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ABSTRACT OF THE DISSERTATION 
  

Genome-Scale Investigation of Integrated Nuclear and Cytoplasmic Gene 
Regulatory Control in Arabidopsis 

  
by 
  

Travis Andrew Lee 
  

Doctor of Philosophy, Graduate Program in Plant Biology 
University of California, Riverside, June 2018 

Dr. Julia Bailey-Serres, Chairperson 
  

  
Plants are resilient to transient limitations in the availability of oxygen for efficient 

energy production.  The highly reversible response to oxygen deprivation 

(hypoxia) is characterized by dynamics in accumulation and differential 

translation of a subset of genes in the model plant Arabidopsis 

thaliana.  Transcriptional upregulation of genes associated with survival in 

response to hypoxia are mediated by group VII ETHYLENE RESPONSIVE 

FACTOR (ERFVII) transcription factors via binding to a conserved Hypoxia 

Responsive Promoter Element (HRPE) cis-element.  Nonetheless, there is little 

knowledge of the effects of hypoxia on nuclear processes, including histone 

modification, chromatin accessibility, RNA polymerase II (RNAPII) elongation or 

RNA export.  Additionally, in vivo ERFVII binding sites and dynamics are largely 

unexplored at the global scale. 

In this dissertation, the modulation of chromatin features, RNAPII 

elongation and nascent transcripts were contrasted with the total polyadenylated 
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and ribosome-associated sub-populations of mRNA of seedlings exposed to non-

stress, hypoxic, or re-oxygenation conditions.  The technologies utilized in this 

study to generate datasets included Chromatin Immunoprecipitation (ChIP-seq), 

Isolation of Nuclei Tagged in Specific Cell Types (INTACT), Assay for 

Transposase Accessible Chromatin (ATAC-seq), RNA sequencing (RNA-seq), 

and Translating Ribosome Affinity Purification (TRAP-seq).  In vivo binding sites 

were mapped for the Arabidopsis ERFVII HYPOXIA RESPONSIVE ERF2 

(HRE2), and the rice (Oryza sativa) ERFVIIs SUBMERGENCE 1A and C 

(SUB1A/C).  

Integrated bioinformatic analyses were performed to investigate 

coordination in regulation from chromatin to translation. This led to the 

identification of multiple nuclear-regulated processes that contribute to dynamics 

in gene activity.  The ~50 hypoxia-responsive genes that display coordinate 

transcript accumulation and translation were characterized by increased 

chromatin accessibility, pronounced elevation of Histone 3-lysine 9 acetylation 

and depletion of Histone 2A.Z under hypoxic stress. HRE2 bound just 5’ of the 

transcription start site for many of these genes.  Universal stress response genes 

including those associated with heat stress displayed an early increase in 

RNAPII engagement along the transcription unit with elevation of mRNA only 

after the stress was prolonged.  This study revealed genes and nascent 

transcripts poised for expression in anticipation of prolonged stress or 



 viii 

reoxygenation that were previously unrecognized in widely utilized whole-cellular 

RNA-seq analyses. 
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Chapter 1 

 

Lighting the shadows: methods that expose nuclear and cytoplasmic gene 

regulatory control 

 

1.1. Introduction 

Dynamic regulation may occur at every step in the flow of genetic 

information from gene, to mRNA, and to protein in eukaryotes. Numerous 

genome-scale assays of chromatin state and gene activity have accelerated the 

recognition of coordinated gene regulation. These include the use of chromatin 

immunopurification-sequencing (ChIP-seq) to define histone modifications and 

transcription factor (TF) binding-sites, mRNA-seq to monitor poly-adenylated 

mRNAs, and mass spectrometry to quantify proteins. These powerful 

technologies have advanced functional analyses of regulatory networks but 

together do not fully capture the dynamics and nuances of gene expression 

control in multicellular organisms. For example, ChIP-seq does not expose 

simultaneous interactions between multiple regions of DNA and/or proteins, and 

RNA-seq does not yield information on the subcellular location or functional state 

of transcripts. Moreover, alterations in mRNA abundance do not correlate well 

with protein levels determined by steady-state proteo-mics [1]. In multicellular 

organisms a protein-coding gene active in one cell may be inactive in other cells 

of the same organ. Here, recent high-resolution technologies that empower 
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intricate dissection of gene regulation from the initiation of transcription to the de 

novo synthesis of a protein in plants are reviewed along with their multi-plexing 

with methods that resolve processes in cells of defined identity of multicellular 

organs (Table 1). 

 

1.2. Chromatin topology, interactions, and accessibility  

In the plant cell nucleus, interactions occur between DNA, proteins, and 

regulatory RNAs within the context of chromatin structure to enable RNA 

polymerase II (Pol II) to engage and commence pre-mRNA synthesis of a 

protein-coding gene (Figure 1). Determination of transcriptional initiation is 

modulated by an array of factors including higher-order chromatin structure, 

methylation of cytosine nucleotides, covalent modifications of the histones that 

form the octamer core of each nucleosome, the abundance, activity and 

interactions of TFs, and the core transcriptional apparatus, along with exposure 

of cis-regulatory DNA sequences (reviewed by [2]). At the highest order, the 

three-dimensional organization of chromosomes within the nucleus functions in 

gene activity [3,4]. Several inventive techniques provide perspective on the 

location of individual genes with respect to nuclear architecture, such as gene 

proximity to a nuclear pore or the juxtaposition of chromosomal regions. 

Fluorescence in situ hybridization (FISH) with ‘padlock’ probes, having termini 

complementary to a targeted DNA sequence, can detect a specific gene locus 

within a nucleus. In its recent application to plants, this method demonstrated the 
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repositioning of a gene to the periphery of the nucleus that was concomitant with 

elevation of the encoded transcript in response to a light signal [5]. At the 

genome-wide scale, chromatin conformation capture coupled with sequencing 

(nicknamed Hi-C) enables recognition of inter-chromosomal and intra-

chromosomal inter- actions within nuclei. This approach provided evidence that 

proximity of distinct chromosomal regions can influence the activity of genes in 

plants [6,7]. 

ChIP-seq is routinely used to identify locations of TF residency, which is 

coupled with motif searches and other data to pair functional cis-elements and 

TFs to the genes they control. A challenge to concisely defining transcriptional 

regulatory networks is the disentanglement of the combinatorial roles of TFs, 

including factors that do and do not directly bind to DNA. Combinatorial indexed- 

ChIP (co-ChIP) allows for the identification of multiple protein interactors 

associated with single DNA fragments in a high throughput manner. Two 

sequential rounds of ChIP with antibodies that recognize specific DNA 

associated proteins coupled with unique indexing of the DNA fragments in each 

reaction allows for the identification of segments of chromatin associated with 

multiple histone marks [8]. Co-occurring interactions at the plant nuclear pore 

complex were resolved by pairing restriction enzyme-mediated ChIP-seq (RE-

ChIP) with Hi-C [7]. This uncovered coordinated chromosomal-interactions, 

chromatin topology, and protein interactions. Cytosine methylation and covalent 

modifications of core histones, including, but not limited to methylation, 
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acetylation, and ubiquitination influence chromatin architecture by affecting DNA-

nucleosome interactions, which in turn influence exposure of cis-elements via 

chromatin compaction and relaxation. Genome-wide, regions of relaxed 

chromatin typically lie just upstream of transcription start sites (TSS) and 

therefore demarcate actively transcribed regions. The methods DNase I 

hypersensitive-site sequencing (DNase-seq), formaldehyde-assisted isolation of 

regulatory elements with sequencing (FAIRE-seq), and micrococcal nuclease 

sensitive-site sequencing (MNase-seq) identify regions of accessible chromatin. 

Moreover, the fine-mapping of short unexposed regions within these accessibility 

sites can yield the precise positions occupied by TFs. The assay for transposase-

accessible chromatin using sequencing (ATAC-seq) provides similar information 

[9]. In the ATAC procedure, isolated nuclei are incubated with an engineered 

recombinant Tn5 ‘transposome’ that inserts sequencing-compatible adapters into 

non-compacted regions of the chromatin. ATAC-seq has enabled modeling of 

environmentally-regulated gene networks in field- grown rice [10] as well as 

mapping of TF footprints in Arabidopsis [11]. Adaptation of ATAC-seq to single-

cell systems (scATAC-seq) [12] may enable assay of DNA accessibility in 

individual cells. To assuage the challenge of defining processes that occur in 

specific cells of a multicellular organ, most of these chromatin survey methods 

can be coupled with technologies that enable the targeted capture of nuclei 

(Table 1). Fluorescence-activated cell sorting (FACS) can be used on transgenic 

plants with a sub-set of cells defined by a specific promoter driving a fluorescent 
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protein gene (reviewed by [13]). FACS requires the generation of protoplasts, 

whereas Fluorescence-activated nuclei sorting (FANS) [14] and isolation of 

nuclei tagged in specific cell types (INTACT) are performed on fresh or frozen 

tissue, respectively [15]. In FANS, DAPI (4,6-diamidino- 2-phenylindole)-stained 

or fluorescently-marked nuclei are selectively isolated at high purity. In the case 

of INTACT, a synthetic biotinylable protein that is associated with the outer 

nuclear envelope enables isolation of nuclei marked by green fluorescent protein. 

