two-hybrid screening was performed with the Matchmaker Gold Yeast Two-

Hybrid System (Clontech). The pXDGAT Cy86 BD vector (Ding et al., 2007) was used 

for cloning of truncated versions of HRA1 (148 ~ 431 a.a.). The vector was transformed 

into AH109 cells (MATa, trp1-901, leu2-3,112, ura3-52, his3-200, gal4Δ, gal80Δ, 

LYS2::GAL1UAS-GAL1TATA-HIS3, MEL1, GAL2UAS-GAL2TATA-ADE2, URA3::MEL1UAS-

MEL1TATA-lacZ ). The bait yeast transformants were mated with Y187 cells (MATα, ura3-

52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4Δ, gal80Δ, met–, URA3: GAL1UAS–

GAL1TATA–LacZ, MEL1) that contained the prey cDNA library of pGADT7 from 

Arabidopsis seedling samples combined from various abiotic stresses (provided by John 

Cushman, University of Nevada, Reno). Colonies transformed with both BD and AD 

vectors were selected on SD/ –Trp/ –Leu agar media. Positive colonies for protein 

interaction were confirmed three times by growth on SD/ – Ade/ – His/ – Trp/ – Leu agar 

media supplemented with 10 mM aminotriazole. Insert cDNAs fused with AD in the 

positive colonies were amplified by colony PCR, sequenced and identified by BLAST. 

 

4.3.4. Microarray experiment and data analysis 

 

Arabidopsis seeds were sterilized, stratified for 3 d at 4 
o
C and grown on plates with 

solid MS media [0.43 % (w/v) Murashigi Skoog (MS) salts (Sigma)], 0.4 % (w/v) 

Phytagel (Sigma), 1 % (w/v) sucrose, pH 5.7) in a vertical orientation in a growth 

chamber (Model # CU36L5, Percival Scientific, Perry, IA) under a long day cycle (16 h 

light at ~80 μmol photons m
-2

 s
-1

/ 8 h darkness) at 23 °C. After 7 d, seedlings were 
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transferred to Lucite chambers where they were deprived of air by displacement for argon 

for 2 h. The hypoxic stress (HS) treatment was applied under dim light (5 to 7 μmol 

photons m
-2

 s
-1

) at the end of light cycle as described previously (Mustroph et al., 2009). 

For non-stress (NS) treatment, plates were placed in the Lucite chambers that were open 

to ambient air. Seedling tissues were frozen immediately after the NS and HS treatment 

and ground with liquid nitrogen. Total RNA was extracted from tissue using the RNeasy 

Plant Kit (Qiagen, Chatsworth, CA) and quantified with a NanoDrop 1000 

spectrophotometer (Thermo Scientific, Wilmington, DE). RNA quality was checked 

using the Agilent 2100 Bioanalyzer (Santa Clara, CA). Preparation of biotin-labeled 

cRNA using the GeneChip IVT Labeling Kit (Affymetrix, Santa Clara, CA) and 

hybridizations against the Arabidopsis ATH1 Genome Array were performed by the 

Institute for Integrative Genome Biology (IIGB) Genomics Core Facility, University of 

California, Riverside.  

Transcriptomes of each of the three genotypes, Col-0, 35S:HRA1#1 and 

35S:HRA1#2, were profiled under the two conditions. CEL files of two OE lines were 

processed as biological replicates along with two Col-0 replicates using R and 

Bioconductor package.  The microarray dataset generated by Licausi et al. (2011) was 

obtained from the NCBI GEO (http://www.ncbi.nlm.nih.gov/geo/) accession GSE29187. 

CEL files of aerobic-treated 5-week-old rosette tissues of Col-0 and a transgenic 

overexpressing N-terminally HA-tagged RAP2.12 (RAP) line were processed together 

with the HRA1 microarray dataset (Col-0, 35S:HRA1#1 and 35S:HRA1#2). After 

computing the absent and present calls using the Affymetrix MAS 5.0 algorithm (Gautier 
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et al., 2004), robust multi-chip average (RMA) was used for normalization of datasets 

(Irizarry et al., 2003). Mitochondrial and plastid gene probe pair sets were removed from 

the dataset. Affymetrix probes with present calls in greater than 50 % of the samples were 

considered for downstream analyses. Differentially expressed genes (DEGs) were 

identified by comparisons using linear models for microarray data (LIMMA) in the 

Bioconductor package (Smyth, 2004). A total of 1295 DEGs were selected if two criteria, 

a signal log2 ratio (SLR) and false-discovery-rate (FDR) adjusted p-value (|SLR| > 1, adj. 

p < 0.01), were satisfied in at least in one comparison for each Affymetrix probe set. The 

DEGs were further analyzed using fuzzy k-means clustering with FANNY function. 

Clustering results were visualized using Multi Expression Viewer (MEV) software 

(http://www.tm4.org/mev/) (Saeed et al., 2006; Saeed et al., 2003). Gene ontology (GO) 

enrichment was evaluated for each cluster as described in Chapter 3 with the GO 

annotation file of Arabidopsis thaliana from http://geneontology.org (downloaded 17 Jan 

2012). 

 

4.3.5. Chromatin immunoprecipitation and next generation sequencing (ChIP-seq) 

ChIP-seq libraries were prepared using the protocol of Kaufmann et al., (2010) with 

modifications. Arabidopsis seedlings were grown for 7 d on MS medium and hypoxia 

stressed for 2 h as described above. After the stress, 1 g of seedlings was immediately 

transferred to a 50 ml Falcon tube and fixed in 25 ml MC buffer (10 mM sodium 

phosphate, pH 7, 50 mM NaCl, 0.1 M sucrose) containing 1% (w/v) formaldehyde by 

incubation on ice and application of a vacuum for 20 min. Then, 2.5 mL of 1.25 M 
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glycine was added and the vacuum was applied for 2 min. After three washes with 25 mL 

MC buffer, excess buffer was removed and the seedlings were frozen in liquid nitrogen. 

Frozen tissue was ground and transferred to 25 mL M1 buffer (10 mM sodium phosphate, 

pH 7, 0.1 M NaCl, 1 M 2-methyl 2,4-pentanediol, 10 mM β-mercaptoethanol, 0.5 tablet 

Complete Protease Inhibitor Cocktail (Roche Molecular Diagnostics, Pleasanton, CA) per 

25 ml). The slurry was filtered through one layer of Miracloth and centrifuged at 1,000 g 

for 20 min at 4 
o
C. The nuclear pellet was washed with 5 ml of M2 buffer (10 mM 

sodium phosphate, pH 7, 0.1 M NaCl, 10 mM MgCl2, 1 M 2-methyl 2,4-pentanediol, 10 

mM β-mercaptoethanol and 0.5% (v/v) Triton X-100, 0.5 tablet Complete Protease 

Inhibitor Cocktail per 25 ml) then centrifuged at 1,000 g for 10 min at 4 
o
C. The washing 

step with M2 buffer was repeated for four times. The final washing was performed with 5 

ml M3 buffer (10 mM sodium phosphate, pH 7, 0.1 M NaCl, 10 mM β-mercaptoethanol 

and 0.5 tablet of complete protease inhibitor cocktail per 25 ml). The nuclear pellet was 

resuspended in 1 ml sonication buffer (10 mM sodium phosphate, pH 7, 0.1 M NaCl, 0.5 % 

Sarkosyl, 10 mM EDTA) and sonicated with 15 cycles of 30 s ON / 30 s OFF using 

Bioruptor UCD-200 (Denville, NJ) on ice, following the manufacturer’s instruction to 

obtain sheared DNA of less than 1 kb. The sample was centrifuged two times at 15,600 x 

g for 10 min at 4 
o
C and the supernatant was used for immunoprecipitation (IP) with 20 

μl of EZview™ Red ANTI-FLAG®  M2 Affinity Gel (Sigma, St. Louis, MO) following 

the manufacturer’s instruction with IP buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 5 

mM MgCl2, 10 μM ZnSO4, 1 % (v/v) Triton X-100, 0.05% (w/v) SDS). ChIP-DNA 

samples were reverse-crosslinked by overnight incubation at 37 
o
C after adding 
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proteinase K to a final concentration of 0.5 mg ml
-1

. Immediately after proteinase K 

addition, samples were transferred to a waterbath at 65 
o
C and incubated overnight. The 

DNA was purified using the Qiagen PCR purification kit. Library construction involving 

end repair, A-tailing, and ligation to an adapter was conducted using the End-It™ DNA 

End-Repair Kit (Epicentre, Madison, WI), Klenow fragment (New England Biolabs, 

Ipswich, MA) and Fast-Link™ DNA Ligation Kit (Epicentre). Two custom barcodes of 

four nucleotides were used for multiplexing samples (Col-0 [5’-GTAT-3’] and HRA OE1 

[5’-ACGT-3’]). The quality of the ChIP library was checked with the Agilent 2100 

Bioanalyzer, and samples were submitted to the IIGB Genomics Core Facility, University 

of California, Riverside, for single-end sequencing with 100 cycles using the Illumina 

Hiseq2000 platform.  

 

4.3.6. ChIP-seq data analysis 

 

Raw data in fastq file format were imported into R in the IIGB Bioinformatics Core 

Biocluster server using the ShortRead package (Morgan et al., 2009), and the barcode 

sequences of four nucleotides were removed from the 100 bp read sequences. The 

sequence reads were aligned to the Arabidopsis thaliana genome TAIR10 version 

(http://www.arabidopsis.org) using Bowtie (ver. 0.12.7) (Langmead et al., 2009), 

allowing two nucleotide mismatches. Peaks were generated with Model-based Analysis 

for ChIP-Seq (MACS) software using Col-0 mock ChIP data as the control with the 

default settings. ChIPpeakAnno was used to acquire gene annotation, determine location 
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of peak regions from the nearest genes and obtain DNA sequences of peak regions (Zhu 

et al., 2010). Peaks of ChIP-seq data were visualized using the Integrative Genomics 

Viewer software (2.1) (Robinson et al., 2011). 

 

4.3.7. Quantitative real-time reverse transcriptase polymerase chain reaction (qRT-

PCR) analyses 

 

Total RNA samples were extracted from seedling tissue using RNeasy Plant Mini 

Kit (Qiagen). cDNA was synthesized from 2 μg of RNA using SuperScript II reverse 

transcriptase (Invitrogen) following the manufacturer’s protocol. The cDNA samples 

were diluted 10 times with water and 2 μl of the diluted cDNA samples were used for 20 

μl of qPCR reaction mixture with IQ SYBR Green Supermix (Bio-Rad, Hercules, CA) 

using the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA). PCR 

primers were designed from Arabidopsis Genome-wide RT-PCR Primer-Pairs Database 

(http://atrtprimer.kaist.ac.kr/) (Han and Kim, 2006). β-TUB2 was used as the reference 

gene using the comparative Ct method (Schmittgen and Livak, 2008). Primers used are 

listed in Table 4.1. 

 

4.3.8. Alcohol dehydrogenase (ADH) specific activity assay 

 

ADH specific activity was measured as described previously using Arabidopsis 7-d-

old seedlings with small modifications (Bailey-Serres and Dawe, 1996; Baxter-Burrell et 
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al., 2003). Frozen tissue was ground in liquid nitrogen, homogenized in cold extraction 

buffer (100 mM Tris-HCl, pH 7.5, 4 mM DTT) and centrifuged for 5 min at 14,000 g at 4 

o
C. The supernatant (100 µl) was analyzed for ADH specific activity assay in 1 ml 

reaction buffer (150 mM Tris-HCl, pH 7.5, 600 µM NAD) by addition of 10 μl of 99.9% 

(w/w) ethanol and measurement of the change in absorbance at 340 nm, for 2 min, at 25 

o
C. One unit (U) of ADH specific activity was defined as 1 μmol of reduced NAD+ per 

minute per mg of protein. Protein quantity in each sample supernatant was determined by 

use of Protein Determination Reagent (USB Corp., Cleveland, OH) using bovine serum 

albumin as the standard. 

 

4.3.9. Fluorescence confocal microscopy 

 

The 3-d-old 35S:HRA1-GFP seedlings were vacuum infiltrated with 5 μg/ml 4', 6-

diamidino-2-phenylindole (DAPI) dissolved water for 10 min. After washing in water for 

10 min under vacuum, seedlings were observed by a confocal laser scanning microscopy 

(Leica SP2, Bannockburn, IL) at the Microscopy Core Facility, Institute for Integrative 

Genome Biology, University of California, Riverside. GFP was detected by excitation at 

488 nm and emission at 500-600 nm. DAPI stained nuclei were visualized with a UV 

laser by excitation at 350 nm and emission at 399-600 nm. 
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4.4. Results 

 

4.4.1. HRA1 is a GT trihelix transcription factor and forms hetero dimers 

 

HRA1 is an intronless gene that encodes predicted 1657 bp mRNA that is high 

induced under conditions of submergence and low oxygen stress. The putative HRA1 

protein is 431 amino acids in length, with a predicted molecular mass of 48.87 kD and a 

pI of 8.06. To further evaluate this protein, Arabidopsis, Nicotiana tabacum and rice 

trihelix proteins were grouped by phylogenetic analysis of their full-length amino acid 

sequences by use of the maximum likelihood method (Figure 4.4). The proteins HRA1 

(At3g10040), GTγ-1-3-like2 (At1g21200), GTγ-1-3-like1 (At1g76870) of Arabidopsis 

and SAB18 (Os11g06410) of rice clustered together as reported previously (Kaplan-Levy 

et al., 2012; Seo et al., 2011). It was hypothesized that HRA1 is a nuclear protein as it 

was reported to contain a putative nuclear localization signal (Gao et al., 2009). To test 

the hypothesis, a 35S:HRA1-GFP construct was introduced into the Arabidopsis Col-0 

accession by Agrobacterium-mediated transformation. In the T1 generation of these 

transgenics, HRA1-GFP expression was detected in nuclei of roots (Figure 4.5) and other 

seedling cell types (data not shown), without any evident accumulation in the cytoplasm 

or nucleolus.  

To further investigate the possible function of HRA1 as a transcription factor, full 

and truncated versions of HRA1 fused to the GAL4 binding domain (BD) were expressed 

in a yeast strain with a GAL reporter systems (Figure 4.6a). Full length HRA1 functioned 
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as a transcriptional autoactivator. By evaluation of a series of N- and C-terminal deletions, 

it was established that, the N-terminus and trihelix domain (1-293 amino acids) region 

enabled  transcriptional autoactivation of the ß-gal reporter gene, whereas truncated 

versions that lacked the N-terminal region and trihelix domain of HRA1 did not (Figure 

4.6b). 

To identify protein interacts of HRA1, yeast-two-hybrid screening was carried out 

using an N-terminal truncated version of HRA1 (Δ147HRA1) to avoid autoactivation 

(Figure 4.6a). Three putative interacting proteins were identified (Table 4.2). These were 

the related trihelix protein, GT2L (At5g28300), ABNORMAL INFLORESCENCE 

MERISTEM 1 (enoyl-CoA hydratase; At4g29010) and a hypothetical protein of no 

known biological function (At5g26720). In a complementary study, co-

immunoprecipitation of FLAG-HRA1 followed by mass spectrometric proteomic 

analyses, GTγ-1-3-like2 (At1g21200), which is GTγ-type trihelix protein was identified 

as a HRA1 interactor (Teruko Oosumi and Julia Bailey-Serres, unpublished; Table 4.2).   

  

4.4.2. Overexpression of HRA1 affected flowering time, survival of prolonged 

darkness and submergence tolerance 

 

Independent HRA1 overexpression lines (OE) using the near-constitutive 35S 

promoter were produced to aid evaluation of the biological roles of HRA1. Three 

independent HRA1 OE lines showed a significant delay in time to flowering under the 

long day growth conditions as compared to Col-0 and two loss-of-function mutants 
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(hra1-2 and hra1-2, [KO]) (Figure 4.7). Neither Col-0 nor the two KOs differed 

significantly in flowering time.  

Because HRA1 is induced by submergence (Lee et al., 2011), the two hra1 mutants, 

two HRA1 OE lines and Col-0 were tested for survival of complete submergence in 

complete darkness (Figure 4.8). Survival of complete darkness in air was also monitored. 

This analysis revealed an early senescence phenotype in OE lines after 7 d of darkness 

(Figure 4.9). The overexpression of HRA1 negatively affected submergence survival, 

reducing it from 7.08 d ± 0.12 SE in Col-0 to 5.69 d ± 0.24 SE and 6.11 d ± 0.23 SE in 

the two OE lines. Of 28 HUP OE and putative KO lines tested, the HRA1 OE lines were 

of the most intolerant (Figure 4.8) (Lee et al., 2011). They were not as intolerant as lines 

ectopically overexpressing rice SUB1A, which survived only 4.8 d ± 0.20 SE in the same 

system (Pena-Castro, et al., 2011). By contrast, both hra1 mutants had slightly enhanced 

submergence survival as compared to Col-0 (Figure 4.8).  

Assay of seedling survival of hypoxia was also tested for these five genotypes in a 

number of independent experiments, as performed in Mustroph et al. (2010). In general, 

limited variation in survival was observed for the HRA1 OE and hra1 mutant lines as 

compared to Col-0 when seedlings were grown on solid MS medium containing 1% 

sucrose (Figure 2.5). 
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4.4.3. HRA1 negatively regulates a subset of the core hypoxia-responsive genes 

 

Next, we investigated whether altered expression of HRA1 influences global gene 

expression in seedlings grown on medium supplemented with sucrose under control 

growth and hypoxic stress conditions. To maximize the level of carbohydrates in the 

seedlings, the 2 h of oxygen deprivation was commenced at the end of the light cycle 

using Col-0, two OE and two hra1 mutant lines. The effect of hypoxia and varied HRA1 

expression on the transcriptome was evaluated using the Affymetrix ATH1 array. Because 

the transcriptomes of Col-0, hra1-1 and hra1-2 were indistinguishable under the two 

conditions tested, the mutants were not included in the subsequent analyses (data not 

shown). The transcriptomes of the two independent HRA1 OE lines were nearly 

indistinguishable (r
2
 of the two biological replicates, 0.994 [normoxia], 0.994 [hypoxia]), 

therefore, the two samples were treated as biological replicates in the analysis. Four 

comparisons of normalized log2 signal values were made to contrast the genotypes (Col-0 

vs. HRA1 OE) and conditions (2 h hypoxia vs. normoxia). The analysis included 

evaluation of the transcriptome of 35S:HA-RAP2.12 seedlings (Licausi et al. 2011). A 

total of 1295 DEGs were identified (Figure 4.10; Supplementary Table 4.1). Fuzzy k-

means clustering was used to resolve the DEGs into ten groups with distinct 

characteristics of transcript regulation in the two genotypes and conditions.  

Five clusters (1 to 5) contained genes that were predominantly hypoxia up-regulated 

in Col-0 but not the HRA1 OE sample, Three clusters (6 to 8) were hypoxia down-

regulated genes in both genotypes. Among the clusters of hypoxia-responsive genes, 
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Cluster 1 and 2 included 84% of the 49 core-hypoxia-induced genes (Mustroph et al., 

2009), demonstrating that HRA1 OE significantly reduced induction of most highly 

hypoxia-induced genes (Figure 4.10; Supplemental Table 4.1). By direct comparison with 

the 49 core hypoxia-responsive genes, we recognized that HRA1 OE lines were defective 

in the up-regulation of 30 gene transcripts (61.2 %) in response to 2 h of hypoxia stress. 

Of the 519 genes up-regulated by hypoxia in Col-0, 86 genes (16.6 %) were significantly 

down-regulated in the HRA1 OE sample. These results implicate HRA1 as a negative 

regulator of the core hypoxia response.  

HRA1 affected non-hypoxia-responsive genes as indicated by Cluster 9 (up-

regulated genes) and Cluster 10 (down-regulated genes), regardless of oxygen status 

(Figure 4.10). Gene ontology analysis identified significant enrichment of several 

biological processes for these genes (adj. p < 0.01) (Supplementary Table 4.1). For 

example, Cluster 9 was significantly enriched for biological processes such as ‘response 

to biotic stimulus’, ‘lipid storage’, ‘seed oil body biogenesis’, ‘response to abscisic acid 

stimulus’, ‘monocarboxylic acid metabolic process’, and ‘monolayer-surrounded lipid 

storage body’. Cluster 10 contains genes were enriched for the biological processes of 

‘oligopeptide transport’, ‘response to auxin stimulus’, and ‘glucosinolate biosynthetic 

process’. By contrast, HRA1 OE lines did not show any significant changes in expression 

of hypoxia-responsive genes during the normoxia condition as compared to Col-0 (see 

the heatmap of Cluster 1 through 5; Figure 4.10). This suggests that HRA1 is unstable or 

requires other hypoxia-induced or stabilized proteins to control the expression of 

hypoxia-responsive genes during oxygen deprivation. 
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RAP2.12 and at least two other group VII ethylene responsive transcription factor 

genes (HRE1 and HRE2) are positive regulators of the core hypoxia-responsive genes 

(Licausi et al., 2011; Gibbs et al., 2011; Chapter 5). Ectopic expression of constitutive 

stable RAP2.12 protein (HA-RAP2.12) affected only a subset of hypoxia-induced genes 

present in Cluster 1 (Figure 4.10; Supplementary Table 4.1). Out of the core 49 hypoxia 

genes, only 10 (20.4%) were significantly up-regulated by overexpression of a stable 

form of HA-RAP2.12. Interestingly, genes in Cluster 3 were upregulated by hypoxia in 

Col-0 but downregulated in the RAP2.12 transgenic line under normoxia. Gene ontology 

analysis showed these genes are associated with biological processes such as ‘phosphate 

ion homeostasis’ and ‘anaerobic respiration’ (Supplementary Table 4.1). In summary, 

HRA1 negatively controls the core hypoxia response and more broadly impacts the 

transcriptome than a constitutively-accumulating form of the group VII transcription 

factor RAP2.12. 

By including the transcriptome data generated with a constitutively stable form of 

RAP2.12 in this analysis, the antithetical regulation by HRA1 and RAP2.12 became 

evident. Cluster 1 genes were constitutively up-regulated by RAP2.12 and the most 

negatively regulated by HRA1.  

     To confirm that transcriptional regulation by HRA1 is manifested by changes in 

protein accumulation, seedling ADH enzyme activity was measured in the KO and OE 

lines and compared to wildtype (Figure 4.11). Dampened ADH activity was observed in 

two OE lines after 8 h of hypoxia as compared to Col-0 and the KO lines, consistent with 

the reduced accumulation of ADH1 mRNA in these lines. The accumulation of HRA1-
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FLAG protein was not significantly different at the three time points, 8 h non-stress 

(8NS), hypoxia stress (8HS) and 3 h recovery from 8 h hypoxia stress (3R). This suggests 

that the protein produced in the OE lines is not destabilized at any of the three treatment 

time points tested.  

To gain further support of the hypothesis that HRA1 functions as a negative 

regulation of the core hypoxia transcriptional response, five independent RNAi lines were 

produced and monitored for expression of hypoxia-induced marker genes under normoxic 

and hypoxic conditions by use of qRT-PCR (Figure 4.12). RNAi_1-3 targeted the 300 bp 

3’ coding region of HRA1, whereas RNAi_4 and 5 targeted the 300 bp 5’ coding region. 

Constitutively decreased levels of HRA1 mRNA were detected in the five RNAi lines of 

up to 50%. These lines were tested for accumulation of ADH1 (At1g77120), PDC1 

(At4g33070), and PHI-1 (At1g35140) transcripts under control and after 2 h of hypoxia 

stress, as compared to Col-0. No significant change was observed in levels of these 

transcripts in seedlings under control growth conditions. It was anticipated that these 

lines would accumulate higher levels of hypoxia-responsive transcripts during hypoxia 

stress than Col-0 seedlings, because of reduced levels of HRA1. Only RNAi_2 met this 

expectation for all three hypoxia-induced genes tested. Line RNA_4 showed significantly 

higher level of induction of two of the three genes tested. Although RNAi_1 and RNAi_3 

had reduced level of HRA1 mRNA, their regulation of the three genes tested was similar 

to from Col-0.  
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4.4.4. Determination of DNA-binding sites of HRA1 and discovery of negative auto-

regulation of HRA1 

 

To gain insight into the direct gene targets of HRA1, chromatin immunoprecipitation 

coupled with next generation sequencing (ChIP-seq) was performed using the Illumina 

Hiseq2000 platform. After 2 h hypoxia stress, the 7-d-old seedlings of HRA1 OE lines 

and Col-0 were used for cross-linking, nuclei isolation and immunoprecipitation (IP) with 

FLAG antibody (Figure 4.13a). The Col-0 sample was used as a control to monitor non-

specific ChIP. Libraries contained total 20,796,948 and 12,256,530 aligned reads of 100 

bp on the Arabidopsis TAIR10 genome for HRA1 OE1 and Col-0, respectively. A total 

540 significant ChIP-seq peaks were identified by subtraction of signals in the HRA1 

OE1 sample from those in the Col-0 sample. The peaks were further filtered by excluding 

regions more than 2.0 kb upstream and downstream of annotated genes and peaks of 

shorter than 500 bp in width. This resulted in 146 peaks corresponding to an equal 

number of genes (Supplementary Table 4.2). About 58% of the 146 peaks resided in 

upstream regions or overlapped a predicted transcription start site, suggesting that HRA1 

binding was biased towards 5’ flanking regulatory regions of genes (Figure 4.13b). Gene 

ontology analysis of the 146 peaks indicated that HRA1 bound to genomic regions of 

genes associated with tryptophan aminotransferase, lipid A biosynthetic processes, 

primary root development and response to nutrient functions (Supplementary Table 4.2), 

although the level of enrichment of these categories was not strong (no adj. p values ≤ 10
-

4
).  
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Comparison of the 146 ChIP-Seq peaks with the 1,295 DEGs identified by 

microarray analysis identified an overlap of seven DEGs and ChIP-seq peaks (Figure 

4.13c). The seven genes encode three transcription factors (HRA1, RAV1, WRKY7), a 

member of the trihelix domain proteins (At1g31310, SH4-like 2; annotated as a 

hydroxyproline-rich glycoprotein), a HYPOXIA RESPONSIVE UNKNOWN PROTEIN 

(HUP7), DICER-LIKE1 (DCL1) and a cytochrome P450 (CYP78A6) (Figure 4.13d). Of 

these, the binding site was either in the 5’ flanking region or overlapped with the 

transcriptional start site, except for HUP7 which was in the first intron Although DCL1 

was downregulated by 2 h hypoxia stress in Col-0, other six genes were upregulated 

(Figure 4.13d). Levels of HUP7 and CYP78A6 mRNAs were significantly down-

regulated by HRA1 overexpression under hypoxia. We hypothesized that the binding of 

HRA1 to its own 5’ flanking region (binding overlapped the transcription start site (+5 bp) 

(Figure 4.13e; Supplementary Table 4.2), might result in regulation of the endogenous 

transcript that was masked by transgene in the microarray analysis. Hence, a primer that 

anneals to the native 3’ untranslated region (UTR) of HRA1 was used to distinguish 

endogenous versus transgene HRA1 transcripts by qRT-PCR (Figure 4.3a). Expression of 

ADH1 was monitored to confirm the stress was applied properly (Figure 4.14c). The 

results confirmed that that the T-DNA insertion in the two KO lines lacked a full-length 

transcript (Figure 4.14a), presumably due to T-DNA insertion just upstream of the 3’ UTR 

region (Figure 4.2). As anticipated, the HRA1 transgene mRNA was high in the two OE 

lines under both conditions (Figure 4.14b). Interestingly, the accumulation of HRA1 

transcripts was dampened in the OE lines, as compared to Col-0 following 2 h hypoxia 



177 

 

stress (Figure 4.14a). The latter result strongly suggests that expression of HRA1 gene is 

self-regulated. 

 

4.5. Discussion 

 

4.5.1. HRA1 is a trihelix transcription factor in GTγ sub-family that hetero-

dimerizes with other trihelix proteins 

 

In this study, the highly hypoxia-inducible gene, HRA1 (At3g10040), was 

characterized. By use of public Arabidopsis genome resources, phylogenetic, biochemical 

and gene expression analysis, it was determined that HRA1 is a member of the trihelix 

family of transcription factors and functions to negatively regulate the core 

transcriptional response to low oxygen stress. Arabidopsis encodes 27-33 trihelix domain 

proteins. Previous analysis of several of these proteins indicated that they can positively 

or negatively regulate transcription of downstream genes (e.g. light response, seed 

development) (Gao et al., 2009; Zhou, 1999). 

Encoded by intronless gene, HRA1 is a nuclear-localized protein that functions as a 

transcriptional activator in yeast (Figure 4.5 and 4.6). Based on deletion of regions of 

HRA1, the intact N-terminus, trihelix domain and fourth amphipathic–helical domain (1-

293 a.a.) are necessary and sufficient for transcriptional activation in yeast. The deletion 

of C-terminal region of HRA1 did not affect transcriptional activation activity (Figure 

4.6).  
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By use of both co-immunopreciptiation and yeast-two hybrid analyses, it was shown 

that HRA1 binds other trihelix proteins, including At1g21200, in the GTγ clade, and 

GT2L in the GT-2 clade. HRA1 homodimerization was confirmed by bimolecular 

fluorescence complementation (Pierdomenico Perata, personal communication). It has 

been previously demonstrated that the conserved C-terminal domain of trihelix proteins 

mediates protein dimerization for GT-3a and GmGT-2 (Ayadi et al., 2004; Xie et al., 2009) 

but not GT-1 and GT-4 (Kaplan-Levy et al., 2012). It is possible that other regions of 

HRA1 regulated its interaction with trihelix and other proteins, as previously reported in 

other studies (Hiratsuka et al., 1994; Kaplan-Levy et al., 2012; Lam, 1995). For example, 

the amino acids from 193 to the end of HRA1 were shown to interact with RAP2.12 in a 

yeast-two-hybrid assay (Pierdomenico Perata, personal communication). SAB18 

(LOC_Os11g06410) encodes a rice ortholog of HRA1. This protein interacted with the 

group VII ERF transcription factors SUB1A and SUB1C in a yeast-two-hybrid system 

and in bimolecular fluorescence complementation assays (Seo et al., 2011). It will be 

interesting to determine whether HRA1 interaction with other associated proteins is 

responsible for the diverse functionality of HRA1. 

 

4.5.2. Core transcriptional response to low oxygen is negatively regulated by HRA1 

 

Transcription of HRA1 is highly induced by low oxygen and submergence condition 

in the root and shoot of Arabidopsis (Lee et al., 2011). HRA1 protein synthesis is likely to 

occur during hypoxia, when HRA1 mRNAs are highly loaded on polyribosomes (Chapter 
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2; Figure 2.1). We found no evidence that the stability of HRA1 C-terminally fused with 

FLAG peptide is regulated by oxygen regimes (Figure 4.11). Overexpression of HRA1 

resulted in repressed induction of hypoxia-responsive genes including 61.2% of the 49 

core genes expressed in different cell-types under hypoxia (e.g. SUS4, ADH1, PDC1) in 

contrast to ectopic expression of a stabilized form of the group VII ERF RAP2.12, which 

affects expression of only a subset of the hypoxia core genes (20.4 %). Mutants of key 

NERP enzymes ATE1, ATE2, and PRT6 constitutively expressed 37 hypoxia-induced 

genes of the core 49 genes (75.5 %; combined number from three datasets, prt6 seed, 

seedling and ate1ate2 seedling). Twenty-two of these were co-regulated by HRA1 

(Figure 4.15). Importantly, those genes that were upregulated by NERP were 

downregulated by HRA1. This implies HRA1 intersects the regulation of genes by NERP.  

Based on these observations several hypotheses can be proposed: 1) HRA1 and 

substrates of NERP (e.g. group VII ERFs) compete for binding sites/regions on target 

genes to negatively or positively regulate expression under hypoxia, respectively; 2) 

HRA1 and substrates of NERP indirectly and/or independently regulate hypoxia-induced 

genes, or 3) HRA1 directly inhibits the transcriptional activity of the substrates of NERP 

for regulation of hypoxia response via protein-protein interaction. The first possibility is 

unlikely because there were only a few hypoxia-induced genes identified as targets of 

HRA1-binding by ChIP-seq (Figure 4.13). Investigation of protein interaction between 

HRA1 and group VII ERFs may show which hypothesis is correct. This could be 

accomplished by several methods, including a yeast-two-hybrid assay or co-

immunopurification of epitope tagged versions of these proteins.  
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KO mutants produced truncated version of transcripts as a 3’ exon region was 

detected in qRT-PCR (Figure 4.14b). There was no significant change in expression of 

ADH1 in whole seedlings of KO lines comparing to Col-0 (Figure 4.14c). It might be of 

interest to see whether the change is shown in a specific tissue type. Meanwhile, RNAi 

lines had only knock-down levels of HRA1 transcripts but appeared the similar trends to 

KO lines. It remains questionable what consequences of completely abolished HRA1 

expression would be in Arabidopsis. KO mutants of SAB18, a rice orthologous gene of 

HRA1, showed increased sensitivity to submergence (Seo et al., 2011). Whereas SAB18 

positively affected submergence tolerance in rice, HRA1 overexpression negatively 

affected submergence tolerance in Arabidopsis (Figure 4.8). There are other putative rice 

orthologs of HRA1 based on another phylogenetic analysis (Figure 4.4; Kaplan-Levy et 

al., 2012). Further expression and functional analyses of these orthologs in GTγ can 

confirm conserved roles of HRA1 in low oxygen and submergence response in plant 

kingdom. 
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4.5.3. HRA1 functions in regulation of other pathways such as nutrient and dark 

response. 

 

HRA1 OE lines exhibited sensitivity to extended darkness and submergence 

treatment performed in the dark (Figure 4.8 and 4.9). Recovery of HRA1 OE lines was 

markedly weakened as compared to Col-0, whereas KO lines showed increased tolerance 

to submergence (Figure 4.9). All the phenotypes of OE lines in the dark and submergence 

might be explained by considering potential roles of HRA1 in regulation of nutrient and 

storage genes as mentioned above. Microarray experiment in this study identified HRA1 

positively controlled genes related to lipid and nutrient storage such as OLEOSIN1 

(OLEO1) (Supplementary Table 4.1). The fact that DIN11 was up-regulated by HRA1 

(SLR 1.24, comparison of OE vs. Col-0 under normoxia) suggests there might be 

differential expression of dark-inducible (or light-regulating) or metabolic genes in HRA1 

OE lines. Regulation of nutrient genes was also reported for another trihelix transcription 

factor ASIL1 (for Arabidopsis 6b-interacting protein 1-like 1) known as seed maturation 

repressor (Gao et al., 2009). It was concluded that OLEO1 and OLEO2 were 

downregulated by ASIL1, therefore the negative regulation of ASIL1 on OLEOs is 

opposite to positive regulation of HRA1. Comprehensive temporal metabolic studies will 

be necessary to uncover the function of HRA1 in regulation of anaerobic metabolism.  