FANS and INTACT provide a gateway to analyses of chromatin at the cell-

specific and region-specific level of multicellular organs. The isolation of nuclei by 

these methods may also afford opportunity to investigate the diverse components 

of nucleoplasm and the nuclear envelope.  

 

1.3. Differentiation of RNA subpopulations by location and RNA binding 

protein partners  

Several mechanisms govern the processing of a nascent pre-mRNA into a 

mature mRNA (Figure 2). These include coordination of covalent addition of a 5’-

7mG-cap to the 50 terminus, additional base modifications, splicing of introns, as 

well as the guided cleavage and polyadenylation at the 3’ terminus. These steps 

in gene expression involve regulated interactions between Pol II and multi-

subunit protein complexes, including the capping, splicing and polyadenylation 

machinery. Remarkably, little is known of pre-mRNA turnover in the nucleus and 

mRNA export through the nuclear pore to the cytoplasm in plants [16]. But 
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several new methods can provide information on the regulation of essential co-

transcriptional and post-transcriptional nuclear processes. Genes undergoing 

transcription can be identified by ChIP with antisera recognizing specific 

phospho-isoforms of the highly repeated tandem heptapeptide carboxyl-terminal 

domain of the B1 subunit of Pol II. For example, phosphorylation at Ser5 is 

associated with initiation whereas Ser2 is associated with elongation of Pol II 

[17]. The global nuclear run-on sequencing (GRO-seq) and 50 GRO-seq 

methods are designed to monitor polymerase elongation. This entails inhibition of 

initiation and run-on elongation of transcription in a reaction incorporating 5-

bromo UTP in isolated nuclei. GRO-seq profiles nascent transcripts, whereas 50 

GRO- seq enriches for 50-7mG-cap regions of nascent transcripts for TSS 

determination. The use of these has exposed a marked difference between the 

abundance of nascent transcripts and routinely assayed poly(A)+ mRNAs 

[18,19], elevating awareness of RNA decay in plant gene regulation. 

Nuclear RNA (nRNA), including nascent transcripts undergoing synthesis 

and maturation, as well as nucleus-retained mRNAs, can be evaluated with 

nuclei obtained by sedimentation, FANS, or INTACT followed by RNA-seq. The 

use of random primers after rRNA depletion or oligo-dT in the production of 

cDNA pro-vides the flexibility to assay the full complement of nRNA versus 

polyadenylated mRNAs, respectively. Investigations of nRNA using array-based 

technology have reported marginal to widespread differences in the nRNA and 

poly(A)+ mRNA pool of plants [20–22]. We anticipate that systematic comparison 
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of nRNA-seq and poly(A)+ RNA-seq data that includes evaluation of sequencing 

read coverage across each transcription unit will shed light on regulation of pre-

mRNA splicing and mRNA export. Additionally, nRNA-seq can be used to 

quantitate and explore regulatory non-coding RNAs involved in chromatin 

organization and transcription (ie. AUXIN REGULATED PROMOTER LOOP 

RNA and COOLAIR [reviewed by [23]]). Recently, in a powerful coupling of 

technologies, INTACT on root hair and non- hair epidermal cells identified 

protein-RNA interactions associated with cell identity [24]. INTACT was also used 

to profile shoot apical meristem nRNA [25] and parental-specific chromatin 

features in endosperm nuclei [26]. RNA binding proteins (RBPs) play diverse 

roles in mRNA processing, transport, turnover, sequestration and translational 

activity. These proteins can determine RNA localization within the nucleus or 

cytoplasm, or mediate cell-to-cell movement. Similar to ChIP, RNA 

immunoprecipitation (RIP) leverages antibodies against specific RBPs to capture 

associated transcripts that can be evaluated in targeted or global analyses of 

associated RNAs [27,28]. RIP-seq could be applied to epitope-tagged RBPs 

expressed in specific cell-types for targeted resolution of function. Refinements of 

RIP-seq include cross-linking followed by RNase to determine direct sites of 

protein-RNA interaction [24] and assay of RBPs associated with a range of 

regulatory RNAs.  
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1.4. High resolution of translational activity  

Translation involves the recognition of the start codon and recruitment of 

the ribosome (initiation) to a 5’-7mG-capped and 30-polyadenylated mRNA. This 

is followed by sequential elongation of the nascent peptide until a termination 

codon provokes release of the polypeptide from the ribosome [29]. The isolation 

of mRNA associated with ribosomes enables monitoring of the translatome 

(ribosome-associated poly(A)+ mRNAs; polysomal mRNA-seq) (Figure 2). 

Translation is conditionally and developmentally modulated in plants [30]. This 

can be gleaned by comparison of the translatome to the complete poly(A)+ 

mRNA transcriptome. A high-resolution view of translation is obtained by 

mapping ribosome footprints (Ribo-seq), which define the positions of individual 

ribosomes on transcripts [31,32]. Ribo-seq is particularly useful for identifying 

open reading frames in the 5’ leader region of mRNAs. These can modulate the 

translation of the main protein coding reading frame [30]. Both polysomal mRNA-

seq and Ribo-seq can be accomplished with ribosomes obtained by 

centrifugation or translating ribosome affinity purification (TRAP) [33,34]. TRAP 

utilizes a functional epitope-tagged RIBOSOMAL PROTEIN L18 (RPL18) to 

capture ribosomes by affinity purification, avoiding other RNA-protein complexes 

that co-sediment with ribosomes. The use of cell-specific promoters to drive 

TRAP constructs enables capture of translatomes of cells of defined identity 

[32,35] and has been translated to crops including Medicago truncatula [36], 

Solanum lycopersicum [37], and Oryza sativa [38].  
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1.5. Nascent protein synthesis  

The sequencing of ribosome-associated mRNAs and ribosome footprints 

provides a proxy of protein synthesis; however, these methods do not confirm the 

active synthesis of proteins as achieved by co-translational labeling of de novo 

synthesized polypeptides. Mass spectrometry- based identification of trypsin-

fragmented proteins (proteomics) is used routinely to investigate steady-state 

levels of cellular proteins; whereas, proteomic quantitation of nascent protein 

production requires a method such as Bioorthogonal noncanonical amino acid 

tagging (BONCAT) [39–42]. This technique utilizes the methionine surrogate 

azidohomoalanine (Aha) to pulse-label de novo synthesized proteins that can be 

captured from or monitored in total cell extracts (Figure 2). The azide moiety of 

Aha allows for an azide-alkyne cycloaddition reaction that enables selective 

processing of Aha containing peptides. Rapid dynamics in protein synthesis can 

be monitored with Aha pulse-labeling times as short as 30 min. By pairing 

BONCAT-enriched samples with proteomics, newly synthesized proteins were 

identified and quantified in response to various environmental stimuli in 

Arabidopsis [43].  
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1.6. Conclusions  

Advances in imaging, RNA-sequencing and mass spectrometry based 

technologies combined with methods that sub-fractionate cellular components 

provide new opportunities for more refined dissection of transcriptional and post-

transcriptional gene regulatory networks and recognition of new and nuanced 

regulatory mechanisms. Performing these with subcellular-type, cell-type or 

region-specific resolution within tissues or organs will enable a more holistic view 

of gene regulation, from chromatin to protein. Both prospecting and targeted 

analyses with these single and multiplexed technologies promise to provide 

clarity to the developmentally-programmed and environmentally-modulated gene 

activity that enable plants to thrive in highly dynamic environments. Moreover, 

the refined definition of multi-level gene regulatory processes of plants can 

provide new options for rational construction of biological systems and synthetic 

gene control circuits with diverse applications from agriculture to biotechnology. 