One of the identified interacting proteins of HRA1 by yeast-two-hybrid screening 

(Table 4.2), AIM1 is involved in peroxisomal beta-oxidation of fatty acids for jasmonic 

acid synthesis (Delker et al., 2007; Richmond and Bleecker, 1999). However, the 
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interaction between HRA1 and AIM1 needs to be confirmed in Arabidopsis or other plant 

systems. GT2L, which was found as an interacting protein with HRA1, is a trihelix 

protein was characterized as a Ca
2+

-dependent calmodulin-binding protein that responds 

to cold and salt stresses (Xi et al., 2012). Poplar GTL1 was also characterized as a 

Ca
2+

/calmodulin-binding transcription factor functioning in drought tolerance through 

regulation of stomatal density (Weng et al., 2012). It remains questions whether HRA1 is 

a Ca
2+

-dependent calmodulin-binding protein, and whether its activity is associated with 

cytosolic Ca
2+ 

change
 
which is occurred by low oxygen stress (Bailey-Serres and 

Voesenek, 2008; Sedbrook et al., 1996). In addition, delayed flowering time in OE lines 

implies that HRA1 may involve in developmental or hormonal regulation of flowering 

time. Taken together, possibilities are open to multiple functions of HRA1 in other stress 

and developmental pathways in addition to low oxygen response. More molecular, 

physiological and biochemical studies will be needed to further characterize the roles of 

HRA1 in other pathways including nutrient regulation. 

   

4.5.4. Direct targets of HRA1 in low oxygen pathways. 

 

ChIP-seq data identified potential targets of HRA1 (146 genes) and suggested that 

HRA1 favors binding to upstream regions of genes during hypoxic condition (Figure 

4.13b). However, there were exceptional cases such as binding to intron region of HUP7 

(Figure 4.13e). Assuming the binding region acts as a distant enhancer, there is also a 

possibility that HRA1 regulates expression of a nearby gene of HUP7. Since GT-
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elements of GT-1 and GT-2 factors were reported (Kaplan-Levy et al., 2012), a search for 

over-represented cis-motifs in the HRA1-binding regions may identify conserved cis-

elements that could be further tested. However, no enriched cis-elements were evident in 

the putative 146 HRA1 binding regions based on surveys performed using Multiple Em 

for Motif Elicitation (MEME) software (Bailey et al., 2009) (data not shown). It is 

possible ChIP-seq signals came from indirect DNA binding mediated by other proteins 

that interact with HRA1.  

Even though a significant number of hypoxia-induced genes are negatively regulated, 

only seven genes were found as DNA-binding sites of HRA1 (Figure 4.13c). Moreover, 

only HUP7 and CYP78A6 were the targets whose induction was inhibited by HRA1 

overexpression (Figure 4.13d). HUP7 is annotated as stearoyl-acyl-carrier-protein 

desaturase which has similar predicted protein size 44-45 kDa as other plants, Ricinus 

communis (castor) and Cucumis sativus (cucumber) (Shanklin and Somerville, 1991). 

The potential role of stearoyl-acyl-carrier-protein desaturase was proposed to be in 

detoxification of oxidative stress at plasma membrane from cellular low oxygen stress (Li 

et al., 2012). CYP78A6 is another potential HRA1 target gene that encodes a cytochrome 

P450 monooxygenase and plays a role in maternal control of seed size in Arabidopsis 

(Fang et al., 2012). KIN10 and HXK3 (HEXOKINASE3) were also found to be targets of 

HRA1 (Supplementary Table 4.2). KIN10 plays a crucial role as an integrator of 

transcriptional regulation of energy sensing and response upon abiotic stresses including 

darkness and sugar starvation (Baena-Gonzalez, 2010; Baena-Gonzalez et al., 2007; 

Baena-Gonzalez and Sheen, 2008). Interestingly, a recent study suggests that Arabidopsis 
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KIN10 might regulate expression of ADH1 and PDC1 which are marker genes of 

hypoxia response as well as DARK-INDUCED6 (DIN6) (Cho et al., 2012). HXK1 has 

been known as a glucose sensor integrating nutrient and hormonal signals (Baena-

Gonzalez, 2010; Baena-Gonzalez et al., 2007; Cho et al., 2010; Moore et al., 2003). 

HXK3 shares 53% identity in amino acid sequence with HXK1 and can phosphorylate 

glucose (Karve et al., 2008). HXK3 is normally expressed in sink tissues such as root and 

silique and localized to chloroplasts. Importantly, the upstream region of HRA1 was 

found as a binding site of HRA1 (Figure 4.13e). Negative auto-regulation of HRA1 

expression might be an important mechanism for balancing suppression of hypoxia 

response (Figure 4.14).  

These results indicate that HRA1 functions to fine-tune the response to low oxygen 

stress. Future studies may be designed to confirm putative HRA1-binding sites by 

targeted ChIP-PCR and to discover protein partners of HRA1 in regulation of hypoxia 

response. Further study may be necessary to confirm the absence or presence of HRA1 

elements in Arabidopsis genome using other resources for motif search. Additionally, 

future targeted experiments (e.g. screening protein interaction between HRA1 and other 

positive regulators of hypoxia response and searching upstream regulators of hypoxia-

induced genes) could elucidate molecular mechanisms in opposing regulation of core 

hypoxia response mediated by two components, group VII ERFs and HRA1 trihelix 

protein in Arabidopsis. 
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Table 4.1. List of primer sets used for experiments 

 

Primer ID Primer sequence Experiments 

Primerset1_F 5’-gaactcgaagatactgtac-3’ RT-PCR for KO lines 

Primerset1_R 5’-tgcggcatttctaagctc-3’ RT-PCR for KO lines 

Primerset2_F 5’-cggcaagtgtagtggaagat-3’ RT-PCR for KO lines 

Primerset2_R 5’-cccttagcggaactcgggtca-3’ RT-PCR for KO lines 

5’ _RNAi_F 5’-atggaatcgaatgtgatgttctctggg-3’ RNAi line construct 

5’_RNAi_R 5’-ttgtgacaatttcctcttcccgtcagtt-3’ RNAi line construct 

3’_RNAi_F 5’-caccgtggaagatgttgggaagagtgtg-3’ RNAi line construct 

3’_RNAi_R 5’-tcaccccttagcggaactcgggtcaac-3’ RNAi line construct 

HRA1_full_F 5’-caggccatggaatcgaatgtgatgtt-3’ Yeast auto-activation 

HRA1_full_R 5’-aactgcagccccttagcggaact-3’ Yeast auto-activation 

HRA1Δ96_F 5’-caggccatggaatcgaatgtgatgtt-3’ Yeast auto-activation 

HRA1Δ96_R 5’-ttctgcagcttcccgtcagt-3’ Yeast auto-activation 

HRA1Δ149_F 5’-caggccatggaatcgaatgtgatgtt-3’ Yeast auto-activation 

HRA1Δ149_R 5’-aactgcagccctcctcctcctcc-3’ Yeast auto-activation 

HRA1Δ294_F 5’-caggccatggaatcgaatgtgatgtt-3’ Yeast auto-activation 

HRA1Δ294_R 5’-aactgcagctctacttcctcctcca-3’ Yeast auto-activation 

Δ95HRA1_F 5’-caggccatggaaaggaaattgtcacaa-3’ Yeast auto-activation 

Δ95HRA1_R 5’-aactgcagccccttagcggaact-3’ Yeast auto-activation 

Δ293HRA1_F 5’-caaaccatggaatctgatatggcggag-3’ Yeast auto-activation 

Δ293HRA1_R 5’-aactgcagccccttagcggaact-3’ Yeast auto-activation 

HRA1_pENTR_F 5’-caccatgttgcagaagaaagggaagtgg-3’ Y2H screening 

HRA1_pENTR_R 5’-tcacccccttagcggaactcgggtcaac-3’ Y2H screening 

HRA1_endo_F 5’-gggaagaagcggcaagtgtagtg-3’ qRT-PCR (endogenous HRA1) 

HRA1_endo_R 5'- tttactgcctaatgtcactaaaacgtgag -3' qRT-PCR (endogenous HRA1) 

HRA1_F 5’-agtcagcagcagaactgttttcacg-3’ qRT-PCR (HRA1) 

HRA1_R 5’-tctccactccttcccactcataccc3-’ qRT-PCR (HRA1) 

TUB2_F 5’-acaccagacatagtagcagaa-3’ qRT-PCR 

TUB2_R 5’-actcgttgggaggaggaact-3’ qRT-PCR 

PDC1_F 5’-cttaggtgcttccaaacggtg-3’ qRT-PCR 

PDC1_R 5’- ctttcgcagaaggcatcatcg-3’ qRT-PCR 

PHI-1_F 5’-ctacgcggttaacgtcgtgttg-3’ qRT-PCR 

PHI-1_R 5’-tgtgacccgcatctgttcatgc-3’ qRT-PCR 

ADH1_F 5’-accaccggacagattattcgatgc-3’ qRT-PCR 

ADH1_R 5’- tggccgaagatacgtggaaacaa-3’ qRT-PCR 
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Table 4.2. Interacting proteins of HRA1 identified by yeast-two-hybrid (Y2H) screening 

using truncated BD-HRA1 (148-431 a.a.) and co-immunoprecipitation and proteomics 

approaches. 

 

Primer ID Description Experiments Function Ref 

At5g28300 
GT2L trihelix (GT-2 

clade) 
Y2H Unknown  

At1g21200 Trihelix (GTγ clade) Proteomics Unknown  

At4g29010 

AIM1 (ABNORMAL 

INFLORESCECE 

MERISTEM); enoyl-

CoA hydratase 

Y2H 

Fatty acid 

beta-

oxidation 

(Delker et 

al., 2007; 

Richmond 

and 

Bleecker 

1999) 

At5g26720 Hypothetical protein Y2H Unknown  
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Figure 4.1. Alignment of amino acids of three GTγ trihelix proteins. Full length amino 

acid sequences of HRA1 (At3g10040), At1g21200, and At1g76870 were aligned using 

ClustalW. Solid line indicates the trihelix domain, and asterisks show conserved Trp (W) 

and Phe (F) residues. Rectangular box indicates the fourth helix domain, and dashed line 

represents uninterrupted coiled-coil domain (Kaplan-Levy et al., 2012). 
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Figure 4.2. Transfer-DNA insertion knock-out alleles of HRA1 used in this study. (a) 

Gene structure of HRA1 (At3g10040) and site of T-DNA insertions. Light blue bar 

indicates 5’- and 3’-UTR and blue bar coding sequence (exon, 196 - 1492 bp). Triangles 

indicate the approximate sites of two knock-out (KO) insertion of alleles hra1-1 

(SALK_041486, KO1) and hra1-2 (SALK_060275, KO2). ATG indicates the start of the 

protein-coding region. (b) Evaluation of hypoxia-inducible HRA1 mRNA levels confirms 

the two insertion alleles failure to produce gene transcript. Two primer sets in Table 4.1 

were used for evaluating transcripts of the gene At3g10040 in the two KO lines and Col-0 

by RT-PCR. The mRNA used was isolated from 7-d-old seedlings exposed to 2 h non-

stress (2NS) and hypoxia stress conditions (2HS). Thirty cycles of amplification were 

performed.  
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Figure 4.3. Binary T-DNA constructs introduced into Arabidopsis thaliana Col-0 by 

Agrobacterium-mediated transformation to obtain stable transgenics with modified HRA1 

expression. (a) Ectopic overexpression lines (OE) were produced using the full length of 

HRA1 cDNA (At3g10040.1). The Cauliflower Mosaic Virus (CaMV) 35S promoter, 

fused to the Ω 5'-untranslated region (5'-UTR) of RNA of tobacco mosaic virus and 

Octopine Synthase OCS 3’ terminator were used as regulatory elements. (b) GFP lines 

were produced with the 35S promoter fused to the native 5’-UTR and full length coding 

sequence of HRA1 derived from cDNA, which was fused at the penultimate codon to 

mgfp5(GFP) followed by the FLAG-His6 tag and the OCS 3’-terminator. (c) 35S RNAi 

transgenic lines were produced using a construct with a hairpin structure that consisted of 

a middle intron sequence (M) present in the pJawohl17 vector, and sense and antisense 

DNA of the 5’ (1-300) or 3’ (997-1296) 300 bp of HRA1 cDNA. All three T-DNA 

constructs contain the neomycin phosphotransferase gene (nptII) that confers kanamycin 

resistance, driven by the 35S promoter.  
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Figure 4.4. HRA1 is a member of the plant trihelix transcription factor family. Sequences 

of the full length predicted amino acid of Arabidopsis, rice, and Nicotiana tabacum 

trihelix protein family members were aligned using ClustalW. A phylogenetic tree was 

produced by the maximum likelihood algorithm with 500 bootstrap replication using the 

MEGA5 software. The scale bar below the phylogenetic tree indicates 0.5 amino acid 

substitutions per site. Grouping of trihelix clades was taken from Kaplan-Levy et al. 

(2012). The red dot indicates HRA1. Proteins experimentally shown to physically interact 

with HRA1 are marked with a green (At1g21200) and yellow dot (At5g28300, GT2L). 

The blue dot indicates the protein SAB18 (Os11g06410) reported to interact with SUB1A 

and SUB1C of rice (Oryza sativa) (Seo et al. 2011). A purple dot indicates SH4-like2 

(At1g31310) identified as putative target of HRA1 by ChIP-seq analysis. Gene names 

and identifiers: Nicotiana tabacum NtSIP1, AB072391; Arabidopsis thaliana ASIL1, 

At1g54060; GT-1a, At1g13450.1; GT-1b, At1g13450.2, GT-3a, At5g01380; GT-3b, 

At2g38250; GT-4, At3g25990; GT-2, At1g76890.1; GT2L, At5g28300; GTL1, 

At1g33240; GTL1L, At5g47660; PTL, At5g03680; DF1L, At1g76880. Rice gene names 

correspond to the Michigan State University Rice Genome (Osa1) Annotation Release 7.  
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Figure 4.5. GFP-tagged HRA1 accumulates in nuclei in root tip cells. Three-d-old 

seedlings of stably transformed 35S:HRA1-GFP plants were observed under confocal 

microscopy with DAPI staining of nuclei. GFP signals were mainly appeared in nuclei. 

Scale bar indicates 10 μm. Emission wavelengths between 399 and 600 nm were 

collected for DAPI fluorescence and between 500 and 600 nm were collected for GFP 

fluorescence. 
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Figure 4.6. HRA1 functions as a transcriptional activator in yeast. (a) HRA1 full coding 

region and truncated coding regions (delta symbols) were cloned into the yeast GAL4 

binding domain (BD) pAS2 vector. The Δ147HRA1 construct was used for yeast-two-

hybrid screening (Table 4.2). Yellow indicates the trihelix domain, red the fourth 

amphipathic domain with the consensus sequence (F/Y)-(F/Y)-X-X-(L/I/M)-X-X-(L/I/M), 

and green the long, uninterrupted coiled-coil domain (Kaplan-Levy et al. 2012). (b) 

Constructs were transformed into the PJ69-4A strain, grown on SD -Ade -His selection 

medium and tested for β-galactosidase activity.  

  



196 

 

 

  



197 

 

Figure 4.7. Ectopic overexpression of HRA1 delays flowering. (a) Photograph of 35-d-

old plants. (b) Plant age in days when the first flower was open for Col-0, two 

independent hra1 mutants (hra1-1 and hra1-2; KO1 and KO2, respectively), and three 

independent HRA1 OE lines (35S:HRA1#1-3; OE1-3, respectively). Plants were grown 

under long day conditions (16 h light / 8 h dark). Data are mean ± SD (n=8). Different 

letters above bars indicate statistically significant difference based on ANOVA (p<0.05). 
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Figure 4.8. HRA1 levels influence submergence tolerance of Arabidopsis plants. 

Seedlings developmentally matched at the 10-leaf-stage were fully submerged in 

complete darkness for up to 10 days. Photographs of plants were taken at the start of the 

experiment and immediately after de-submergence. Median lethal time (LT50) values 

were calculated from the survival scored after 9 d of recovery for each duration of 

submergence (n = 10 plants per time point). Values for two HRA1 OE and two hra1 KO 

lines indicated in Figure 4.6 are compared to Col-0, assayed in multiple experiments as a 

control, and 24 OE or KO lines for other HUP genes reported in Lee et al. (2011) (see 

Chapter 3). The standard deviation of Col-0 was obtained from multiple datasets. Red and 

dark green indicate statistical significant (95% confidence interval values) (see Chapter 

3); light green indicates marginally significant. 
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Figure 4.9. Early senescence of HRA1 OE lines maintained under extended darkness. 

Ten-leaf-stage plants of each genotype were well-watered and left under complete 

darkness for 7 d. Plants were moved to normal growth conditions for 2 and 9 days of 

recovery before photography.  
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Figure 4.10. HRA1 overexpression alters transcriptomic adjustment to hypoxia. 

Transcript abundance data obtained with the Affymetrix ATH1 microarray platform with 

7-d-old seedlings were compared between genotypes or conditions: wild-type (WT) Col-

0 2 h hypoxia vs. WT 2 h normoxia; HRA1 OE 2 h hypoxia vs. HRA1 OE 2 h normoxia; 

HRA1 OE 2 h hypoxia vs. Col-0 2 h normoxia; HRA1 OE 2h hypoxia vs. Col-0 2 h 

normoxia. Two independent HRA1 OE lines (35S:HRA1#1 [OE1] and 35S:HRA1#1 

[OE2]) had nearly identical transcriptomes under both conditions (r
2
=0.994, normoxia; 

0.994, hypoxia) and were used as biological replicate samples. The ATH1 microarray 

dataset generated by Licausi et al. (2011) compared transcripts in 5-week-old rosette 

tissue of normoxic plants of a transgenic overexpressing N-terminally HA-tagged 

RAP2.12 (RAP) line to that of Col-0. A total 1295 DEGs were selected based on the 

criteria |SLR| > 1, adj. p < 0.01. These genes were used in a fuzzy k-means clustering 

analysis. Mean cluster signal log2 ratio (SLR) values are provided for each of ten clusters. 

Each cluster number is listed with the number of genes in the cluster indicated in 

parentheses. Venn diagrams display the overlaps between the DEGs in the SLR 

comparisons. The 49 core hypoxia-responsive (core 49 hypoxia) genes were universally 

induced genes by 2 h of hypoxia stress in regional and cell-type defined translatomes in 

Arabidopsis seedlings (Mustroph et al., 2009). Abbreviations: Down, down-regulated 

genes; Up, up-regulated genes. 
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Figure 4.11. HRA1 overexpression suppresses induction of ADH activity in seedlings by 

hypoxia. Comparison of (a) HRA1 detection in SDS-solubilized cell extracts by 

immunoblot analysis using anti-FLAG antiserum, (b) ADH enzyme specific activity, and 

from three samples of 7-d-old seedling tissue grown on MS medium supplemented with 1% 

(w/v) sucrose: 8 h non-stress (8NS), 8 h hypoxia stress (8HS), 3 h recovery after 8 h 

hypoxia stress (3R) for five genotypes Col-0, hra1-1 and hra1-2 (KO1 and KO2) and 

35S:HRA1#1 and 35S:HRA1#2 (OE1 and OE2). The loading control is a band with an 

apparent molecular weight of 50 to 60 kDa in the Coomassie Blue stained gel. ADH 

activity data was combined from two independent experiments. 
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Figure 4.12. Down-regulation of HRA1 by RNAi dampens upregulation of hypoxia-

responsive transcripts. qRT-PCR evaluation of four gene transcripts in five independent 

HRA1 RNAi lines (RNAi_1-3 targeted to 300 bp 3’ coding region; RNAi_4-5 to 300 bp 5’ 

coding region). Seedlings were grown on MS containing 1% (w/v) sucrose for 7 d and 

deprived of oxygen at the end of the light cycle. The transcript levels of HRA1, PHI-1 

(AT1G35140), ADH1 (AT1G77120), and PDC1 (AT4G33070) were examined using 

TUB2 (AT5G62690) as a reference gene. Data represent mean and standard deviation 

from three independent biological replicates. Blue and red bars indicate 2 h non-stress 

and 2 h hypoxia stress, respectively. ANOVA and Tukey HSD multiple comparison were 

performed. Bars marked with a different letters are significantly different (p<0.05).  
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Figure 4.13. Identification of HRA1 binding sites by chromatin-immunopurification and 

fragment sequencing (ChIP-seq). (a) Overview of the experimental design of the ChIP-

seq analysis. ChIP was performed with the HRA1 OE line 35S:HRA1OE#1 and Col-0 as a 

control for non-specific immunopurification. (b) Pie chart displaying the percentage of 

HRA1 binding peaks that map to defined domains of annotated genes. Upstream: peak 

maps 5’ of the predicted transcription start site; downstream: peak maps 3’ of the 

transcriptional unit of the gene; inside: peak maps within the annotated mRNA; 

overlapStart: peak overlaps with the predicted transcriptional start site of the gene; 

overlapEnd: peak overlaps with the end of the gene; includeFeature: peak includes the 

entire gene. (c) Venn diagram comparison of the 1,295 differentially expressed genes 

(DEGs) identified by DNA microarray analysis (Figure 4.9) and the 146 putative targets 

of HRA1 binding identified by ChIP-seq (d) Heatmap of the seven genes in both the 

DEG and ChIP-Seq datasets, using data from the Figure 4.9 (e) Mapping of the peak 

feature of representative target genes. The peak summit is indicated by the number next 

to the peak. HRA1 OE1 indicates the ChIP-seq data from 35S:HRA1OE#1; Col-0 

indicates the non-specific ChIP control. 
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Figure 4.14. Ectopic overexpression of HRA1 inhibits hypoxia-induced accumulation of 

endogenous HRA1 transcripts. Evaluation by qRT-PCR of endogenous HRA1, total HRA1 

(endogene and transgene) and ADH1 transcripts from 7-d-old seedlings under non-stress 

(2NS) and following 2 h hypoxia stress (2HS) in four genotypes. (a) Endogenous HRA1 

levels monitored by use of a reverse orientation primer that binds the 3’-UTR of the 

Arabidopsis HRA1, which is absent in the HRA1 transgene construct (b) Total HRA1 

mRNA levels monitored by used of primers that bind within the protein coding sequence, 

of both the transgenic and endogenous HRA1 transcripts. (c) Error bars indicate standard 

deviation obtained from two biological replicate samples, including those used in the 

DNA microarray analysis. 
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Figure 4.15. Two opposing mechanisms co-regulate the core 49 hypoxia-induced genes. 

Venn diagram comparison of genes negatively regulated by HRA1 under hypoxia and 

positively regulated by in N-end rule pathway (NERP) mutants. Differentially expressed 

genes (DEGs) were identified by DNA microarray analyses. Constitutively up-regulated 

genes (UP) of NERP mutants include all genes significantly upregulated under normoxia 

in prt6 seed, prt6 seedlings or ate1ate2 seedlings from Figure 5.4. Down OE vs. WT 

Hypoxia, genes negatively regulated by ectopic HRA1 overexpression (OE) during 

hypoxia as compared to Col-0 (WT) (Figure 4.9); Core 49 hypoxia: Genes induced in all 

regions and cell-types in the translatome analysis of 7-d-old seedlings deprived of oxygen 

for 2 h (Mustroph et al. 2009).  

 

 

 
  



212 

 

4.7. References 

 

Ayadi, M., Delaporte, V., Li, Y.F. & Zhou, D.X. 2004. Analysis of GT-3a identifies a 

distinct subgroup of trihelix DNA-binding transcription factors in Arabidopsis. 

FEBS Letters, 562: 147-154. 

 

Baena-Gonzalez, E. 2010. Energy signaling in the regulation of gene expression during 

stress. Molecular Plant, 3: 300-313. 

 

Baena-Gonzalez, E., Rolland, F., Thevelein, J.M. & Sheen, J. 2007. A central 

integrator of transcription networks in plant stress and energy signalling. Nature, 

448: 938-942. 

 

Baena-Gonzalez, E. & Sheen, J. 2008. Convergent energy and stress signaling. Trends 

in Plant Science, 13: 474-482. 

 

Bailey, T.L., Bodén, M., Buske, F.A., Frith, M., Grant, C.E., Clementi, L., Ren, J., Li, 

W.W. & Noble, W.S. 2009. MEME SUITE: tools for motif discovery and 

searching. Nucleic Acids Research, 37:W202-W208. 

 

Bailey-Serres, J & Dawe, R.K. 1996. Both 5' and 3' sequences of maize adh1 mRNA are 

required for enhanced translation under low-oxygen conditions. Plant Physiology, 

112: 685-695. 

 

Bailey-Serres, J., Fukao, T., Gibbs, D.J., Holdsworth, M.J., Lee, S.C., Licausi, F., 

Perata, P., Voesenek, L.A.C.J. & van Dongen, J.T. 2012. Making sense of low 

oxygen sensing. Trends in Plant Science, 17: 129-138. 

 

Mustroph, A. & Bailey-Serres, J. 2010. The Arabidopsis translatome cell-specific 

mRNA atlas: Mining suberin and cutin lipid monomer biosynthesis genes as an 

example for data application. Plant Signaling & Behavior, 5: 320-324. 

 

Bailey-Serres, J. & Voesenek, L.A.C.J. 2008. Flooding stress: acclimations and genetic 

diversity. Annual Review of Plant Biology, 59: 313-339. 

 

Baxter-Burrell, A., Chang, R., Springer, P. & Bailey-Serres, J. 2003. Gene and 

enhancer trap transposable elements reveal oxygen deprivation-regulated genes 

and their complex patterns of expression in Arabidopsis. Annals of Botany, 91: 

129-141. 

  



213 

 

 

Branco-Price, C., Kaiser, K.A., Jang, C.J., Larive, C.K. & Bailey-Serres, J. 2008. 

Selective mRNA translation coordinates energetic and metabolic adjustments to 

cellular oxygen deprivation and reoxygenation in Arabidopsis thaliana. The Plant 

Journal, 56: 743-755. 

 

Breeden, L. & Nasmyth, K. 1985. Regulation of the yeast HO gene. Cold Spring Harbor 

Symposia on Quantitative Biology, 50: 643-650. 

 

Busch, B.L., Schmitz, G., Rossmann, S., Piron, F., Ding, J., Bendahmane, A. & 

Theres, K. 2011. Shoot branching and leaf dissection in tomato are regulated by 

homologous gene modules. The Plant Cell, 23: 3595-3609. 

 

Cho, Y.H., Hong, J.W., Kim, E.C. & Yoo, S.D. 2012. Regulatory functions of SnRK1 in 

stress-responsive gene expression and in plant growth and development. Plant 

Physiology, 158: 1955-1964. 

 

Cho, Y.H., Sheen, J.& Yoo, S.D. 2010. Low glucose uncouples hexokinase1-dependent 

sugar signaling from stress and defense hormone abscisic acid and C2H4 

responses in Arabidopsis. Plant Physiology, 152: 1180-1182. 

 

Dehesh, K., Bruce, W.B. & Quail, P.H. 1990. A trans-acting factor that binds to a GT-

motif in a phytochrome gene promoter. Science, 250: 1397-1399. 

 

Dehesh, K., Hung, H., Tepperman, J.M. & Quail, P.H. 1992. GT-2: a transcription 

factor with twin autonomous DNA-binding domains of closely related but different 

target sequence specificity. The EMBO Journal, 11: 4131-4144. 

 

Delker, C., Zolman, B.K., Miersch, O. & Wasternack, C. 2007. Jasmonate 

biosynthesis in Arabidopsis thaliana requires peroxisomal beta-oxidation 

enzymes--additional proof by properties of pex6 and aim1. Phytochemistry, 68: 

1642-1650. 

 

Ding, X., Zhang, Y. & Song, W.Y. 2007. Use of rolling-circle amplification for large-

scale yeast two-hybrid analyses. Methods in Molecular Biology, 354: 85-98. 

 

Fang, W., Wang, Z., Cui, R., Li, J. & Li, Y. 2012. Maternal control of seed size by 

EOD3/CYP78A6 in Arabidopsis thaliana. The Plant Journal, DOI: 

10.1111/j.1365-313X.2012.04907.x 

 

Fang, Y., Xie, K., Hou, X., Hu, H. & Xiong, L. 2010. Systematic analysis of GT factor 

family of rice reveals a novel subfamily involved in stress responses. Molecular 

Genetics and Genomics, 283: 157-169. 

 



214 

 

Gao, M.J., Lydiate, D.J., Li, X., Lui, H., Gjetvaj, B., Hegedus, D.D. & Rozwadowski, 

K. 2009. Repression of seed maturation genes by a trihelix transcriptional 

repressor in Arabidopsis seedlings. The Plant Cell, 21: 54-71. 

 

Gautier, L., Cope, L., Bolstad, B.M. & Irizarry R.A. 2004. Affy-analysis of Affymetrix 

GeneChip data at the probe level. Bioinformatics, 20: 307-315. 

 

Gibbs, D.J., Lee, S.C., Isa, N.M., Gramuglia, S., Fukao, T., Bassel, G.W., Correia, 

C.S., Corbineau, F., Theodoulou, F.L., Bailey-Serres, J. & Holdsworth, M.J. 
2011. Homeostatic response to hypoxia is regulated by the N-end rule pathway in 

plants. Nature, 479: 415-418. 

 

Gilmartin, P.M., Memelink, J., Hiratsuka, K., Kay, S.A. & Chua, N.H. 1992. 

Characterization of a gene encoding a DNA binding protein with specificity for a 

light-responsive element. The Plant Cell, 4: 839-849. 

 

Green, P.J., Kay, S.A. & Chua, N.H. 1987. Sequence-specific interactions of a pea 

nuclear factor with light-responsive elements upstream of the rbcS-3A gene. The 

EMBO Journal, 6: 2543-2549. 

 

Green, P.J., Yong, M.H., Cuozzo, M., Kano-Murakami, Y., Silverstein, P. & Chua, 

N.H. 1988. Binding site requirements for pea nuclear protein factor GT-1 

correlate with sequences required for light-dependent transcriptional activation of 

the rbcS-3A gene. The EMBO Journal, 7: 4035-4044. 

 

Hajdukiewicz, P., Svab, Z. & Maliga, P. 1994. The small, versatile pPZP family of 

Agrobacterium binary vectors for plant transformation. Plant Molecular Biology, 

25: 989-994. 

 

Han, S. & Kim, D. 2006. AtRTPrimer: database for Arabidopsis genome-wide 

homogeneous and specific RT-PCR primer-pairs. BMC Bioinformatics, 7: 179. 

 

Harper, J.W., Adami, G.R., Wei, N., Keyomarsi, K. & Elledge, S.J. 1993. The p21 

Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent kinases. 

Cell, 75: 805-816. 

 

Hiratsuka, K., Wu, X., Fukuzawa, H. & Chua, N.H. 1994. Molecular dissection of GT-

1 from Arabidopsis. The Plant Cell, 6: 1805-1813. 

 

Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S., Oertle, L., Widmayer, P., 

Gruissem, W. & Zimmermann, P. 2008. Genevestigator v3: a reference 

expression database for the meta-analysis of transcriptomes. Advances in 

Bioinformatics, 2008: 420747. 

 



215 

 

Irizarry, R.A., Bolstad, B.M., Collin, F., Cope, L.M., Hobbs, B. & Speed, T.P. 2003. 

Summaries of Affymetrix GeneChip probe level data. Nucleic Acids Research, 31: 

e15. 

 

Jung, K.H., Seo, Y.S., Walia, H., Cao, P., Fukao, T., Canlas, P.E., Amonpant, F., 

Bailey-Serres, J. & Ronald, P.C. 2010. The submergence tolerance regulator 

Sub1A mediates stress-responsive expression of AP2/ERF transcription factors. 

Plant Physiology, 152: 1674-1692. 

 

Kaplan-Levy, R.N., Brewer, P.B., Quon, T. & Smyth, D.R. 2012. The trihelix family of 

transcription factors - light, stress and development. Trends in Plant Science, 17: 

163-171. 

 

Karve, A., Rauh, B.L., Xia, X., Kandasamy, M., Meagher, R.B., Sheen, J. & Moore, 

B.D. 2008. Expression and evolutionary features of the hexokinase gene family in 

Arabidopsis. Planta, 228: 411-425. 

 

Kaufmann, K., Muino, J.M., Osteras, M., Farinelli, L., Krajewski, P. & Angenent, 

G.C. 2010. Chromatin immunoprecipitation (ChIP) of plant transcription factors 

followed by sequencing (ChIP-SEQ) or hybridization to whole genome arrays 

(ChIP-CHIP). Nature Protocols, 5: 457-472. 

 

Kay, S.A., Keith, B., Shinozaki, K., Chye, M.L. & Chua, N.H. 1989. The rice 

phytochrome gene: structure, autoregulated expression, and binding of GT-1 to a 

conserved site in the 5' upstream region. The Plant Cell, 1: 351-360. 

 

Lam, E. 1995. Domain analysis of the plant DNA-binding protein GT1a: requirement of 

four putative alpha-helices for DNA binding and identification of a novel 

oligomerization region. Molecular and Cellular Biology, 15: 1014-1020. 

 

Langmead, B., Trapnell, C., Pop, M. & Salzberg, S.L. 2009. Ultrafast and memory-

efficient alignment of short DNA sequences to the human genome. Genome 

Biology, 10: R25. 

 

Le Gourrierec, J., Li, Y.F. & Zhou, D.X. 1999. Transcriptional activation by 

Arabidopsis GT-1 may be through interaction with TFIIA-TBP-TATA complex. 

The Plant Journal, 18: 663-668. 

 

Lee, S.C., Mustroph, A., Sasidharan, R., Vashisht, D., Pedersen, O., Oosumi, T., 

Voesenek, L.A.C.J. & Bailey-Serres, J. 2011. Molecular characterization of the 

submergence response of the Arabidopsis thaliana ecotype Columbia. The New 

Phytologist, 190: 457-471. 