 

 
1.7. Dissertation objectives 

The aims of this dissertation research were: 

1) To gain a global perspective of gene regulatory mechanisms within the 

nucleus that occur in response to hypoxic stress in Arabidopsis.  Chapter 2 

presents evidence of distinct regulation within the nucleus at the levels of 

chromatin organization, transcriptional activity, and nuclear transcript abundance 

in response to hypoxia.  Comparative analyses were performed in response to 
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short term and prolonged hypoxic stress (2 and 9 h), and re-oxygenation (1 and 2 

h re-oxygenation).  The results reveal aspects of gene regulation not reflected in 

the poly(A)+ mRNA transcriptome.   

2) To gain a greater understanding of the group VII ETHYLENE RESPONSE 

FACTORS (ERF-VII) SUBMERGENCE 1A/C (SUB1A/C) and HYPOXIA 

RESPONSIVE ERF2 (HRE2).  Chapter 3 evaluates in planta dynamics of SUB1A 

accumulation in response to hypoxia and in an N-end rule mutant background, 

which is known to affect ERF-VII stability.  Genome wide in planta DNA binding 

profiles were also generated for SUB1A, SUB1C, and HRE2, revealing 

conserved ERF-VII binding dynamics between these transcription factors, and 

oxygen dependent regulation of SUB1A and SUB1C binding. 
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Figure 1.1.  Graphical abstract.  Within cells, myriad interconnected processes 
orchestrate the progression of gene expression from chromatin, to mRNA, and to 
protein. Assessment of DNA methylation, histone modification, transcript isoform 
abundance, and the proteome are frequently performed to examine this 
progression, but do not resolve many intermediary steps in the coordinated 
regulation of gene expression. Here, we consider single and multiplexed 
technologies that yield genome-wide assessment of gene and mRNA activity, 
from transcription factor access to DNA to de novo synthesis of protein. An 
emphasis is placed on methods that can resolve gene regulatory processes in 
cells of defined identity within multicellular organs at spatial and temporal scales, 
leading to more effective design of gene regulatory cassettes for biotechnology.  
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Figure 1.2.  Techniques that resolve specific aspects of gene regulation in the 
nucleus. Regions of chromatin accessible to transcription factors are assayed by 
DNase-seq, MNase-seq, FAIRE-seq, and ATAC-seq. Chromosomal interactions 
are surveyed by Hi-C. Regions of DNA that interact with specific proteins 
including transcription factors, chromatin remodeling proteins, specifically 
modified histones, and specifically phosphorylated isoforms of Pol II are captured 
by ChIP and its variations including co-ChIP and RE-ChIP. RNAs within the 
nucleus, including nascent pre-mRNA are surveyed by 50 GRO-seq and GRO-
seq, which monitor active transcription. Nuclear RNA-seq can profile all RNA 
within the nucleus or molecules with a specific feature, such as poly(A)+ tail. 
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Figure 1.3. Techniques to investigate multiple scales of RNA regulation, 
including translation, association with specific RNA-binding proteins and de novo 
protein synthesis. Nascent RNA synthesis is surveyed by GRO-seq. Total cellular 
mRNA is assayed by poly(A)+ RNA-seq. RNAs that co-immunopurify with 
specific RNA binding proteins are quantified by RIP-seq. Ribosome-associated 
RNAs are assayed by TRAP-seq and polysomal mRNA-seq. Ribosome 
footprinting is achieved by Ribo-seq. De novo synthesized proteins are assayed 
by BONCAT. 
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Table 1.1.  Multi-scale gene regulation assay multiplexing with nucleus- and 
protein-targeted capture 
 
 
Technology Interaction or RNA 

population monitored 
Performed 
on 
plants? 

Specific cell-
type targeted 
analysis  

Representative 
citations 

     
DNA based     
Hi-C seq Intra- and inter-

chromosomal interactions 
Yes Yes1: C, N, I [2,5] 

Padlock FISH Subnuclear DNA 
localization 

Yes Yes1: C, N, I [4] 

ChIP-seq DNA-Protein Yes Yes1: C, N, I  
RE-ChIP-seq DNA-Protein complex Yes Yes: C, N, I [6,41] 
co-ChIP-seq DNA-Protein-Protein No Yes: C, N, I [7] 
ATAC-seq-seq Transposase 

hypersensitive sites (THS) 
Yes Yes1: C, N, I [9] 

scATAC-seq Single cell ATAC-seq No Yes1: C, N, I [11] 
Phospho Pol II ChIP-
seq 

Transcript elongation Yes Yes: C, N, I [14] 

     
RNA based     
GRO-seq Nascent RNA Yes Yes1: C, N, I [16] 
5’ GRO-seq 5’ transcriptions start site 

(TSS) region of nascent 
RNA 

Yes Yes: C, N, I [16] 

nRNA-seq 
PIP-seq  

Nuclear-localized RNA 
Mapping of nRNA-protein 
interactions 

Yes Yes1: C, N, I 
Yes1: C, N, I 

[22] 
[21] 

RIP-seq RNA binding protein 
associated RNA 

Yes Yes: C, N, I [24,25] 

Polysomal mRNA-seq Polysome-associated 
mRNA obtained by 
conventional 
sedimentation 

Yes Yes: C [28] 

TRAP-seq Ribosome-associated 
mRNA obtained by affinity 
purification of ribosomes 

Yes Yes1: C, T [28,30-34] 

Ribo-seq Ribosome footprint 
mapping on RNAs 

Yes Yes: C, T [28,29] 

     
Protein based     
BONCAT De novo protein synthesis Yes Yes [40] 
     
1 Method accomplished in plants with one or more methods targeting components of specific cells 
including nuclei, proteins, or ribosomes.  
C, FACS, Fluorescence-activated cell sorting; I, INTACT, isolation of nuclei tagged in specific cell 
types; N, FANS, Fluorescence-activated nuclei sorting; T, TRAP, translating ribosome affinity 
purification. 
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Chapter 2 

 

Integrated nuclear and cytoplasmic gene regulation defines dynamic 

responses to oxygen availability  

 

2.1. Abstract 

 

2.1.1. Background 

Plants are resilient to transient limitations in molecular oxygen, which is 

mandatory for the efficient production of energy needed for diverse cellular 

processes and growth.  A highly reversible response to oxygen deprivation 

(hypoxia) is the coordinate upregulation of ~50 hypoxia-responsive genes (HRG) 

transcripts and their preferential translation in Arabidopsis thaliana.  Little is 

known of the effect of hypoxia on nuclear gene regulatory processes, including 

histone modifications, chromatin accessibility, RNA polymerase II (RNAPII) 

elongation and the connection to cytoplasmic translation, sequestration or 

turnover.    

 

2.1.2. Results 

Here, we assayed nine readouts of chromatin and transcription and 

contrasted them with polyadenylated and ribosome-associated mRNA 

populations of seedlings exposed to control (normoxic), hypoxic, or 
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reoxygenation conditions. This identified nuclear-regulated processes 

contributing to dynamics in gene activity.  The HRGs were characterized by 

increased chromatin accessibility, pronounced elevation of Histone 3-lysine 9 

acetylation (H3K9Ac), maintained Histone 3-lysine 4 trimethylation (H3K4me3), 

and eviction of the Histone 2A.Z variant along the gene body. Chromatin 

immunopurification-DNA sequencing and motif searching determined over half of 

the HRGs promoters were bound by members of the Ethylene Responsive 

Factor group VII transcription factors including HYPOXIA RESPONSIVE 

ETHYLENE RESPONSIVE FACTOR 2 (HRE2). The HRE2 binding site 

unexpectedly differed from the cis-element defined for constitutively expressed 

ERFVII family members in protoplast transactivation assays, but resembled the 

binding motif characteristic of other ERFs. A systematic analysis of hypoxic 

stress and reoxygenation uncovered gene regulation that was anticipatory of 

prolonged stress or reoxygenation. Genes associated with heat and other 

extreme stresses were engaged by RNAPII without a rise in nuclear or 

polyadenylated RNAs unless hypoxia was prolonged or reoxygenation occurred. 

These poised genes lost H3K4me3 and accumulated H3K9Ac during the stress. 

Motif search analyses determined that many are likely targets of HEAT SHOCK 

FACTOR transcriptional activators. By contrast, genes associated with ribosome 

biogenesis continued to be transcribed but their transcripts were retained in the 

nucleus until reaeration, at which time they increased in the polyadenylated and 

ribosome-associated mRNA pool. These transcribed but nuclear-retained 
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transcripts were characterized by a modest decline in H3K4me3 and increase in 

Histone 3-lysine 14 acetylation (H3K14Ac) during the stress.  