  



216 

 

 

Li, J., Sun, J., Yang, Y., Guo, S. & Glick, B.R. 2012. Identification of hypoxic-

responsive proteins in cucumber roots using a proteomic approach. Plant 

Physiology & Biochemistry, 51: 74-80. 

 

Licausi, F., Kosmacz, M., Weits, D.A., Giuntoli, B., Giorgi, F.M., Voesenek, L.A.C.J., 

Perata, P. & van Dongen, J.T. 2011. Oxygen sensing in plants is mediated by an 

N-end rule pathway for protein destabilisation. Nature, 479: 419-422. 

 

Liu, F., Vantoai, T., Moy, L.P., Bock, G., Linford, L.D. & Quackenbush, J. 2005. 

Global transcription profiling reveals comprehensive insights into hypoxic 

response in Arabidopsis. Plant Physiology, 137: 1115-1129. 

 

Marechal, E., Hiratsuka, K., Delgado, J., Nairn, A., Qin, J., Chait, B.T. & Chua, N.H. 
1999. Modulation of GT-1 DNA-binding activity by calcium-dependent 

phosphorylation. Plant Molecular Biology, 40: 373-386. 

 

Moore, B., Zhou, L., Rolland, F., Hall, Q., Cheng, W.H., Liu, Y.X., Hwang, I., Jones, 

T. & Sheen, J. 2003. Role of the Arabidopsis glucose sensor HXK1 in nutrient, 

light, and hormonal signaling. Science, 300: 332-336. 

 

Morgan, M., Anders, S., Lawrence, M., Aboyoun, P., Pages, H. & Gentleman, R. 
2009. ShortRead: a bioconductor package for input, quality assessment and 

exploration of high-throughput sequence data. Bioinformatics, 25: 2607-2608. 

 

Mustroph, A., Lee, S.C., Oosumi, T., Zanetti, M.E., Yang, H., Ma, K., Yaghoubi-

Masihi, A., Fukao, T. & Bailey-Serres, J. 2010. Cross-kingdom comparison of 

transcriptomic adjustments to low-oxygen stress highlights conserved and plant-

specific responses. Plant Physiology, 152: 1484-1500. 

 

Mustroph, A., Zanetti, M.E., Jang, C.J., Holtan, H.E., Repetti, P.P., Galbraith, D.W., 

Girke, T. & Bailey-Serres, J. 2009. Profiling translatomes of discrete cell 

populations resolves altered cellular priorities during hypoxia in Arabidopsis. 

Proceedings of the National Academy of Sciences of the United States of America, 

106: 18843-18848. 

 

Nagano, Y. 2000. Several features of the GT-factor trihelix domain resemble those of the 

Myb DNA-binding domain. Plant Physiology, 124: 491-494. 

 

Nagata, T., Niyada, E., Fujimoto, N., Nagasaki, Y., Noto, K., Miyanoiri, Y., Murata, 

J., Hiratsuka, K. & Katahira, M. 2010. Solution structures of the trihelix DNA-

binding domains of the wild-type and a phosphomimetic mutant of Arabidopsis 

GT-1: mechanism for an increase in DNA-binding affinity through 

phosphorylation. Proteins, 78: 3033-3047. 



217 

 

 

Perez-Rodriguez, P., Riano-Pachon, D.M., Correa, L.G., Rensing, S.A., Kersten, B. 

& Mueller-Roeber, B, 2010. PlnTFDB: updated content and new features of the 

plant transcription factor database. Nucleic Acids Research, 38: D822-827. 

 

Perisic, O. & Lam, E. 1992. A tobacco DNA binding protein that interacts with a light-

responsive box II element. The Plant Cell, 4: 831-838. 

 

Richmond, T.A. & Bleecker, A.B. 1999. A defect in beta-oxidation causes abnormal 

inflorescence development in Arabidopsis. The Plant Cell, 11: 1911-1924. 

 

Robinson, J.T., Thorvaldsdottir, H., Winckler, W., Guttman, M., Lander, E.S., Getz, 

G. & Mesirov, J.P. 2011. Integrative genomics viewer. Nature Biotechnology, 29: 

24-26. 

 

Saeed, A.I., Bhagabati, N.K., Braisted, J.C., Liang, W., Sharov, V., Howe, E.A., Li, J., 

Thiagarajan, M., White, J.A. & Quackenbush, J. 2006. TM4 microarray 

software suite. Methods in Enzymology, 411: 134-193. 

 

Saeed, A.I., Sharov, V., White, J., Li, J., Liang, W., Bhagabati, N., Braisted, J., Klapa, 

M., Currier, T., Thiagarajan, M., Sturn, A., Snuffin, M., Rezantsev, A., Popov, 

D., Ryltsov, A., Kostukovich, E., Borisovsky, I., Liu, Z., Vinsavich, A., Trush, 

V. & Quackenbush, J. 2003. TM4: a free, open-source system for microarray 

data management and analysis. BioTechniques 34: 374-378. 

 

Schmittgen, T.D & Livak, K.J. 2008. Analyzing real-time PCR data by the comparative 

C(T) method. Nature Protocols, 3: 1101-1108. 

 

Sedbrook, J.C., Kronebusch, P.J., Borisy, G.G., Trewavas, A.J. & Masson, P.H. 1996. 

Transgenic AEQUORIN reveals organ-specific cytosolic Ca
2+

 responses to anoxia 

and Arabidopsis thaliana seedlings. Plant Physiology, 111: 243-257. 

 

Seo, Y.S., Chern, M., Bartley, L.E., Han, M., Jung, K.H., Lee, I., Walia, H., Richter, 

T., Xu, X., Cao, P., Bai, W., Ramanan, R., Amonpant, F., Arul, L., Canlas, 

P.E., Ruan, R., Park, C.J., Chen, X., Hwang, S., Jeon, J.S. & Ronald, P.C. 
2011. Towards establishment of a rice stress response interactome. PLoS Genetics, 

7: e1002020. 

 

Shanklin, J. & Somerville, C. 1991. Stearoyl-acyl-carrier-protein desaturase from 

higher plants is structurally unrelated to the animal and fungal homologs. 

Proceedings of the National Academy of Sciences of the United States of America, 

88: 2510-2514. 

  



218 

 

 

Smyth, G.K. 2004. Linear models and empirical bayes methods for assessing differential 

expression in microarray experiments. Statistical Applications in Genetics and 

Molecular Biology, 3: Article3. 

 

Vashisht, D., Hesselink, A., Pierik, R., Ammerlaan, J.M., Bailey-Serres, J., Visser, 

E.J., Pedersen, O., van Zanten, M., Vreugdenhil, D., Jamar, D.C., Voesenek, 

L.A.C.J. & Sasidharan, R. 2011. Natural variation of submergence tolerance 

among Arabidopsis thaliana accessions. The New Phytologist, 190: 299-310. 

 

Weng, H., Yoo, C.Y., Gosney, M.J., Hasegawa, P.M. & Mickelbart, M.V. 2012. Poplar 

GTL1 is a Ca
2+

/calmodulin-binding transcription factor that functions in plant 

water use efficiency and drought tolerance. PloS One, 7: e32925. 

 

Xi, J., Qiu, Y., Du, L. & Poovaiah, B.W. 2012. Plant-specific trihelix transcription 

factor AtGT2L interacts with calcium/calmodulin and responds to cold and salt 

stresses. Plant Science, 185-186: 274-280. 

 

Xie, Z.M., Zou, H.F., Lei, G., Wei, W., Zhou, Q.Y., Niu, C.F., Liao, Y., Tian, A.G., Ma, 

B., Zhang, W.K., Zhang, J.S. & Chen, S.Y. 2009. Soybean Trihelix transcription 

factors GmGT-2A and GmGT-2B improve plant tolerance to abiotic stresses in 

transgenic Arabidopsis. PloS One, 4: e6898. 

 

Zhang, H., Jin, J., Tang, L., Zhao, Y., Gu, X., Gao, G. & Luo, J. 2011. PlantTFDB 2.0: 

update and improvement of the comprehensive plant transcription factor database. 

Nucleic Acids Research, 39: D1114-1117. 

 

Zhou, D.X. 1999. Regulatory mechanism of plant gene transcription by GT-elements and 

GT-factors. Trends in Plant Science, 4: 210-214. 

 

Zhu, L.J., Gazin, C., Lawson, N.D., Pages, H., Lin, S.M., Lapointe, D.S. & Green, 

M.R. 2010. ChIPpeakAnno: a Bioconductor package to annotate ChIP-seq and 

ChIP-chip data. BMC Bioinformatics, 11: 237. 

 

 

  



219 

 

Chapter 5 

 

N–end rule pathway of targeted proteolysis regulates stabilization of 

group VII ERFs and transcriptional reconfiguration during hypoxia 

 

5.1. Abstract 

 

Oxygen is mandatory for efficient energy production through mitochondrial 

respiration in all eukaryotes. In higher plants, oxygen levels can be insufficient for 

mitochondrial respiration to meet energy demands due to conditions of flooding (soil 

waterlogging to complete submergence) or high metabolic activity. Under such 

conditions, oxygen insufficiency (severe hypoxia or anoxia) can limit the terminal 

electron transfer reaction catalyzed by cytochrome c oxidase. Specific molecular 

responses including alterations in gene transcription that promote ATP production by 

catabolism of sucrose were shown to occur in many plant species under oxygen 

deficiency. However, the mechanism by which the change in homeostasis is sensed to 

promote differential gene regulation has been unknown. Plant ethylene responsive factor 

(ERF) transcription factors (TFs) are positive regulators of hypoxia-induced genes 

including the pathways of sucrose catabolism and fermentation. Two of the five group 

VII ERF genes of Arabidopsis thaliana, HYPOXIA RESPONSIVE ERF1 and 2 (HRE1 

and HRE2) are highly induced by hypoxia. In the present study, HRE1 and HRE2 were 
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identified as oxygen-dependent substrates of the N-end rule pathway of targeted 

proteolysis (NERP). This process of proteosome-mediated protein turnover regulates the 

stability of proteins based on the N-terminal amino acid. Mutants of NERP enzymes, 

ARGINYL-tRNA-PROTEIN TRANSFERASE1 and 2 (ate1ate2) and PROTEOLYSIS6 

(prt6), constitutively elevated mRNAs associated with the core hypoxia response of 

Arabidopsis seedlings defined by Mustroph et al. (2009). Seedlings of these mutants 

exhibited enhanced tolerance of prolonged low oxygen stress when grown in the presence 

of sucrose. Whereas ectopically expressed HRE1 and HRE2 were unstable in seedlings 

grown under well-aerated conditions (normoxia), HRE2 was stabilized when seedlings 

were transferred to hypoxia for as little as two hours. Mutation of the second amino acid 

encoded by HRE1 or HRE2 from Cysteine to Alanine was sufficient to stabilize these 

proteins in normoxic seedlings. These findings support the hypothesis that oxygen 

sufficiency stimulates the turnover of group VII ERFs, whereas oxygen deficiency results 

in their stabilization. Future identification of other oxygen-dependent targets of NERP 

may aid understanding of the adaptive mechanisms of plant species to flooding stress.  

 

5.2. Introduction 

 

   Flooding of plant organ systems drives two major changes due to the 10
4
-fold lower 

diffusion or gases in water than in air. First, the levels of oxygen and carbon dioxide 

decrease and levels of ethylene increase (Bailey-Serres and Voesenek, 2008; 2010). The 

entrapment of the gaseous hormone ethylene in plant tissues during flooding (soil 
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waterlogging or partial to complete submergence of aerial organs) facilitates changes in 

anatomy and morphology such as shoot elongation, as well as adventitious root and 

aerenchyma development (Chapter 1; Bailey-Serres and Voesenek, 2008). Second, the 

reduction of carbon dioxide in aerial organs can limit photosynthetic ATP and oxygen 

production; the severe decline of oxygen in photosynthetic tissues in the dark or non-

photosynthetic organs such as roots, causes an inhibition of mitochondrial respiration, as 

oxygen is the final electron acceptor. Thus, flooding can dramatically reduce the 

efficiency of production and availability of ATP. To overcome limited energy production 

due to flooding, plants adjust metabolic activity, often enhancing carbohydrate catabolism 

and ethanolic fermentation through inefficient production of ATP. This enables the 

maintenance of cellular homeostasis for only as long as energy reserves last. 

Transcriptomic and mutational studies have identified group VII Ethylene Responsive 

Factor (ERF) family members as seminal regulators of plant metabolism, growth and 

survival under low oxygen or flooding in Arabidopsis thaliana and rice (Oryza sativa) 

(Bailey-Serres and Voesenek 2010; Fukao et al., 2006; Hattori et al., 2009; Hess et al., 

2011; Hinz et al., 2010; Licausi et al., 2010; Xu et al., 2006; Yang et al., 2011). For 

example, the rice group VII ERF genes SUBMERGENCE1A (SUB1A) and SNORKEL1/2 

control rates of shoot elongation under submergence (Fukao et al., 2006; Hattori et al., 

2009; Xu et al., 2006). The levels of these gene transcripts are up-regulated by ethylene. 

Of the five Arabidopsis group VII ERFs genes, HYPOXIA RESPONSIVE1 and 2 (HRE1 

and HRE2) are strongly induced primarily in roots at the level of transcript accumulation 

and translation in response to hypoxia and anoxia (Hess et al., 2011; Licausi et al., 2010; 
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Mustroph et al., 2009; Yang et al., 2011). By contrast, three other Arabidopsis group VII 

ERF genes, RAP2.2, RAP2.12, RAP2.3/EBP, are either constitutively expressed or 

induced by ethylene in seedlings. Based on analysis of T-DNA knock-out mutants and 

overexpression lines, HRE1 and HRE2 function in positive regulation of genes encoding 

fermentative enzymes and other proteins associated with anoxia or hypoxia survival 

(Licausi et al., 2010). Each of these group VII ERF genes shows its own signature in 

mRNA accumulation. HRE1 mRNA levels were induced by ethylene (Hess et al., 2011; 

Yang et al., 2011), whereas HRE2 transcripts were not (Hess et al., 2011). Induction of 

RAP2.2 mRNA in shoots was promoted by ethylene and hypoxia in the dark but not in 

the light (Hinz et al., 2010). RAP2.2 is constitutively expressed in roots but is detected at 

low level in shoots. Besides, translatome data (polysome mRNA accumulation) for these 

five group VII ERF genes support the contention that they are either constitutively 

produced under normoxia (RAP2.2, RAP2.12, RAP2.3/EBP) or highly produced under 

hypoxia (HRE1, HRE2) (Figure 5.1) (Mustroph et al., 2009). None of the homozygous T-

DNA insertion mutants of these five genes has fully abolished induction of the signature 

hypoxia response genes ADH1 and PDC1 under hypoxia, indicating group VII ERFs 

serve redundant roles. Moreover, the observation that overexpression of these genes had 

little effect on constitutive ADH1 mRNA accumulation or enzymatic activity under 

normoxic conditions and significant effects under low oxygen conditions, suggests post-

translational processes limit their function under normoxia (Bailey-Serres et al., 2012). 

Pathways of ethylene perception, signaling, response and synthesis are reasonably 

well-characterized in plants (Kendrick and Chang 2008; Yoo et al., 2009). On the contrary, 
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there is no knowledge of how plant cells sense changes in cellular oxygen levels, 

particularly under flooding conditions, except via indirect sensing of cues such as energy 

starvation (Baena-Gonzalez 2010; Bailey-Serres and Chang 2005; Bailey-Serres and 

Voesenek 2008). In animals, oxygen-dependent protein turnover has been reported in 

human and yeast. For instance, the TF subunit Hypoxia-Inducible Factor (HIF)1α, is a 

positive regulator of hypoxia response. HIF1α is destabilized under well-aerated 

conditions via proteasomal degradation in a manner mediated by oxygen-dependent 

prolyl hydroxylases (Ivan et al., 2001; Jaakkola et al., 2001; Kaelin and Ratcliffe, 2008; 

Semenza, 2012). As cellular oxygen content decreases, prolyl hydroxylation of specific 

Prolines of HIF1α is reduced, resulting in TF accumulation. The increased stability of 

HIF1α under hypoxia enables it to function in transcription, mediating a transition from 

oxidative to glycolytic metabolism and preventing excessive generation of reactive 

oxygen species from mitochondria (Semenza, 2012). Plants lack of genes encoding HIFs, 

but possess prolyl hydroxylases, some of which are up-regulated by low oxygen stress 

but have unknown functions (Mustroph et al., 2010). 

Plants, animals and other eukaryotes share the proteolysis mechanism called the N-

end rule pathway of targeted proteolysis (NERP) (Figure 5.2) (Graciet and Wellmer, 2010; 

Sriram et al., 2011). NERP determines the fate of proteins depending on stabilizing and 

destabilizing residues at their N-termini. A destabilizing N-terminal residue can be 

exposed by proteolytic cleavage of the N-terminal Met by methionine aminopeptidase 

(MAP) or specific endopeptidases. In the case of a protein with an NH2-Met-Cys amino 

terminus, MAP will constitutively remove the Met leaving a NH2-Cys terminus (Graciet 
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et al., 2010; Hu et al., 2005). It is envisioned that the turnover of proteins with an NH2-

Cys can be oxygen dependent (Hu et al., 2008; Lee et al., 2005; Sriram et al., 2011). The 

spontaneous or enzymatic oxidation of the NH2-Cys to a Cys-sulfinate or further to a 

Cys-sulfonate converts the protein to a substrate for enzymatic modification by ATEs. 

This generates an amino R-C* terminus, where C* is a Cys-sulfinate or Cys-sulfonate. 

This oxidation event apparently requires both oxygen and nitric oxide (NO), since in 

animals both oxygen and Nitric Oxide Synthase (NOS) is required (Hu et al., 2005; Lee 

et al., 2005; Varshavsky, 2011). As yeast lack NOS, their C-terminal peptides are not 

destabilized via this oxidation-dependent mechanism (Varshavsky, 2011). Other residues 

that are tertiary destabilizing are Asn (N) and Gln (Q). These are enzymatically converted 

to R-D or R-E, respectively by NTAN1 and NTAQ1 in plants as well as other eukaryotes 

(Graciet et al., 2010; Sriram et al., 2011; Varshavsky, 2011). 

After addition of Arg to the N-terminal Cys* by ATEs, the protein becomes a N-

degron, and is turned over if recognized by an ubiquitin E3 ligase and there is an 

appropriate Lys for ubiquitin addition (Bachmair and Varshavsky, 1989; Graciet and 

Wellmer, 2010). To date, two E3 ligases (i.e. N‑recognins), PROTEOLYSIS1 (PRT1) and 

PRT6 that function in NERP have been identified in Arabidopsis (Sriram et al., 2011). 

PRT1 and PRT6 recognize NERP substrates with hydrophobic and basic N-terminal 

residues, respectively (Garzon et al., 2007; Graciet et al., 2010; Graciet and Wellmer 

2010). Recently, it was reported that mutants of two NERP components, a ate1ate2 

double homozygotes and a prt6 homozygote, are hypersensitive to abscisic acid (ABA) 

and sugar, as well as impaired in seed lipid mobilization during germination (Holman et 
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al., 2009). The ate1ate2 and prt6 mutants also have defects in shoot and leaf development 

(Graciet et al., 2009).  

The plant N-terminal de-stabilizing and stabilizing residues were identified using 

tagged peptides in tobacco (Nicotiana tabacum) and Arabidopsis (Graciet et al., 2010). 

The destabilizing residues were those of yeast and mammals. Moreover, it was observed 

that an ubiquitinated Cys-LUC peptide was stabilized in the ate1ate2 genetic background 

as compared to wild-type Col-0 (Graciet et al., 2010). Although over 200 Arabidopsis 

proteins have a deduced N-terminus with the dipeptide sequence NH2-Met-Cys, no 

endogenous target proteins of NERP were previously identified.  

Following the preliminary finding that prt6 seeds constitutively express genes 

associated with hypoxia stress (M.J. Holdsworth, University of Nottingham, England, 

personal communication), transcriptome profiles from prt6 and ate1ate2 mutant seedlings 

were produced to gain insight into the processes regulated by NERP. Constitutive 

expression of a sub-set of the core hypoxia-responsive genes, including a number of 

HYPOXIA-RESPONSIVE UNKNOWN PROTEIN (HUP) genes described in Chapter 2, 

was observed in the NERP mutants under control growth conditions. Next, it was 

hypothesized that group VII ERFs are potential targets of NERP because of the presence 

of Cys at the second residue of the conserved N-terminal domain of these proteins (M.J. 

Holdsworth, personal communication). To test this hypothesis, HRE1 and HRE2 with 

native (Met-Cys; MC) or mutant (Met-Ala; C2A) versions were expressed in Arabidopsis 

by stable transformation.  Protein levels of the HREs were monitored in seedlings 

cultivated under non-stress conditions or transiently hypoxia stressed, and the survival of 
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overexpression lines were examined under low oxygen along with prt6 and ate1ate2 

mutants. 

 

5.3. Materials and Methods 

 

5.3.1 Plant materials and phenotypic analyses 

 

Seeds of Arabidopsis thaliana wild-type Col-0, T-DNA insertion mutants, ate1ate2 

(SALK_023492/SALK_040788) and prt6 (SAIL_1278_H11) (Holman et al., 2009), and 

overexpression lines, 35S:HRE1-HA, 35S:HRE2-HA, 35S:C2AHRE1-HA, 

35S:C2AHRE2-HA. were provided by Michael J. Holdsworth, University of Nottingham, 

England. The overexpression lines were produced as C-terminally HA-tagged fusions to 

the full-length cDNAs of HRE1 (At1g72360) and HRE2 (At2g47520) driven by the 

CaMV 35S promoter as described in Gibbs et al. (2011). For protein and phenotypic 

analyses, seedlings were grown on MS medium (0.43% (w/v) MS salts, 1% (w/v) sucrose 

and 0.4% (w/v) phytagel, pH 5.75), on petri dishes, oriented vertically, at 23 
o
C with a 

16-h-day (50 μmol m
-2

 s
-1

) and 8-h-night cycle for 7 d in a growth chamber (Model # 

CU36L5, Percival Scientific, Perry, IA). 

Seven-d-old seedlings were subjected to non-stress (NS) or hypoxia stress (HS) 

treatments, or subjected to hypoxia stress and returned to ambient air (re-oxygenation; R) 

for specified durations. For seedling survival, 15 Col-0 and 15 mutant seedlings were 

grown side-by-side in a single square petri dish (100 x 100 x 15 mm) in three biological 
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replicates. Treatments were initiated at the end of the 16-h light cycle in open (NS) or 

sealed (HS) chambers. For HS, 99.995% argon gas was bubbled through water and into 

the chamber while air was expelled by positive pressure (Branco-Price et al., 2005; 2008). 

HS was performed in the dim light (5 μmol m
-2

 s
-1

) for RNA and protein analyses, and in 

complete darkness for phenotypic analyses. After treatment, the 15 seedlings per 

genotype per plate were scored as non-damaged, damaged and dead (scored 5, 3 and 1, 

respectively) compared to wild-type plants grown on the same plate. Results were 

analyzed using the Student’s t-test, as described previously (Mustroph et al. (2010); 

Chapter 2). For RNA extraction or protein analyses after treatment, seedlings were 

immediately frozen under liquid nitrogen within 3 min after hypoxia stress. 

 

 

5.3.2. RNA extraction and microarray hybridization 

 

Seven-d-old seedlings of Col-0, prt6, and ate1ate2 were harvested immediately after 

2 h non-stress and hypoxic stress with liquid nitrogen. Frozen tissues were ground in 

liquid nitrogen, and then used for total RNA extraction using the RNeasy Plant Mini Kit 

(Qiagen, Valencia, CA). RNA samples were quantified with a NanoDrop 1000 

spectrophotometer (Thermo Scientific, Wilmington, DE) and evaluated using the Agilent 

2100 Bioanalyzer with the RNA 6000 Nano reagent kit (Santa Clara, CA). Biotin-labeled 

cRNA was synthesized with the Affymetrix 3’ IVT Express Labeling kit (Santa Clara, CA, 

USA), and hybridized against Arabidopsis ATH1 Genome Array (Affymetrix) GeneChips 
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at the Core Facility of the Institute for Integrative Genome Biology, University of 

California, Riverside (CA, USA). 

 

5.3.3. Computational analyses of microarray data 

 

R software and the Bioconductor package were used to process CEL files of two 

biological replicates of each sample. The absent and present calls were obtained using the 

Affymetrix MAS 5.0 algorithm (Gautier et al., 2004). Robust Multi-chip Average (RMA) 

was applied on expression data for normalization (Irizarry et al., 2003). Mitochondrial 

and plastid gene probe pair sets were removed from the dataset. Gene probe pair sets 

were included in the downstream analyses only if they have at least one marginal or 

present call per sample amongst two biological replicates. Differentially expressed genes 

(DEGs) were obtained by comparisons between treatment samples using the linear 

models for microarray data (LIMMA) Bioconductor package (Smyth, 2004). Signal log2 

ratio (SLR) and false-discovery-rate (FDR) adjusted p-values were used as the criteria for 

DEG selection (|SLR| ≥ 1, adj. p < 0.01). A total of 498 DEGs were selected and 

analyzed by fuzzy k-means clustering using FANNY function in R. A number of different 

cluster numbers were tested. MEV software was used for generation of heatmaps 

(http://www.tm4.org/mev/) (Saeed et al., 2006; Saeed et al., 2003). Genes for each cluster 

were evaluated for enrichment of specific functions as described in Chapter 3 using 

Arabidopsis gene ontology (GO) from http://geneontology.org (downloaded 17 May 

2011). The experimental conditions of microarray are described following MIAME 
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guidelines and raw data were deposited in Gene Expression Omnibus of NCBI with the 

accession number GSE29941.  

 

5.3.4. Immunoblot detection proteins 

 

Crude protein extracts were obtained using extraction buffer (50 mM Tris-HCl, pH 

7.5, 2.5 mM EDTA, pH 8.0, 150 mM NaCl, 10% glycerol, 0.1% IGEPAL, 1 mM DTT, 25 

mM beta-glycerophosphate) supplemented with protease inhibitor cocktail (Sigma, St. 

Louis, MO), following manufacturer’s instruction. The extract was filtered through 

Miracloth (Calbiochem, La Jolla, CA) and centrifuged. Supernatant protein concentration 

was determined by the Bradford method with bovine serum albumin as the standard 

(Bradford 1976). Equal amounts of protein samples were loaded and separated in 12.5 % 

(w/v) SDS–PAGE gels and transferred to Hybond ECL Nitrocellulose Membrane (GE 

Healthcare Biosciences, Pittsburgh, PA) using a Mini electrophoresis system and 

electrophoretic transfer cell (Bio-Rad, Hercules, CA). Membranes were blocked with 0.5% 

(w/v) skim milk in PBS (3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM 

NaCl, pH 7.4) overnight at 4 
o
C and probed with primary antibodies for 2 h at room 

temperature at the following titres: anti-HA (Sigma-Aldrich, St. Louis, MO), 1:1000 for 

HRE1-HA and HRE2-HA and anti-ribosomal protein S6 for loading control, 1:5,000 

(Williams et al., 2003). After triplicate washing of the immunoblot in PBST buffer (1x 

PBS, 0.05% (v/v) Tween-20), blots were incubated for 1 h in HRP-conjugated anti-mouse 

secondary antibody (1:10,000) (Bio-Rad, Hercules, CA), rinsed three times with PBST, 
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developed using Amersham ECL™ Western Blotting System (GE Healthcare Biosciences, 

Pittsburgh, PA), and exposed to X-ray film. 

 

5.4. Results 

 

5.4.1. Constitutive expression of core hypoxia response genes in ate1ate2 and prt6 

mutants 

 

To gain insight into the regulation of gene expression by ATEs and PRT6, microarray 

experiments were carried out using three genotypes, an ate1ate2 double homozygote, a 

prt6 homozygote and the background genotype (Col-0). First, the transcriptomes (steady-

state total mRNA) of germinating seeds of ate1ate2 and 7-d-old seedlings of ate1ate2 

and prt6 were compared to those of wild-type Col-0 under normoxia. Second, a 

comparison was made between the transcriptome of 2 h oxygen-deprived (hypoxic) 

versus normoxic seedlings for each genotype. A total of 498 DEGs were identified by the 

criteria of |SLR| ≥ 1, FDR adj. p-value < 0.01 and used for fuzzy k-means clustering 

analysis (Supplementary Table 5.1). Ten clusters were used to resolve the coordinately 

regulated DEGs (Figure 5.3; Supplementary Table 5.1). Cluster 1 and 2 (29 and 51 genes) 

contained hypoxia-induced genes that were constitutively expressed in ate1ate2 and prt6 

mutants under control condition. Remarkably, 27 of the 49 hypoxia genes defined by 

Mustroph et al. (2009) in an evaluation of translated mRNAs in 21 seedling cell-types 

and regions, were also up-regulated in ate1ate2 (seedling) and prt6 (seed and seedling) 
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(Figure 5.4). These included hypoxia marker genes such encoding sucrose synthase 

(SUS), pyruvate decarboxylase (PDC), and alcohol dehydrogenase (ADH). Genes 

associated with ABA and metabolic pathways were also found in Cluster 2 (Table 5.1). 

Clusters 8 and 10 contained gens that were similarly up- or down-regulated in response to 

hypoxia in the three genotypes, respectively. These results demonstrate that disruption of 

either N-terminal arginlyation or N-degron recognition results in constitutive expression 

of a subset of the core hypoxia-responsive genes.  

Cluster 3 and 4 contained seed- and seedling-specific genes, which were 

constitutively up-regulated in the ate1ate2 and/or prt6 genotypes (Figure 5.3). In Cluster 

3, light-regulating and photosynthetic genes were constitutively up-regulated in prt6 

seeds as compared to Col-0, whereas in Cluster 4, receptor binding, cell wall 

modification, defense responsive genes were found (Table 5.1). Additional genes related 

to cell wall modification were included in Cluster 10, but were less ectopically 

upregulated than those in Cluster 4 (Figure 5.3; Table 5.1). The mutants also 

constitutively down-regulated genes with diverse functionalities (Clusters 6-9). For the 

ate1ate2 mutant, the patterns of expression in these clusters were quite distinctive 

between two developmental stages (seed and seedling).  

 

5.4.2. Enhanced tolerance of ate1ate2 and prt6 under low oxygen stress 

 

It was hypothesized that the constitutive elevated expression of core hypoxia-

responsive genes in ate1ate2 and prt6 may increase the ability of these genotypes to 
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survive low oxygen conditions. To test this hypothesis, seedlings of two mutants were 

grown on MS medium supplemented with 1% (w/v) sucrose for 7 d, along with Col-0 as 

control. The seedlings were oxygen deprived for 9 h or 12 h and returned to the normal 

growth conditions (normoxia) for 3 d to recover. A survival score was determined based 

on leaf damage and evidence of continued development. The two mutant genotypes 

consistently showed better survival than Col-0, with ate1ate2 appearing to have the least 

damage after 9 and 12 h of stress (Figure 5.5).  

 

5.4.3. Oxygen is required for targeting HRE1 and HRE2 via the NERP for protein 

degradation. 

 

It was hypothesized that the group VII ERFs, with a conserved MCGGAI/VI terminus, 

are substrates of NERP. To test this, D. Gibbs (University of Nottingham, England) 

generated DNA constructs for all five ERF cDNAs, to add a T7 promoter and C-terminal 

HA-peptide. These were transcribed and translated in vitro in a commercial rabbit 

reticulocyte lysate transcription/translation system, which retains functional NERP 

machinery. The results showed that all five proteins with native N-termini were unstable 

(Gibbs et al., 2011). However, mutation of Cys2 to Ala2  at the second residue (C2A), 

resulted in stabilization of the proteins in this assay. To confirm the in vitro data, the 

accumulation of HRE1 and HRE2, C-terminally tagged with HA-peptide, was monitored 

in 7-d-old Arabidopsis seedlings. This involved use of two independent transgenics for 

each of the following constructs 35S:HRE1-HA, 35S:HRE2-HA, 35S:C2AHRE1-HA, 
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35S:C2AHRE2-HA. These were kindly provided by M.J. Holdsworth and D. Gibbs 

(University of Nottingham, England).  

The overexpression of HRE1-HA and HRE2-HA with the unmodified N-terminus 

(NH2-MC) resulted in constitutive accumulation of the transgene transcripts (Gibbs et al., 

2011) but little or no accumulation of HA-tagged protein in seedlings maintained under 

normoxia (Figure 5.6a). However, the level of HRE2-HA was markedly increased by 2 h 

hypoxia. A separate experiment shows that HRE2-HA was further stabilized after 5 h of 

hypoxia but began to decline after 8 h of stress (Figure 5.6b). HRE2-HA levels declined 

somewhat in response to re-aeration. HRE1-HA protein was not detected under either 

stress or recovery conditions (Figure 5.6a). To test whether alteration of Cys2 

(destabilizing residue) to Ala2 (stabilizing residue), the accumulation of C2AHRE1-HA 

and C2AHRE2-HA in stable transgenics was also tested. In contrast to the epitope-tagged 

versions of these proteins with the naturally occurring N-terminal, both C2AHRE1-HA 

and C2AHRE2-HA accumulated under all three conditions. These results demonstrate 

that HRE1 and HRE2 are unstable under normoxia but accumulate under hypoxia. 

Mutation of the second residue from Cys to Ala was sufficient to stabilize the proteins 

under normoxia.        

 

5.4.4. Enhancement of low oxygen tolerance via stabilization of HRE1 and HRE2 

 

As the ate1ate2 and prt6 mutants showed increased tolerance of oxygen deprivation 

in the seedling assay, it was hypothesized that overexpression of C2AHREs might 
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enhance survival of low oxygen stress. As observed for the ate1ate2 and prt6 mutants, 

seedlings of the 35S:HRE1-HA, 35S:HRE2-HA, 35S:C2AHRE1-HA, 35S:C2AHRE2-HA 

lines were tested under prolonged oxygen deficiency and their survival was compared to 

wild-type Col-0 (Figure 5.7). Two independent lines of 35S:HRE1-HA, 35S:HRE2-HA 

showed increased tolerance, consistent with previous observations (Licausi et al., 2010). 

The overexpression of C2AHRE1-HA and C2AHRE2-HA even further enhanced survival 

of Arabidopsis seedlings. The extended low oxygen survival of genotypes with C2A-

HREs confirms the significance of the N-terminus of these proteins in planta. 