  

2.1.3. Conclusions 

We resolved multiple modes of differential transcriptional regulation in 

response to hypoxic stress.  HRGs displayed H2A.Z eviction, H3K9Ac 

accumulation and RNAPII elongation accompanied with elevation of 

polyadenylated mRNAs that were effectively recruited to ribosomes. Genes 

associated with extreme stress were progressively induced: first RNAPII was 

poised and elongation stalled with export after prolonged stress or reaeration. 

Housekeeping genes, such as those encoding ribosomal subunits, continued to 

be transcribed during the stress but were preferentially retained in the nucleus 

until reaeration. Many genes associated with developmental processes were 

progressively transcriptionally and translationally repressed until reaeration. 

Thus, hypoxia launches complex nuclear to cytoplasmic regulatory mechanisms 

to fine tune metabolic and developmental adaptations that include preparation for 

recovery. 

 

2.1.4. Keywords: Arabidopsis thaliana, Hypoxia, Histone modification, Histone 

variant, ATAC-seq, Chromatin accessibility, Nuclear Transcriptome, PolyA 

Transcriptome, Translatome 
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2.2. Background 

The expression of nucleus-encoded protein coding genes in eukaryotes is 

regulated at multiple levels with major control imparted through chromatin 

structure, recruitment of RNA polymerase II (RNAPII) to the transcription start 

site, co-transcriptional pre-mRNA processing and export to the cytoplasm, and 

mRNA translation by ribosomes.  Many factors finely regulate these diverse 

processes in specific cell types or in response to chemical or environmental 

stimuli. In plants, which must readily adjust to changes in the environment, gene 

regulation is highly responsive to enable cellular adjustments that enhance 

survival.  A condition that plant cells regularly encounter is transient low oxygen 

stress (hypoxia), due to poor oxygen diffusion into internal tissues or a decline in 

external oxygen availability as a result of flooding or encasement within compact 

soil or ice [1,2].  The regulation of transcription and translation in response to 

hypoxia is well-documented, but whether there is integration of these nuclear and 

cytoplasmic processes has yet to be explored.  

Gene regulation begins at the DNA level with the accessibility of 

transcription factors to their binding sites which is influenced by the topological 

organization of chromatin and epigenetic factors including cytosine methylation of 

DNA and specific variants or post-translationally modified histones that form the 

octamer core of nucleosomes. These include high levels of the tri-methylated 

Histone 3 lysine 27 (H3K27me3) in the gene body near the 5’ transcriptional start 

site (TSS) of transcriptionally repressed genes and the prevalence of H3K4me3 
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near the TSS of actively transcribed genes [3,4].  Moreover, enrichment in 

acetylated Histone H3 lysine tails (H3K9Ac, H3K14Ac) that reduce interactions 

between DNA and histones is correlated with upregulation of genes in response 

to environmental stress. Often the Histone 2A variant H2A.Z is located at the first 

(+1) nucleosome within the gene body, a configuration proposed to reduce the 

energy required for commencement of transcriptional elongation, as observed 

under osmotic stress [5–7].  A cadre of chromatin remodelers are responsible for 

dynamically regulating the presence of a nucleosome-depleted region just 5’ of 

the TSS. These enzymes are ATP dependent and therefore could be influenced 

by limitations in cellular ATP content under hypoxia. Use of DNAse I 

hypersensitivity site mapping has exposed dynamics in chromatin near TSSs and 

other regions in response to changes in light and other environmental factors 

[8,9], but chromatin dynamics have not been explored in response to transient 

hypoxia. 

As transcription commences, the phosphorylation of specific residues 

within the heptad repeats of the carboxyl terminal domain (CTD) of RNAPII 

orchestrate interactions with factors that facilitate transcription-coupled histone 

modifications as well as the co-transcriptional processes including 5’ capping, 

splicing, polyadenylation, and nuclear export [10,11].  Phosphorylation of Serine 

2 and 5 (Ser2P, Ser5P) are the major CTD modifications, with Ser5P 

characteristic of RNAPII at initiation and Ser2P associated with active elongation 

and 3’ end formation. The transcription elongator complex P-TEFb (positive 
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transcription elongation factor b) includes two kinases CDKC2 and CYCT1 that 

are responsible for Ser2P of the CTD repeats in Arabidopsis [12].  

Histone H3 modifications and Histone H2 replacement with H2A.Z occurs 

during transcriptional elongation, facilitated by interaction of the histone 

modifying machinery such as RNAPII-associated factor 1 complex (PAF1-C) with 

the specifically phosphorylated CTD. The question of whether histone 

modifications and variants contribute to transcription or merely report 

transcriptional actively is debated in plants [3] but there is increased acceptance 

that histone marks promote factors critical for progression in the steps of the 

transcription cycle [4]. For example, the positioning of H3K4me3 near the 5’ 

terminus is a prerequisite for modification of Histone H3 lysine 9 acetylation 

(H3K9Ac).  More recently, the genomic distribution of Histone H3 modifications 

along a transcription unit was shown to report the duration of time RNAPII-

Ser2P-CTD resides in a specific location along a transcription unit [13]. In 

animals, promoter proximal pausing of RNAPII 30-60 nt downstream of the TSS 

acts as a checkpoint for transcription that is common among genes activated by 

stimuli such as heat stress [14]. However, global nuclear run-on sequencing 

(GRO-seq) in Arabidopsis seedlings found limited evidence of promoter proximal 

pausing but confirmed 3’ pausing particularly on long genes with high CpG 

methylation near the polyadenylation site [15]. The correlation found between 

nascent transcripts and steady-state mRNA levels supports the conclusion that 

transcription is mostly regulated at the level of initiation rather than during 
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elongation, at least under the optimal growth conditions that were evaluated. 

Here, we considered that hypoxia might present a situation where chromatin 

accessibility, RNAPII elongation and histone modifications may be co-regulated 

to conserve cellular ATP either during transcription or at downstream steps 

including the highly energy consuming process of translation.  

Our previous work demonstrated that hypoxia stress elicits rapid 

transcriptional and translational control in seedlings and specific cell types of 

Arabidopsis [16–19].  Transcriptional activation involves the evolutionarily 

conserved group VII ethylene response factor (ERFVII) transcription factors, 

whose conditional accumulation is required for regulation of metabolism and 

development to promote survival of hypoxia [20–28]. Critical to ERFVII function is 

their selective stabilization mediated by the N-end rule pathway of targeted 

proteolysis [22,23,27,29]. The constitutively synthesized ERFs RELATED TO 

APETALA 2.12, 2.13, and 2.13 (RAP2.12, RAP2.2, and RAP2.3) transactivate 

hypoxia-responsive genes in protoplasts [28,30,31] through an evolutionarily 

conserved cis-acting motif called the hypoxia responsive promoter element 

(HRPE) [22,30] and other stress-responsive genes via a multimeric GCC motif 

[32,33].  The abundance and activity of the ERFVIIs is highly controlled, as 

genes they transactivate include PLANT CYSTEINE OXIDASEs [29,34] that 

promotes their turnover and the transcription factor HYPOXIA RESPONSE 

ATTENUATOR 1 (HRA1) that in turn negatively regulates ERFVII function 

[31,35]. However, of the ~50 genes that are highly upregulated in response to 
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hypoxia, only about 50% have a recognizable HRPE within their promoter [30] 

and no genome-scale analyses of ERFVII binding has been reported.  

There is evidence of post-transcriptional regulation at multiple levels in 

response to hypoxia in seedlings of Arabidopsis.  This includes alternative 

splicing ([16–18] and increased retention of transcripts within the nucleus [36].  

Translation is dramatically downregulated and more selective under hypoxia, 

presumably as a mechanism to conserve energy [16–18]. Moreover, mRNAs that 

hypoxia-upregulated and successfully recruited to ribosomes for translation do so 

by avoiding sequestration in translationally inactive complexes resembling stress 

granules via the RNA-binding protein OLIGOURIDYLATE BINDING PROTEIN 

1C (UBP1C) [19] and CALMODULIN BINDING PROTEIN 38 (CML38) [37].  No 

recognizable RNA sequence elements are correlated with maintenance of 

translation under hypoxia besides low GC content and thermostability of the 5’ 

untranslated region [19,38,39]. mRNAs that maintain translational competency 

are those that show strong upregulation in response to the hypoxia [17]. The 

finding that promoter sequences confer translational competency to mRNAs 

during starvation in yeast [40] raises the interesting question whether ERFVII 

upregulated transcription provides an advantage under hypoxia.  