 

5.5. Discussion 

 

5.5.1. NERP regulates hypoxia response  

 

With regard to mechanisms of low oxygen response in plants, a long-standing key 

unanswered question has been whether a direct mechanism of oxygen sensing might exist 

(Bailey-Serres and Chang, 2005). In addition, although the NERP was recognized in 

plants as in other eukaryotic organisms, there were no known substrates of the pathway. 

The present study identified target proteins of NERP and showed it coordinates an 

apparently direct oxygen sensing mechanism in Arabidopsis. Mutant analyses have 

shown that ATE1, ATE2 and PRT6 are involved in pathways of leaf development, seed 

germination ABA response, and sugar response (Graciet et al., 2009; Holman et al., 2009). 

The knock-out mutants of two classes of NERP enzymes showed hypersensitivity to ABA 
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and sugar in seed germination. The enzymes seem to be important for lipid storage as the 

mutants showed impairment of use of lipid reserves during germination (Holman et al., 

2009). In addition, the mutants were defective in leaf development during normal growth 

(Graciet et al., 2009). The transcriptomic data in this study reflects the phenotypes of 

mutants as ABA and metabolic genes were differentially regulated in ate1ate2 and prt6 

(Figure 5.3; Table 5.1). We go on to show that NERP mutants constitutively express 

transcripts of hypoxia responsive genes (Figure 5.4). The results support the conclusion 

that NERP substrates are limited under normoxic conditions to repress transcriptional 

activation of genes associated with anaerobic metabolism. 

The constitutive expression of the hypoxia genes in ate1ate2 and prt6 mutants might 

reflect altered tolerance of the mutants in prolonged low oxygen stress (Figure 5.5). In 

seedlings cultured on sucrose and stressed at the end of the day, the mutants survived 

more than 12 h of low oxygen stress, whereas Col-0 seedlings died. By contrast, 

submergence experiments with rosette stage on soil showed ate1ate2 and prt6 rosette 

plants are less tolerant as compared to Col-0 (Licausi et al., 2011). The discrepancy of 

phenotypic data is possibly due to two types of growth conditions soil and MS medium 

with exogenous sucrose or difference in developmental stage of two experiments. Based 

on microarray data, up-regulation of SUS, PDC, and ADH1 mRNAs suggests the mutants 

were capable of anaerobic metabolism under normoxia and hypoxia stress 

(Supplementary Table 5.1). The increased sensitivity of ate1ate2 and prt6 to submergence 

could be caused by more rapid consumption of stored carbohydrates (i.e. leaf starch). 

This possibility could be confirmed by experiments that monitor the rate of starch decline 
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in these mutants during submergence. Nonetheless, there are two observations that 

support the hypothesis that NERP mutants promote anaerobic metabolism: 1) increases of 

sucrose enhance tolerance of anoxia (Banti et al., 2008); and 2) sucrose is a mobile 

nutrient that is transported from the shoot (autotrophic organ) to root (heterotrophic organ) 

through phloem (Ayre, 2011; Chen et al., 2012; Fu et al., 2011; Lalonde et al., 2004). 

Careful comparison of profiles of metabolites between wild-type and the mutant 

seedlings grown in the presence or absence of sucrose during hypoxia or rosettes during 

submergence could be used to test this hypothesis. In contrast to ate1ate2 and prt6 

mutants, 35S:RAP2.12 plants showed increased tolerance to submergence conditions as 

compared to wild-type (Licausi et al., 2011). We surmise that increased levels of all five 

group VII ERFs in ate1ate2 and prt6 has negative effect on survivability in submergence 

due to excessive anaerobic metabolism and carbohydrate starvation. 

 

5.5.2. Group VII ERFs are substrates of NERP and regulate transcription in 

response to hypoxia 

 

All five Arabidopsis group VII ERFs were identified as positive regulators of 

hypoxia response except for RAP2.3, which has not been systematically evaluated 

(Bailey-Serres et al., 2012; Gibbs et al., 2011; Hess et al., 2011; Hinz et al., 2010; Licausi 

et al., 2011; Licausi et al., 2010; Yang et al., 2011). Gibbs et al. (2011) found all five 

members are substrates of NERP using an in vitro assay. In planta assays of HRE1 and 

HRE2 accumulation confirmed that HRE2 is indeed a substrate of NERP and its 
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accumulation is regulated in an oxygen dependent manner in Arabidopsis. HRE1 and 

HRE2 are nuclear proteins and their transcripts are most highly induced by hypoxia stress 

in roots (Mustroph et al., 2009; Licausi et al., 2010). Although ethylene can further 

increase level of HRE1 mRNA (Hess et al., 2011; Yang et al., 2011), the stability of 

HRE1 is most likely depends on oxygen availability (Gibbs et al., 2011). At present, there 

is no explanation for our inability to detect HRE1 in planta.  

Independently, RAP2.12 was identified in in vivo experiments as a substrate of the 

NERP (Licausi et al., 2011). RAP2.12 was constitutively expressed at transcript level, and 

its protein was localized in plasma membrane during normoxia in association with acetyl-

CoA binding proteins ACBP1 and ACBP2. Levels of RAP2.12-GFP were rapidly 

increased without a significant change of transcript level during hypoxia concomitant 

with movement of the protein to the nucleus. It is not known how the interaction between 

RAP2.12 and ACBPs is regulated or whether nuclear localization signals are responsible 

for the transport of RAP2.12 is transported into nuclei (Licausi et al., 2011). It will be 

interesting to test whether the other group VII ERFs show similar dynamics of subcellular 

localization upon different oxygen regimes. Also, future studies might investigate the 

function(s) of RAP2.3, which was identified as a substrate of NERP in the rabbit 

reticulocyte assay (Gibbs et al., 2011) and recognized as an interacting protein with 

ACBP2 in a yeast-two-hybrid assay (Li and Chye, 2004). 
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5.5.3. Other possible substrates of NERPs in Arabidopsis and other plant species 

 

Oxidation-dependent proteolysis via NERP requires both NO and O2. In a mouse 

cell line, manipulations that lowered NO levels inhibited the degradation of RGS4 and 

RGS16, two G-protein NERP substrates (Hu et al., 2005). This suggests that Cys 

oxidation by NO and/or O2 to Cys-sulphinic acid (CysO2H) or Cys-sulphonic acid 

(CysO3H) is crucial for recognition by ATEs. It could be tested if Cys (position 2) of 

group VII ERFs are oxidized in the presence oxygen using proteomics approaches. 

Careful combined evaluation of Cys2 oxidation and ERF accumulation under specific 

oxygen tensions is needed to further support the proposed model of group VII ERF 

modification acting as a direct oxygen sensor in plants.  

The production of NO can be enzymatically driven by Nitric Oxide Synthase or 

other processes. Several studies suggested that NO levels increase in plant cells in 

response to hypoxia as a result of production associated with mitochondria (Dordas et al., 

2003; 2004; Gupta and Igamberdiev, 2011; Igamberdiev et al., 2004). Class1 

Hemoglobins (Hbs) upregulated by low oxygen may play a role in scavenging NO and 

producing nitrate. Reduced accumulation of NO through Hbs helps alleviate inhibition of 

mitochondrial electron transport caused by NO and maintain ATP levels in plant cells 

under low oxygen. The possible relationship between hypoxia-induced non-symbiotic 

hemoglobins, NO production and group VII ERF turnover deserves further investigation.  

In general, substrates of NERP are defined by the following criteria: 1) the presence 

of an N-terminal destabilizing residue; 2) the presence of an optimally positioned lysine 
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for ubiquitin addition; and 3) the access of the enzymes involved to sites of modification 

(Bailey-Serres et al., 2012; Graciet and Wellmer, 2010). In addition to evaluation of the 

five group VII ERFs in the in vitro assay, Gibbs et al. (2011) demonstrated that the NH2-

MC protein REDUCED VERNALIZATION RESPONSE 2 (VRN2) was a NERP 

substrate whereas the NH2-MC protein MADS AFFECTING FLOWERING 5 (MAF5) 

was not.  The deduced Arabidopsis proteome contains about 200 proteins that meet the 

first criterion, an NH2-MC terminus.  However, based on comparison of VRN2 and 

MAF5, it seems unlikely that all NH2-MC proteins or polypeptides are NERP targets, due 

to failure to meet either criterion 2 or 3. Gibbs et al. (2011) also provided evidence that 

not all group VII ERFs are NERP targets. There are 15 group VII ERFs with the N-

terminal MCGGAI(I/L) motif in rice (Oryza sativa L. subsp. japonica) (Nakano et al., 

2006). The rice group VII ERF SUB1A, which is associated with submergence tolerance 

in the field, was not a target of NERP in the in vitro assay (Gibbs et al., 2011). Future in 

planta studies are necessary to confirm this observation. It will be intriguing to determine 

whether changes in NERP susceptibility of group VII ERFs plays a role in the genetic 

variation in flooding tolerance.  
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Table 5.1. Gene ontology of Cluster 1, 2, 4, and 9 of the NERP DNA microarray data 

presented in Figure 5.3. Abbreviations: CLID, number of cluster; CLSZ, number of genes 

in cluster; GOID, GO_ID; NodeSize, number of genes in GO (general); Phyper, P-value 

of enrichment; Padj, adjusted P-value; Term, name of GO; Ont, ontology: MF=molecular 

function BP=biological process CC=cellular component; SampleKeys, names of enriched 

genes. 
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CLID CLSZ GOID 
Node 

Size 

Sample 

Match 
Phyper Padj Term Ont 

1 29 GO:0047800 5 2 9.46E-06 3.78E-05 cysteamine dioxygenase activity MF 

1 29 GO:0015129 1 1 0.000994 0.003974 lactate transmembrane transporter activity MF 

1 29 GO:0004451 2 1 0.001986 0.007945 isocitrate lyase activity MF 

1 29 GO:0005344 3 1 0.002978 0.011911 oxygen transporter activity MF 

1 29 GO:0004737 6 1 0.005947 0.023789 pyruvate decarboxylase activity MF 

1 29 GO:0016157 6 1 0.005947 0.023789 sucrose synthase activity MF 

1 29 GO:0030976 6 1 0.005947 0.023789 thiamine pyrophosphate binding MF 

1 29 GO:0045300 7 1 0.006935 0.02774 acyl-[acyl-carrier-protein] desaturase activity MF 

1 29 GO:0003950 8 1 0.007922 0.031688 NAD+ ADP-ribosyltransferase activity MF 

1 29 GO:0004022 10 1 0.009893 0.039572 alcohol dehydrogenase (NAD) activity MF 

1 29 GO:0009061 9 5 1.50E-13 1.05E-12 anaerobic respiration BP 

1 29 GO:0070482 21 4 7.37E-09 5.16E-08 response to oxygen levels BP 

1 29 GO:0015727 1 1 0.001118 0.007823 lactate transport BP 

1 29 GO:0005886 1824 7 0.001742 0.010452 plasma membrane CC 

2 51 GO:0010295 4 2 1.96E-05 0.000196 (+)-abscisic acid 8'-hydroxylase activity MF 

2 51 GO:0016174 4 2 1.96E-05 0.000196 NAD(P)H oxidase activity MF 

2 51 GO:0031406 70 3 0.000287 0.002873 carboxylic acid binding MF 

2 51 GO:0004459 1 1 0.001828 0.018282 L-lactate dehydrogenase activity MF 

2 51 GO:0004555 1 1 0.001828 0.018282 alpha,alpha-trehalase activity MF 

2
4
2
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(continued) 

 

CLID CLSZ GOID 
Node 

Size 

Sample 

Match 
Phyper Padj Term Ont 

2 51 GO:0009687 21 2 0.000648 0.006481 abscisic acid metabolic process BP 

2 51 GO:0005993 1 1 0.001796 0.01796 trehalose catabolic process BP 

2 51 GO:0009413 1 1 0.001796 0.01796 response to flooding BP 

2 51 GO:0048838 2 1 0.003589 0.035889 release of seed from dormancy BP 

2 51 GO:0005774 465 5 0.00093 0.009301 vacuolar membrane CC 

3 75 GO:0003700 1680 12 0.00167 0.023384 
sequence-specific DNA binding transcription 

factor activity 
MF 

3 75 GO:0016762 27 2 0.002418 0.033852 xyloglucan:xyloglucosyl transferase activity MF 

3 75 GO:0003868 1 1 0.002702 0.037835 
4-hydroxyphenylpyruvate dioxygenase 

activity 
MF 

3 75 GO:0008843 1 1 0.002702 0.037835 endochitinase activity MF 

3 75 GO:0009703 1 1 0.002702 0.037835 nitrate reductase (NADH) activity MF 

3 75 GO:0016168 32 2 0.003387 0.047422 chlorophyll binding MF 

3 75 GO:0048586 6 2 9.27E-05 0.001855 
regulation of long-day photoperiodism, 

flowering 
BP 

3 75 GO:0007623 64 3 0.000566 0.011317 circadian rhythm BP 

3 75 GO:0009725 910 8 0.001941 0.03883 response to hormone stimulus BP 

3 75 GO:0009765 26 2 0.001945 0.038902 photosynthesis, light harvesting BP 

3 75 GO:0030076 25 2 0.001576 0.02364 light-harvesting complex CC 

4 53 GO:0004474 1 1 0.001947 0.023369 malate synthase activity MF 

4 53 GO:0005102 38 2 0.002497 0.029968 receptor binding MF 

4 53 GO:0004612 2 1 0.003891 0.046693 
phosphoenolpyruvate carboxykinase (ATP) 

activity 
MF 

 

2
4
3
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(continued) 

 

CLID CLSZ GOID 
Node 

Size 

Sample 

Match 
Phyper Padj Term Ont 

4 53 GO:0009831 26 2 0.001134 0.017014 
plant-type cell wall modification involved in 

multidimensional cell growth 
BP 

4 53 GO:0009817 42 2 0.002947 0.044201 
defense response to fungus, incompatible 

interaction 
BP 

4 53 GO:0005576 440 5 0.001308 0.014386 extracellular region CC 

5 82 GO:0003700 1680 18 5.07E-06 0.000101 
sequence-specific DNA binding transcription 

factor activity 
MF 

5 82 GO:0003872 7 2 0.000213 0.004254 6-phosphofructokinase activity MF 

5 
82 GO:0008889 13 2 0.00078 0.015604 

glycerophosphodiester phosphodiesterase 

activity 
MF 

5 82 GO:0010200 127 8 2.84E-09 7.95E-08 response to chitin BP 

5 82 GO:0006950 2194 22 8.87E-08 2.48E-06 response to stress BP 

5 82 GO:0009759 4 2 4.73E-05 0.001325 indole glucosinolate biosynthetic process BP 

5 82 GO:0006071 22 2 0.001763 0.049365 glycerol metabolic process BP 

5 82 GO:0005945 7 2 0.000105 0.001049 6-phosphofructokinase complex CC 

5 82 GO:0016604 38 2 0.003358 0.03358 nuclear body CC 

6 18 GO:0004553 412 5 3.01E-06 1.51E-05 
hydrolase activity, hydrolyzing O-glycosyl 

compounds 
MF 

6 18 GO:0004197 47 2 0.000353 0.001765 cysteine-type endopeptidase activity MF 

6 18 GO:0010214 14 2 3.03E-05 6.06E-05 seed coat development BP 

6 18 GO:0016998 22 1 0.013094 0.026188 cell wall macromolecule catabolic process BP 

6 18 GO:0009911 36 1 0.021343 0.042686 positive regulation of flower development BP 

6 18 GO:0005618 555 5 6.14E-06 3.07E-05 cell wall CC 

 

2
4
4
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(continued) 

 

CLID CLSZ GOID 
Node 

Size 

Sample 

Match 
Phyper Padj Term Ont 

7 67 GO:0004506 6 2 8.34E-05 0.001667 squalene monooxygenase activity MF 

7 67 GO:0016682 28 2 0.002031 0.040618 

oxidoreductase activity, acting on diphenols 

and related substances as donors, oxygen as 

acceptor 

MF 

7 67 GO:0015226 1 1 0.002385 0.047691 carnitine transporter activity MF 

7 67 GO:0009631 23 2 0.001474 0.029482 cold acclimation BP 

7 67 GO:0016126 25 2 0.001742 0.034847 sterol biosynthetic process BP 

7 67 GO:0009643 1 1 0.002475 0.049491 photosynthetic acclimation BP 

7 67 GO:0032025 1 1 0.002475 0.049491 response to cobalt ion BP 

7 67 GO:0044421 30 2 0.002184 0.028396 extracellular region part CC 

8 43 GO:0004601 103 4 1.95E-05 0.000273 peroxidase activity MF 

8 43 GO:0043295 10 2 0.000105 0.001463 glutathione binding MF 

8 43 GO:0005385 14 2 0.000211 0.002947 zinc ion transmembrane transporter activity MF 