Here we hypothesized that the hypoxia response genes (HRGs), that 

display pronounced increases in abundance and effective translation, may 

benefit from coordination of their transcriptional, co- and post-transcriptional 

regulation. To gain deep insight, we monitored histone modifications and 
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variants, chromatin accessibility, and the distribution of RNAPII-Ser2P  along 

gene bodies of seedlings deprived of oxygen. We also identified genes bound by 

an ERFVII. These assays focused on chromatin and transcription were 

contrasted to RNA-seq data obtained for three populations of RNA: nuclear RNA, 

total polyadenylated RNA and ribosome-associated polyadenylated RNA.  These 

data expose multiple modes of adjustments in the nuclear regulation of genes in 

response to hypoxia and connections with translational activity.    

 

2.3. Materials and methods  

 

2.3.1. Genetic Material 

The following genotypes were used for genome wide experiments: Col-0, 

Histone modification ChIP-seq, RNAP II ChIP-seq; pHTA11:HTA11-3xFLAG [7], 

H2A.Z ChIP-seq;  pUBQ:NTF/pACT2:BirA [8,41], ATAC-seq, nRNA-seq, polyA 

mRNA-seq; p35S:HF-RPL18 [43], TRAP-seq, mRNA-seq; p35S:C2A-HRE2-HA 

[22], HRE2 ChIP-seq; p35S:FLAG-RAP2.12 [30], RAP2.12 ChIP-seq.   

 

2.3.2. Growth and Treatment Conditions 

Arabidopsis seeds were surface sterilized by incubation in 70% EtOH for 5 

min, followed by incubation in 20% (v/v) bleach, 0.01% (v/v) TWEEN-20, followed 

by three washes in ddH2O for 5 min, in triplicate.  Sterilized seeds were placed 

onto 1x MS media (1.0x Murishige Skoog (MS) salts, 0.4% (w/v) Phytagel 
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(Sigma-Aldrich), and 1% (w/v) Suc, pH 5.7) in 9 cm2 Petri dishes and stratified by 

incubation at 4oC for 3 d in complete darkness.  Following stratification, plates 

were placed vertically into a growth chamber (Percival) with 16h light / 8h dark 

cycle at ~120 μmol photons·s-1·m-2, at 23 oC for 7 d.   

 

2.3.3. Seedling Treatments 

For hypoxic stress, seedlings were removed from the growth chamber at 

Zeitgeber time (ZT) 16 and were subjected to hypoxic stress by bubbling argon 

gas into sealed chambers in complete darkness for 2 or 9 h at 24 oC. The 

chamber set-up was as described by [16].  Oxygen partial pressure in the 

chamber was measured with the NeoFox Sport O2 sensor and probe (Ocean 

Optics).  Control samples were placed in an identical chamber that was open to 

ambient air under the same light and temperature conditions.  Post hypoxia 

aeration was achieved by removing plates from the chamber and placing them 

into identical chambers in ambient air.  Tissue was rapidly harvested into liquid 

N2 and stored at -80 oC. 

 

2.3.4. Chromatin Immunopurification (ChIP)  

ChIP was performed according to [41] with minor modifications. Seedlings 

were grown on Petri dishes and treated as described above. For the HRE2 ChIP 

experiments, seedlings were pre-treated by flooding with 10 mL of 100 μM 

Calpain inhibitor IV (American Peptide) and 1% (v/v) DMSO for 2 h prior to the 
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hypoxia treatment. For all genotypes, following hypoxia treatment, seedlings 

were immediately cross-linked in 1% (v/v) formaldehyde nuclei purification buffer 

(NPB: 20 mM MOPS, pH 7.0, 40 mM NaCl, 90 mM KCl, 2 mM EDTA, and 0.5 

mM EGTA) in a vacuum chamber under house vacuum for 10 min. The reaction 

was quenched by addition of 1.875 mL 5M glycine to reach a concentration of 

125 mM followed by vacuum infiltration for 5 min. This was followed by three 

washes in 30 mL ddH2O. Seedlings were blotted dry and then pulverized under 

liquid N2. To isolate nuclei, 0.5 g tissue was thawed to 4°C in 10 mL NPB that 

additionally contained 0.5 mM spermidine, 0.2 mM spermine, and 1 X Plant 

Protease Inhibitor Cocktail (Sigma-Aldrich P9599). Nuclei were pelleted by 

centrifugation in 4°C at 1200g for 10 min.  The nuclei were washed in 10 mL 

NPBt (NPB, 0.1% Triton X-100) and pelleted by centrifugation in 4°C at 1200g for 

10 min in triplicate.  Following the final NPBt wash, the supernatant was 

aspirated and the nuclei pellet was resuspended in 120 µL NPB, and lysed with 

the addition of 120 µL 2X nuclei lysis buffer (NLB: 100 mM Tris, pH 8.0, 20 mM 

EDTA, 2% [w/v] SDS, and 2 X Plant Protease Inhibitor Cocktail) by vortexing for 

2 min at 23-25 oC. The chromatin was sheared into 200 to 600 bp fragments by 

sonication (Diagenode, Denville, NJ) with 40 cycles of 30 s ON and 30 s OFF at 

4°C. The sample was cleared by centrifugation at 16,000g at 4°C for 2 min and 

the supernatant was diluted ten-fold with dilution buffer (DB: 16.7 mM Tris, 

pH8.0, 167 mM NaCl, 1.1% (v/v) Triton X-100, 1.2 mM EDTA).  The entire 

chromatin fraction was precleared by incubation with uncoupled Protein G 
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Dynabeads (ThermoFisher) for 30 min followed by collection of the supernatant. 

Three hundred microliters of the input chromatin (1 mL for HRE2) was incubated 

with 3 µL of anti-H3K4me3 (ab8580, Abcam), anti-H3K27me3 (07-449, EMD 

Millipore), anti-H3K9Ac (ab4441, Abcam), anti-H3K14Ac (ab52946, Abcam), anti-

p-CTD RNA Polymerase II (ab5095, Abcam), anti-FLAG (F1804, Sigma), or anti-

HA (h3663, Sigma) for 4 h (overnight for HRE2) while rocking at 4oC.  Protein G 

Dynabeads (30 µL) were washed in DB, added to the chromatin fraction and 

allowed to incubate for 2 h while rocking at 4oC.  Beads were magnetically 

captured and washed sequentially in 1 mL for 5 min with four buffers: low NaCl2 

wash buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 0.1% [w/v] SDS, 1% [v/v] Triton 

X-100, 2mM EDTA), high NaCl2 wash buffer (20 mM Tris, pH 8.0, 500 mM NaCl2, 

0.1% [w/v] SDS, 1% [v/v] Triton X-100, 2mM EDTA), LiCl wash buffer (10 mM 

Tris, pH 8.0, 250 mM LiCl, 1% [w/v] sodium deoxycholate, 1% [v/v] Nonidet P-40, 

1 mM EDTA), and standard TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA).  The 

beads were then washed twice with 10 mM Tris, pH 8.0 and resuspended in 25 

µL of tagmentation reaction mix (10 mM Tris, pH 8.0, 5 mM MgCl2, 10% [w/v] 

dimethylformamide) containing 1 µL of Tagment DNA Enzyme (NExtera DNA 

Sample Prep Kit, Illumina) and incubated at 37oC for 1 minute.  Beads were 

washed twice with low NaCl2 wash buffer and then once in standard TE buffer.  

The chromatin was eluted from the beads by heating for 15 min at 65°C in elution 

buffer (EB: 100 mM NaHCO3 and 1% [w/v] SDS) and reverse cross-linked by the 

addition of 20 µL 5 M NaCl2 with heating at 65°C overnight.  Following reverse 
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cross-linking, Proteinase K (0.8 units; New England Biolabs) was added and the 

sample was incubated at 55°C for 15 min. The final tagged ChIP-DNA sample 

was purified using Qiagen MinElute columns according to the manufacturer’s 

instructions and eluted with 14 µL of EB. 

 

2.3.5. ChIPmentation Library Preparation 

ChIPmentation library preparation for short-read sequencing (ChIP-seq) 

was performed according to [70], with minor modifications. Final library 

enrichment was performed in a 50 µL reaction containing 12 µL ChIP DNA, 0.75 

µM primers, and 25 µL 2X NEBNext PCR Master Mix.  To determine the 

appropriate amplification cycle number, a qPCR reaction was performed on 1 µL 

of tagmented ChIP DNA in a 10 µL reaction volume containing 0.15 µM primers, 

1X SybrGreen (ThermoFisher), and 5 µL 2X NEBNext PCR Master Mix (New 

England Biolabs) with the following program: 72oC for 5 min, 98oC for 30 s, 24 

cycles of 98oC for 10 s, 63oC for 30 s, 72oC for 30 s, and a final elongation at 

72oC for 1 min.  Libraries were amplified for n cycles, where n is equal to the 

rounded up Cq value determined in the qPCR reaction.  Amplified libraries were 

purified and size selected using SPRI AMPure XP beads (Beckman).  AMPure 

XP beads were added at a 0.7:1.0 bead to sample ratio, and the remaining DNA 

was recovered by the addition of AMPure XP beads at a 2.0:1.0 bead to sample 

ratio and eluted in 13 µL of EB.  Quantification of the final libraries was performed 

with Quant-iT PicoGreen (ThermoFisher), and library fragment distribution was 
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evaluated by use of the the Agilent 2100 Bioanalyzer using the high sensitivity 

DNA chip.  Final libraries were multiplexed to >5 nM final concentration and 

sequenced on the HiSeq 3000/4000 at the UC Davis DNA Technologies Core. 

 

2.3.6. Isolation of Nuclei Tagged in Specific Cell Types (INTACT) 

INTACT was performed according to [41] with modifications. Frozen 

pulverized tissue (0.5 g) of pUBQ:NTF/pACT2:BirA seedlings was thawed in 10 

mL of cold NPB buffer and was filtered through 70 µM nylon mesh.  Nuclei were 

pelleted by centrifugation at 1200g for 7 min at 4oC, and the nuclear pellet was 

resuspended and washed twice in NPB containing 0.1% (v/v) Tween-20 (NPBt), 

and the washed pellet was resuspended in 1 mL of NPB.  M280 Streptavidin 

Dynabeads (10 µL; Invitrogen) washed with 1 mL NPB and resuspended in the 

original volume were added to the nuclei and the sample was allowed to rock for 

30 min at 4oC.  The bead-nuclei mixture was diluted to 14 mL with NPBt and 

incubated with rocking for 30 s at 4oC.  The beads were magnetically collected, 

the supernatant removed, the beads washed twice with NPBt, and resuspended 

in 1 mL of NPBt. A 25 µL fraction was removed to quantify nuclei following 

addition of 1 µL of 1.0 µg/µL Propidium Iodide following incubation on ice for 5 

min before visualization and quantification with a C-Chip hemocytometer (Incyto) 

using a fluorescence microscopy. 
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2.3.7. Assay for Transposase Accessible Chromatin (ATAC) 

Fifty-thousand INTACT-purified nuclei from root tissue were magnetically 

captured and any remaining supernatant was removed. Nuclei were 

resuspended in 50 µL of transposition mix (1X TD buffer, 2.5 µL TDE1 

transposase) and were incubated for 30 min at 37oC with occasional mixing.  The 

transposed DNA was purified with Qiagen MinElute PCR purification columns, 

and the purified DNA was eluted in 11 µL of EB.  For library construction, a 

reaction was prepared to amplify the sample in a two step process. The reaction 

was assembled containing transposed DNA (10 µL), 5 µM Ad1.1 and an indexing 

primer [71], 1X NEBNext High Fidelity PCR mix and cycled in the following 

program: 72oC 5 min; 98oC 30 s; 3 cycles of 98oC 10 s, 63oC 30s, 72oC 1 min; 

4oC and the samples were placed on ice.  Then a qPCR was performed using an 

aliquot of the amplified library with the following program: 98oC for 30 s; 20 cycles 

of 98oC for 10 s, 63oC for 30 s, 72oC for 1 min.  The original PCR reaction was 

resumed for n additional cycles, where n is the cycle at which the qPCR reaction 

was at 1/3 of its maximum fluorescence intensity.  Amplified DNA was then 

purified with Qiagen MinElute PCR purification columns and eluted in 20 µL of 

EB. Amplified libraries were purified and size selected for fragments between 200 

to 600 bp using SPRI AMPure XP beads (Beckman).  AMPure XP beads were 

added at a 0.55:1.0 bead to sample ratio, and the remaining DNA was recovered 

by the addition of AMPure XP beads at a 1.55:1.0 bead to sample ratio and 

eluted in 13 µL of EB.  Library concentration was determined using the NEBNext 
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(New England Biolabs) library quantification kit.  Final libraries were multiplexed 

to >5 nM final concentration and sequenced on the HiSeq 3000/4000 at the UC 

Davis DNA Technologies Core. 

 

2.3.8. INTACT followed by Nuclear RNA Extraction 

Fifty-thousand INTACT-purified nuclei were collected magnetically and the 

supernatant was removed, and resuspended in 20 µL of NPB.  Nuclear RNA was 

extracted and purified using the Qiagen RNeasy Micro kit, and eluted in 20 µL of 

H2O. The RNA was then DNaseI digested with with 1 µL (2U/µL) of Turbo 

DNAseI (Ambion) and incubated for 30 min at 37oC.  DNaseI was inactivated by 

adding EDTA to 15 mM, and heated at 75oC for 10 min,centrifuged at 2000g for 5 

min and transferred to a new tube.  The RNA was then purified using AMPure XP 

beads and eluted in 15 µL H2O.  Ribosomal RNA was depleted from the sample 

using the plant Ribo-Zero rRNA removal kit (Illumina) according to the 

manufacturer’s instructions. 

  

2.3.9. Total RNA Isolation and PolyA RNA Affinity Purification 

Total RNA was extracted from 50 mg frozen pulverized tissue by addition 

of 800 µL Trizol (Life Sciences) and incubation for 5 min at room temperature.  

Chloroform (200 µL) was added and the sample briefly vortexed and incubated at 

room temperature for 3 min.  Following incubation, the samples were centrifuged 

at 12,000g for 15 min at 4oC, and the clear phase was transferred to a new tube.  
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RNA was precipitated by addition of 500 µL isopropanol, vortexing briefly, and 

incubation at room temperature for 10 min, and pelleted by centrifugation at 

12,000g for 10 min at 4oC.   Purified RNA was resuspended in 50 µl EB and 

DNAseI digested with with 2.5 µL of TURBO DNaseI (Ambion) for 30 min at 

37oC.  DNaseI was inactivated by addition of EDTA to 15 mM and heat treatment 

at 75oC for 10 min.  The RNA was pelleted by centrifugation at 2000g for 5 min 

and transferred to a new tube.  The RNA was then purified using AMPure XP 

beads and eluted in 50 µL H2O. For polyA RNA selection, the total RNA sample 

was heated for 2 min at 65oC and placed on ice, after which 50 µl of Dynabeads 

Oligo (dT)25 pre-washed with wash buffer (WB: 10 mM Tris, pH 7.5, 150 mM LiCl, 

1 mM EDTA) were added and the sample incubated at room temperature for 15 

min with agitation.  The beads were magnetically separated and washed twice 

with WB.  For RNA elution, 50 µl EB was added and the sample heated for 2 min 

at 80oC and the eluted RNA was transferred to a new tube.  The polyA RNA 

selection was repeated a second time and eluted in a volume of 16 µl. 

 

2.3.10. Translating Ribosome Affinity Purification (TRAP)-seq 

TRAP of mRNA-ribosome complexes was performed following the 

procedure of [18]. Briefly, pulverized tissue (1 mL) from the 35S:HF-RPL18 

genotype was added to 5 mL of polysome extraction buffer (PEB: 200 mM Tris, 

pH 9.0, 200 mM KCl, 25 mM EGTA, 35 mM MgCl2, 1% PTE, 1 mM DTT, 1 mM 

PMSF, 100 µg/mL cycloheximide, 50 µg/mL chloramphenicol) containing 1% 
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detergent mix (20% (w/v) polyoxyethylene(23)lauryl ether, 20% (v/v) Triton X-

100, 20% (v/v) Octylphenyl-polyethylene glycol, 20% (v/v) Polyoxyethylene 

sorbitan monolaurate 20) and homogenized with a glass homogenizer on ice  

The homogenized mixture was allowed to stand for 10 min on ice and then 

centrifuged at 16,000g at 4oC for 15 min.  Following centrifugation, the 

supernatant was transferred to a new tube and filtered through one layer of 

Miracloth (Millipore) to produce the clarified extract. 