8 43 GO:0016628 24 2 0.000632 0.008852 
oxidoreductase activity, acting on the CH-CH 

group of donors, NAD or NADP as acceptor 
MF 

8 43 GO:0005358 1 1 0.00155 0.021699 
high-affinity hydrogen:glucose symporter 

activity 
MF 

8 43 GO:0004364 48 2 0.002524 0.035339 glutathione transferase activity MF 

8 43 GO:0050896 4406 22 2.83E-08 3.11E-07 response to stimulus BP 

8 43 GO:0031408 30 2 0.000949 0.010434 oxylipin biosynthetic process BP 

8 43 GO:0015690 1 1 0.001517 0.016683 aluminum ion transport BP 

8 43 GO:0015698 50 2 0.002621 0.028827 inorganic anion transport BP 

8 43 GO:0005618 555 9 2.12E-07 2.33E-06 cell wall CC 

8 43 GO:0048046 325 4 0.001935 0.021282 apoplast CC 

 

2
4
5
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(continued) 

 

CLID CLSZ GOID 
Node 

Size 

Sample 

Match 
Phyper Padj Term Ont 

9 41 GO:0004057 2 2 1.99E-06 1.79E-05 arginyltransferase activity MF 

9 41 GO:0045552 1 1 0.001431 0.012877 dihydrokaempferol 4-reductase activity MF 

9 41 GO:0051993 1 1 0.001431 0.012877 
abscisic acid glucose ester beta-glucosidase 

activity 
MF 

9 41 GO:0008909 2 1 0.002859 0.025735 isochorismate synthase activity MF 

9 41 GO:0080064 3 1 0.004286 0.038576 
4,4-dimethyl-9beta,19-cyclopropylsterol-

4alpha-methyl oxidase activity 
MF 

9 41 GO:0016790 75 2 0.005172 0.046549 thiolester hydrolase activity MF 

9 41 GO:0016598 2 2 2.01E-06 3.21E-05 protein arginylation BP 

9 41 GO:0050994 6 2 3.00E-05 0.00048 regulation of lipid catabolic process BP 

9 41 GO:0009607 640 7 3.01E-05 0.000481 response to biotic stimulus BP 

9 41 GO:0010143 8 2 5.59E-05 0.000894 cutin biosynthetic process BP 

9 41 GO:0010029 36 2 0.001226 0.019621 regulation of seed germination BP 

9 41 GO:0006792 1 1 0.001437 0.022989 regulation of sulfur utilization BP 

9 41 GO:0048730 2 1 0.002872 0.045947 epidermis morphogenesis BP 

9 41 GO:0042406 4 1 0.006028 0.048226 extrinsic to endoplasmic reticulum membrane CC 

10 39 GO:0033946 5 2 1.77E-05 0.000177 
xyloglucan-specific endo-beta-1,4-glucanase 

activity 
MF 

10 39 GO:0080039 6 2 2.65E-05 0.000265 xyloglucan endotransglucosylase activity MF 

10 39 GO:0004601 103 3 0.000363 0.003635 peroxidase activity MF 

10 39 GO:0003700 1680 8 0.001473 0.014734 
sequence-specific DNA binding transcription 

factor activity 
MF 

10 39 GO:0080131 2 1 0.002701 0.027007 hydroxyjasmonate sulfotransferase activity MF 

 

2
4
6
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CLID CLSZ GOID 
Node 

Size 

Sample 

Match 
Phyper Padj Term Ont 

10 39 GO:0009973 3 1 0.004048 0.040484 adenylyl-sulfate reductase activity MF 

10 39 GO:0009733 297 7 2.33E-07 2.56E-06 response to auxin stimulus BP 

10 39 GO:0010411 6 2 3.17E-05 0.000349 xyloglucan metabolic process BP 

10 39 GO:0006979 291 4 0.00087 0.009575 response to oxidative stress BP 

10 39 GO:0046622 2 1 0.002951 0.032465 positive regulation of organ growth BP 

10 39 GO:0071497 2 1 0.002951 0.032465 cellular response to freezing BP 

10 39 GO:0009873 61 2 0.003676 0.040435 ethylene mediated signaling pathway BP 

10 39 GO:0010500 3 1 0.004424 0.048663 transmitting tissue development BP 

10 39 GO:0005618 555 4 0.006023 0.036139 cell wall CC 

 

2
4
7
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Figure 5.1. Cell type specific translatome data of group VII AP2/EREBP ERF 

transcription factors under normoxia and hypoxia. Absolute expression (signal value) is 

shown as a heatmap in different cell types and regions of seedling. The scale for the 

signal values of each gene is different. The data were obtained from the Cell Type 

Specific Arabidopsis Translatome eFP browser (http://efp.ucr.edu/) (Mustroph et al., 

2009; Mustroph and Bailey-Serres, 2010). 
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Figure 5.2. The plant N-end rule pathway. Tertiary, secondary and primary destabilizing 

residues are created by methionine aminopeptidase (MAP) and endopeptidase. C* 

represents oxidized Cys requiring the presence of nitric oxide (NO) and O2. NTAN1 and 

NTAQ1 are Nt-amidases for Asn and Gln; ATE, Arginyl tRNA Transferase; PRT, 

Proteolysis (E3 ligase). Proteins with primary destabilizing residues subsequently 

undergo degradation by the proteosome.  
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Figure 5.3. NERP mutants constitutively accumulate transcripts induced in response to 

hypoxia. DNA microarray evaluation of differentially expressed genes comparing wild-

type Col-0 (WT) and NERP mutants (ate1ate2 and prt6) under normoxia and after 2 h 

hypoxia. A total of 498 DEGs were identified (|SLR| ≥ 1, adj. p <0.01) based on six 

SLR comparisons and used for fuzzy k-means clustering. Abbreviation: ate1/2, ate1ate2 

homozygous mutant allele at both ate1 and ate2. Yellow and blue colors represent up-

regulation and down-regulation, respectively. 
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Figure 5.4. NERP mutants constitutively overexpress over half of the core hypoxia-

induced genes. Venn diagram comparing significantly upregulated mRNAs in seedlings 

of the ate1ate2 double homozygote, prt6 homozygote and the 49 core hypoxia-induced 

genes identified in Col-0 (WT) (Mustroph et al., 2009). Differentially regulated genes 

met the criterion |SLR| ≥ 1, adj. p < 0.01. 
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Figure 5.5. NERP mutant seedlings have significantly higher levels of survival of oxygen 

deprivation as compared to Col-0 (WT). Seven-d-old seedlings grown on MS medium 

containing 1% (w/v) sucrose were oxygen deprived for 8 or 12 h and recovered in under 

normal growth condition (normoxia) for 3 d. (a) Photos of seedlings on plates after 

recovery. (b) Survival scores after recovery. Scale bar: 0.6 cm. Data are mean ± SD of 3 

replicate experiments. An asterisk indicates a significant difference between the 

transgenic and WT seedlings grown on the same plate based on Student’s t test (* = P 

<0.05, ** = P < 0.01). 
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Figure 5.6. HRE2 accumulation in seedlings is enhanced under low oxygen stress. (a) 

Accumulation of non-mutated (WT) and C2A mutant variants of HRE1-HA and HRE2-

HA was monitored in two independent transgenic lines that express a transgene under the 

control of the CaMV 35S promoter. Seven-day-old seedlings were maintained under 

normoxia (non-stress (NS), deprived of oxygen for 2 h (hypoxic stress (HS)), and 

oxygen-deprived for 2 h and recovered 1 h (R). Tissue was solubilized in SDS extraction 

buffer and proteins separated on a 12.5% (w/v) SDS-PAGE. HA-epitope tagged HREs 

and ribosomal protein S6 were detected with specific antisera. (b) Levels of HRE2-HA 

and C2AHRE2-HA were monitored under non-stress (2N), 2 h hypoxic stress (2H), 5 h 

hypoxic stress (5H), 8 h hypoxic stress (8H) and 2 h recovery from 8H (2R).  
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Figure 5.7. Overexpression of NERP substrate and non-NERP substrate versions of 

HRE1 and HRE2 overexpression significantly improves seedling survival of oxygen 

deprivation. Seven-day-old seedlings grown on MS medium containing 1% (w/v) sucrose 

were oxygen deprived for 8 or 12 h and recovered in under normal growth condition 

(normoxia) for 3 d. (a) Photos of seedlings on plates after recovery. (b) Survival scores 

after recovery. Data represent mean ± SD from a representative experiment of three 

biological replicates. An asterisk indicates a significant difference between the transgenic 

and WT seedlings grown on the same plate based on Student’s t test (* = P <0.05, ** = P 

< 0.01). 
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Figure 5.8. Normoxic inhibition of hypoxia-responsive gene transcription by oxygen-

mediated turnover of group VII ERFs. Group VII ERFs are degraded via NERP in 

presence of sufficient oxygen. Among five Arabidopsis group VII ERFs, at least RAP2.12 

physically binds acetyl-coA binding protein (ACBP), which spans the plasma membrane 

(PM).  
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Chapter 6 

 

General conclusions 

 

 

Flooding events have significantly increased on all continents excluding Antartica 

over the last sixty years, frequently affecting crop productivity (Bailey-Serres et al., 

2012). Most of land species including crops are intolerant to partial to complete 

submergence for long periods. Although the molecular mechanisms of plant response to 

low oxygen or flooding were relatively understudied when this dissertation research 

began, during this project there were major reports on (Oryza sativa) genotypes with 

distinct flooding responses that identified gene alleles (e.g. SUB1, SNORKEL) that 

control hormonal regulation of shoot elongation and survival (Bailey-Serres and 

Voesenek, 2008; 2010). These discoveries helped to provide a molecular understanding of 

two antithetical strategies of shoot elongation growth management, an escape and a 

quiescence strategy, that have been observed in rice as well as semi-aquatic plants 

including Rumex species were linked to the accumulation and response to ethylene, in 

association with downstream regulation of abscisic acid or gibberellins, ultimately 

determining whether carbohydrates were consumed or conserved during submergence. 

During this period, the use of high-throughput DNA microarray technologies enabled 

researchers to understand that many genes in addition to those involved in anaerobic 
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pathways such as fermentation were commonly upregulated in response to flooding or 

low oxygen stresses in diverse plant species (Mustroph et al., 2010; Narsai et al., 2011). 

However, there had been no systematic study of the upregulated genes encoding proteins 

of unknown biological function. Only a few regulators of gene transcription (e.g. MYB, 

group VII ERFs) were known to control transcription of hypoxia- or submergence-

responsive genes. And there was a complete lack of understanding of how cellular 

declines in oxygen are sensed to trigger changes in gene transcription in plants.  

This dissertation research expanded knowledge on regulatory mechanisms of low 

oxygen sensing and response in a model plant Arabidopsis thaliana through: 1) 

evaluation of importance of HYPOXIA RESPONSIVE UNKNOWN (HUP) gene 

expression under low oxygen and submergence stress, 2) identification of a negative 

transcriptional regulator of hypoxia response, and 3) discovery of a homeostatic oxygen 

sensing mechanism controlling transcriptional regulation under hypoxia. All together 

these results provide new insights and hypotheses that have raised other questions 

regarding plant anaerobiosis.  

Chapter 2 emphasizes the importance of proteins of unknown biological function 

induced by hypoxia (referred to as HUPs) in Arabidopsis. Whereas genes encoding 

enzymes of anaerobic pathways are relatively well-conserved, some Arabidopsis HUPs 

are unique and most of them contain domains of unidentified functions. As observed for 

mRNAs encoding anaerobic enzymes such as alcohol dehydrogenase, many of HUPs 

were actively loaded onto polysome during conditions of oxygen deprivation, suggesting 

the proteins they control are produced and function during hypoxia stress. Studies of 
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HUP overexpression and knock-out mutants revealed that alteration of HUP expression 

can affect plant tolerance to the challenges of low oxygen (Chapter 2) and submergence 

(Chapter 3). 

Most studies of molecular responses to anaerobiosis with Arabidopsis have utilized 

seedlings grown on artificial medium and treated with mixed gases to apply hypoxic or 

anoxic conditions. By contrast, poplar, rice, and cotton transcriptome and metabolome 

datasets were generated from the plants grown in soil and stressed with experimental 

conditions that mimic a flooding (Christianson et al., 2010; Jung et al., 2010; 

Kreuzwieser et al., 2009; Mustroph et al., 2010). Hypoxic and anoxic conditions made by 

use of gases are distinguishable from partial or complete submergence in terms of 

physical properties such entrapment of ethylene, reduced diffusion of O2 and CO2, 

reduced light, osmotic change, water pressure, and so forth. Hence, to generate reference 

data for submergence in Arabidopsis, we investigated alterations in the transcriptome of 

root and shoot tissues at a vegetative developmental stage under complete submergence 

(Chapter 3). Measurements of partial oxygen pressure in plant tissues confirmed 

dynamics of oxygen occurred in both roots and shoots upon submergence and de-

submergence. The in planta oxygen measurments were used to select time points for the 

transcriptomic study. The major findings in regards to gene transcript abundance were 

distinctions in the submergence response of root and shoot tissues. These were reflected 

differences in oxygen concentration in the two organs and tissue-specific gene regulation. 

The submergence response of Arabidopsis rosette plants included ethylene-responsive 

genes that were not affected by hypoxia in seedlings. Further investigation will be 
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necessary to determine whether theses ethylene-responsive genes are important for plant 

survival under flooding stress. 

Chapter 4 presents the discovery of a negative transcriptional regulator of hypoxia 

responses, including the transcriptional up-regulation of the core hypoxia-responsive 

genes universally expressed in 21 Arabidopsis cell types (Mustroph et al., 2009). The 

gene encoding the negative regulator was initially identified as a HUP and subsequently 

designated HYPOXIA-RESPONSIVE ATTENUATOR1 (HRA1). HRA1 encodes a member 

of the trihelix transcription factor family. There was no previous report of involvement of 

trihelix proteins in hypoxia responses, although trihelix proteins were found as potential 

regulators of drought and salt stresses (Kaplan-Levy et al., 2012). Overexpression of 

HRA1 broadly affected expression of the core hypoxia-responsive genes, including many 

that were constitutively up-regulated by the N-end rule pathway of targeted proteolysis 

(NERP) mutants ate1ate2 and prt6.   

The NERP controls the stability of proteins with specific N-termini in both 

prokaryotic and eukaryotic organisms. Conservation of NERP in plants was exposed in 

systematic studies of the ate1ate2 and prt6 mutants, which are disrupted in specific steps 

of the NERP (Graciet et al., 2009; Holman et al., 2009). In addition, destabilizing and 

stabilizing N-terminal residues that target proteins for proteosome-mediated degradation 

via NERP were confirmed in plants by use of transient transformation systems (Graciet et 

al., 2010). However, when this project was started there were no known bona fide target 

proteins of NERP in plants. The data presented in Chapter 5 along with additional 

evidence presented in Gibbs et al. (2012) identified N-end rule substrates in Arabidopsis 
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thaliana that regulate transcription of hypoxia-responsive genes. A complementary report 

also linked the NERP and its targets to a mechanism of direct sensing of low oxygen in 

Arabidopsis (Licausi et al., 2011).  

The substrates of NERP in Arabidopsis are five group VII ERF transcription factors. 

Except for RAP2.3, these factors were recognized as positive regulators of hypoxia-

responsive genes. Even though indirect sensing mechanisms may contribute to low 

oxygen response, the findings in Chapter 5 suggest that the core hypoxia response is 

modulated via stability of group VII ERFs in Arabidopsis. This regulation requires the 

second amino acid of the protein to be a cysteine, the presence of oxygen and a functional 

NERP. When oxygen levels decline, the group VII ERFs are stabilized. We predict that 

their stabilization is due to the absence of the oxidation of the N-terminal cysteine. 

Evidence based on an in vitro assay indicates that rice SUB1A is not a NERP substrate. 

Future investigation of group VII ERFs in other plant species such as maize and rice will 

contribute to our understanding of how to engineer flooding tolerance. Identification of 

group VII ERFs in other plant species and ecotypes would be of interest, and this could 

also provide clues on the evolution of adaptation environments with different water 

ecologies. The engineering of the stability of proteins which are destabilized by the 

presence of oxygen and/or specific reactive nitrogen or reactive oxygen species, may 

contribute to the development of flood-prone crops.  

In conclusion, this dissertation significantly extended our knowledge of regulatory 

mechanisms of low oxygen sensing, signaling and response in Arabidopsis thaliana and 

other plant species as summarized in Figure 6.1.  
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Figure 6.1. Overview of regulatory mechanisms of flooding/low oxygen sensing, 

signaling and response in plants, modified from Figure 1.2. including the findings of this 

dissertation study. Metabolites (black), hormones (red), proteins (blue), oxygen-

dependent N-end rule pathway (O2-NERP; green). Development of adventitious root and 

aerenchyma is regulated by ethylene, Ca
2+

 and reactive oxygen species (ROS). Shoot 

elongation is controlled by gibberellin (GA)-mediated pathways which act downstream of 

ethylene and abscisic acid (ABA). Rice group VII ERFs, SNORKEL1 and SNORKEL2 

(SK1, SK2) positively regulate shoot elongation presumably through stimulating GA-

mediated carbohydrate consumption and elongation growth. Conversely, the group VII 

ERF SUB1A inhibits the elongation by maintaining levels of transcription factors that act 

antagonistically to GA response. Oxygen deficiency caused by flooding or submergence 

dampens ATP energy levels and activates SnRK1, promoting carbohydrate catabolism 

and fermentative pathways. Arabidopsis group VII ERFs are stabilized through inhibition 

of O2-NERP during conditions of oxygen deficiency and upregulte genes encoding 

enzymes essential for anaerobic metabolism. HRA1 negatively regulates transcription of 

genes encoding anaerobic enzymes and HRA1 (auto-regulation). 
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