 Protein G Dynabeads (50uL; ThermoFisher) were prewashed twice with 

1.5 mL of wash buffer (WB-T: 200 mM Tris, pH 9.0, 200 mM KCl, 25 mM EGTA, 

35 mM MgCl2, 5 mM PMSF, 50 µg/mL cycloheximide, 50 µg/mL 

chloramphenicol) by suspension and magnetic collection, with final re-

suspension in the original volume. These were added to the clarified tissue 

extract and incubated at 4oC for 2 h with gentle rocking.  The beads were 

collected magnetically, the supernatant was removed, and the beads were gently 

resuspended in 6 mL WB-T for 5 min at 4oC with rocking.  This wash step was 

repeated two additional times, after which the beads were resuspended in 1 mL 

WB-T and transferred to a new tube and the supernatant was removed.   

 RNA was purified from the sample and the reserved clarified extract by 

addition of 105 µl of LBB (LBB: 100 mM Tris, pH 8.0, 500 mM LiCl, 10 mM 

EDTA, 1% (w/v) SDS, 5 mM DTT, 1.5% (v/v) Antifoam A, 5 µl/mL 2-

mercaptoethanol) followed by vortexing for 5 min.  Samples were incubated at 

room temperature for 10 min,centrifuged at 13,000g for 10 min and transferred to 
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a new tube.  Poly(A)+ RNA selection was performed by addition of 1 µl of 12.5 µM 

biotin-20nt-dT oligos (Integrated DNA Technologies) to 200 µl of the TRAP or 

RNA lysate sample, followed by incubation at room temperature for 10 min.  In a 

separate tube 20 µl magnetic streptavidin beads (New England Biolabs) were 

washed with 200 µl LBB.  The lysate was added to the washed beads and 

incubated at room temperature for 10 min with gentle agitation.  The beads were 

magnetically separated and washed sequentially with wash buffer A (WBA:10 

mM Tris, pH 8.0, 150 mM LiCl, 1 mM EDTA, 0.1% (w/v) SDS), wash buffer B 

(WBB:10 mM Tris, pH 8.0, 150 mM LiCl, 1 mM EDTA), and low salt buffer (LSB: 

20 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA).  Following washes, the pellet 

was resuspended in 16 µl 10 mM Tris, pH 8.0 containing 1 mM 2-

Mercaptoethanol and heated at 80oC for 2 min.  The beads were magnetically 

collected, the supernatant was transferred to a new tube, and the poly(A)+ RNA 

selection process was repeated, and the samples combined in a new tube before 

storage at -80oC. 

 

2.3.11. Bioinformatic Analyses 

For all high throughput outputs, short reads were trimmed using FASTX-

toolkit to remove barcodes and filter short and low quality reads prior to 

alignment to the TAIR10 genome with Tophat2.  Read quality reports were 

generated using fastqc.  For all datasets, counting of aligned reads was 

performed on entire transcripts (GenomicFeatures, citation) using the latest 
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Araport 11 annotation (201606) and reads per kilobase of transcript per million 

mapped reads (RPKM) values were calculated.  Differentially expressed genes 

were determined by edgeR, |FC| > 1, FDR < 0.01.   

 Data visualization and file generation: Bigwig files for Integrated Genome 

Viewer (IGV) visualization were generated from aligned bam files and normalized 

by RPKM values using the deepTools command bamCoverage with the -

normalizeUsingRPKM specification.  Within IGV, all chromatin based outputs 

were normalized to the same scale and all RNA outputs were normalized to a 

separate scale. 

 Peak calling: For ChIP-seq and ATAC-seq datasets, peak calling was 

performed using independent replicates as input for HOMER using the findPeaks 

command [72].  Peaks identified from comparable sampling times (2 h, 9 h) were 

combined, and counting was performed on individual replicates.  Peaks were 

annotated using the HOMER command annotatePeaks.pl.  Differential regulation 

of peaks was performed using edgeR. 

 Motif discovery: HRE2 peaks identified by HOMER command findPeaks 

were used as an input for the HOMER command findMotifsGenome.pl.  The 

matrix for the top HRE2 motif (P:1e-69) was used as input the MEME command 

ceqlogo to generate the motif logo. 

DAP-seq motif analysis: Sequences of promoter regions spanning 1 kb 

upstream to 500 bp downstream of the TSS were extracted for genes within each 

cluster.  The promoter sequences were compared against each TF, per TF 
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family, using motif matrices identified by [52].  The number of significant motifs 

identified within the promoters of each cluster were quantitated and normalized to 

the number of genes within each cluster. 

t-distributed stochastic neighbor embedding (t-SNE): t-SNE analysis was 

performed according to [73].  Briefly, a principal component analysis was 

performed using RPKM values for each replicated dataset and timepoint.  t-SNE 

was then performed on PCs 1-10 and the results were plotted using ggplot2. 

 

2.3.12. Bioinformatic tools 

Analyses were performed with Bioconductor R packages particularly the 

Next Generation Sequencing analysis software of systemPipeR [74]. Programs 

used within that platform included:  

BiocParallel [75] 

BatchJobs [76] 

Tophat [77] 

GenomicFeatures [78] 

GenomicRanges [78] 

edgeR [79] 

gplots [80] 

ggplot2 [81] 

RColorBrewer [82] 

Dplyr [83] 
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biomaRt [84] 

ChIPseeker [85] 

rtracklayer [86] 

Rtsne [87] 

 

Python/Perl packages 

fastx_toolkit [88] 

Fastqc [89] 

MEME [90] 

Homer [72] 

deepTools [91] 

circos [92] 

Bedtools [93] 

samtools [94] 

  

2.4. Results 

 

2.4.1. Establishment of a multiscale dataset for evaluation of dynamics in 

gene regulatory control in response to hypoxic and reoxygenation stress 

To gain a more comprehensive understanding of dynamics in protein-

coding gene transcript abundance from the stage of transcriptional elongation 

through mRNA translation in response to short term hypoxic stress, we 
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performed a series of chromatin and RNA-based assays on 7-day-old seedlings. 

Growth conditions as well as the control (normoxic, 2NS) and non-lethal hypoxic 

stress (2 h hypoxia, 2HS) were identical to those we used previously to evaluate 

the transcriptome, translatome and ribosome footprints [16–18]. At the DNA 

level, we adopted chromatin immunopurification sequencing (ChIP-seq) of the 

Ser2P phospho-isoform of the RNAPII CTD to monitor genes undergoing 

transcriptional elongation. To obtain the nuclear pool of gene transcripts (nRNA) 

we utilized Nuclei Tagged in Specific Cell Types (INTACT) [41][42]. RNA-seq 

libraries were prepared for rRNA-depleted nRNA [42], total cellular 

polyadenylated RNA (polyA; transcriptome) and polyadenylated ribosome-

associated RNAs obtained by Translating Ribosome Affinity Purification (TRAP; 

translatome) [17,43].   

All RNA-seq libraries were prepared in the same manner, with the 

exception that nRNA was rRNA subtracted rather than oligo(d)T selected, so that 

transcripts at any stage of synthesis or maturation would be included in the 

population.  Each duplicated ChIP-seq and triplicated RNA-seq sample yielded 

over 5 million reads that mapped to gene bodies (exons and introns).  

Reproducibility between biological replicates was generally high, with polyA RNA 

displaying the least and nRNA the greatest variation (Supplemental Data S1a). 

The four gene expression readouts were distinguishable at the global scale when 

the individual samples were compared by t-Distributed Stochastic Neighbor 

Embedding (Fig. 1b), with polyA RNA plotting between the nuclear and 
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ribosome-associated RNA samples. Our analysis additionally included nRNA and 

polyA RNA samples obtained for seedlings that were hypoxic-stressed for 2 h 

and then reoxygenated for 1 h (1R) or hypoxic-stressed for 9 h (9HS), both sub-

lethal stresses.  This combined RNAPII and transcript-based deep-sequence 

dataset provides a foundation to address the integration of chromatin and 

transcription with nuclear and cytoplasmic post-transcriptional processes that 

culminate in mRNA translation. 

Dynamics in post-translational modifications of histones and regions of 

chromatin accessibility may also contribute to transcriptional regulation in 

response to oxygen availability.  Therefore, we used ChIP-seq to survey Histone 

H3 modifications generally associated with gene activation (H3K4me3, H3K9Ac, 

and H3K14Ac) and repression (H3K27me3), as well to  evaluate the distribution 

of the Histone H2 variant (H2A.Z) associated with regulation of chromatin 

accessibility in connection with external stimuli in plants [5–7,44,45] (Fig. 1a).  To 

evaluate dynamics in regions of accessible chromatin we performed Assay for 

Transposase-Accessible Chromatin sequencing (ATAC-seq) on INTACT-purified 

nuclei.  Finally, to monitor binding of a ERFVII, ChIP-seq was performed with 

lines expressing a version of RAP2.12 or HRE2 that is not a target of N-end rule 

turnover, yielding an informative dataset for HRE2 in hypoxic seedlings (2HS). 

Together, these genome-scale DNA- and RNA-based datasets can be used to 

evaluate individual or groups of genes.  
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To begin the multiscale analysis, we surveyed the distribution of read 

abundance (reads per kilobase per million reads, RPKM) under the two 

conditions (2NS and 2HS) across annotated gene bodies for the four modified 

histones, H2A.Z, Ser2P and specific RNA subpopulations. As expected for 

comparison of changes in chromatin versus transcripts, the range in read 

abundance was lower for the ChIP-seq than the RNA-seq outputs (Fig 1c).  At 

this global scale, the read distributions showed limited change in response to 

hypoxic stress.  To ensure the hypoxic response was as expected, we tracked 

ALCOHOL DEHYDROGENASE 1 (ADH1), which is required for anaerobic 

metabolism and survival of hypoxia [1] and one of the previously identified group 

of 49 ubiquitously up-regulated hypoxia-responsive genes (HRGs) [1][18,46] (Fig. 

1c) Comparison of the abundance of the H3 modifications and H2A.Z on ADH1 

under the two conditions exposed a slight decrease in H3K27me3 and H2A.Z 

levels, with a more pronounced increase in H3K4me3 and H3K9Ac.  By contrast, 

the association of H3K14Ac with the HRGs, including ADH1, was unchanged.  

Read distributions for the four transcript readouts were consistent with 

expectations. First, the range in Ser2P abundance was narrower than that of 

nRNA, polyA, and ribosome-associated mRNA. Second, an increase in Ser2P 

corresponded to elevation of ADH1 transcripts in all three RNA populations. 

Together, these results confirm that rapid modifications of nucleosome features 

accompany conditional changes in RNAPII engagement and transcript 
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accumulation, indicating these datasets may be valuable for study of integrated 

nuclear and cytoplasmic gene regulation in response to a hypoxic stress.  

 

2.4.2. Histone modifications and chromatin accessibility near transcription 

start sites are reversibly regulated by hypoxic stress and reoxygenation 

To gain a global perspective of dynamics in chromatin features in 

response to hypoxia, the average distribution of the histone variant H2A.Z and 

four H3 modifications (H3K27me3, H3K4me3, H3K9Ac, H3K14Ac) were plotted 

relative to each protein-coding gene body (Fig. 2a).  Under control conditions, the 

H3 modifications associated with gene activity were enriched at the 5’ end of the 

first exon, just downstream of transcription start site (TSS), whereas H3K27me3 

was distributed more evenly across the gene body.  This and the other histone 

marks tapered off just 5’ of transcription end site (TES), determined from the 

most frequent site of polyadenylation. As expected, levels of all modified Histone 

H3 and H2A.Z were generally lower in the 1 kb region upstream of the TSS. 

Downstream of the TES these nucleosome features were more evenly distributed 

along gene body region, except for H3K27me3, which was notably lower.  

Following 2 h of hypoxic stress, a similar distribution profile was observed for 

each histone modification monitored. The reduction in H3K4me3 was the most 

dramatic, followed by an increase in H3K14Ac particularly proximal to the TSS. 

The 5’ proximal placement of H3K4me3, H3K9Ac and H3K14Ac and broad 
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distribution of H3K27me3 across the gene body is consistent with prior reports 

[47,48]. 

To determine whether hypoxia or reoxygenation influenced the openness 

of chromatin regions, defined by accessibility to Tn5 insertion, we surveyed 

dynamics in genome-wide distribution of ATAC-seq reads (Fig. 2b) and found 

they were located predominated within 500 bp 5’ of the TSSs as reported by 

others for Arabidopsis [49–51].  Hypoxic stress increased the height of the 

ATAC-seq read peak, within 100 bp 5’ of the TSS and > 300 bp 3’ of the TES, 

relative to control samples. Remarkably, the peak was further amplified following 

1 h of reoxygenation (1R). This lead us to test whether ATAC-seq reads around 

the TSS and TES was altered by more prolonged but sublethal hypoxic stress. 

We observed less accessibility after 9 h of stress (9HS) relative to control 

seedlings maintained under the same light regime (9NS).  In all five treatment 

samples, the ATAC-seq reads that mapped within genic regions were generally 

unchanged. Altogether, these data suggest that chromatin that is accessible to 

Tn5 insertion due to space between nucleosomes is dynamically regulated by 

sublethal hypoxic stress and reoxygenation, and is generally limited to a region of 

~200 bp 5’ of the TSS and a broader region of ~400 bp 3’ of the TES.   

To map chromatin accessible regions near individual genes, the ATAC-

seq data was processed to identify transposase hypersensitive sites (THS) by 

use of the peak-calling program HOMER for each condition and time point. The 

mean width of THSs was ~160 nt.  Consistent with Fig. 2b, a greater number of 
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THSs were detectable at 2HS and 1R than at 2NS.  Similarly, fewer THSs were 

found at 9HS than 9NS. More than 80% of the THSs identified for each condition 

mapped within 1 kb from annotated TSSs, the presumed promoter regions (Fig. 

2d).  The pairwise comparison of the peak volumes of THSs ranging from 130 to 

1000 bp that mapped at any location was used to identify differentially accessible 

chromatin regions (|Log2 fold change| ≥1; p value < 0.05) (Fig. 2e) (Supplemental 

Data S1b). A short duration of hypoxia resulted in 687 upregulated THSs, 

including 32 with greater than a 4-fold change. The number of upregulated THSs 

increased to 1262 following 9 h of stress.  Over 1265 and 1207 THSs were 

downregulated at 2HS and 9HS, respectively.  Regional changes in chromatin 

conformation upon reoxygenation were more similar to hypoxic than control 

seedlings. The comparison of the 2 h hypoxic stress and reoxygenation samples 

exposed >2300 regions that were more open and >3000 that were closed after 

reaeration. Together, these data demonstrate that chromatin accessibility is 

highly orchestrated in response to changes in oxygen availability.  

 

2.4.3. Survey of chromatin and RNA data for genes groups known to be 

opposingly regulated by hypoxia  

As the initial global analysis of the chromatin and RNA outputs indicated 

changes in response to hypoxia, we determined the mean log2 fold change for 

the 20,649 genes (average CPM > 2 in any sample), allowing differentially up- 

and down-regulated genes (DRGs) to be identified for each of the analyses 
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(Supplemental Data S1c). The fold-change values were compared at the 

genome-scale (Fig. 3a) and for two groups of genes that show coordinate but 

distinct regulation in response to hypoxia, the 49 HRGs and 223 cytosolic 

ribosomal proteins (RPs) [16–18] (Supplemental Fig. 1).  

Consistent with prior reports, HRG mRNAs were highly induced and 

effectively translated, whereas the RP mRNAs were maintained at pre-stress 

levels in the transcriptome but were less engaged in translation (Supplemental 

Figs. 1, 2).  The significant increase in Ser2P reads on the HRGs was 

accompanied by an even more pronounced rise measured for nRNA. As a group, 

the HRGs increased in both the polyA and TRAP RNA populations. For the RPs, 

Ser2P reads per transcript declined slightly, indicating their overall transcription is 

only somewhat reduced during this short-term stress. Interestingly, this was 

accompanied by a slight rise in RP transcripts in the nuclear pool, despite a 

maintenance at the polyA RNA level. Confirming prior results, HRG mRNAs were 

translated at levels similar to their abundance, whereas RP mRNAs were 

translationally downregulated under the stress (Supplemental Figs. 1, 2).  

The FC values for the histone data surveyed indicated dynamics in 

histone modifications and H2A.Z association in response to hypoxia (Fig. 3b). By 

comparing the change in Ser2P and H3K4me3, H3K9Ac or H3K14Ac 

modifications as well as change in H2A.Z incorporation, we identified a positive 

correlation between Ser2P and H3K9Ac (Fig 3b; r = 0.43; r = 0.17 for HRGs) and 

a negative correlation between change in Ser2P and H2A.Z (Fig 3c; r = -0.27).  
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H2A.Z levels versus Ser2P were markedly negatively correlated for HRGs (r = -

0.79), due to a pronounced decline in H2A.Z association under the stress (Fig. 

3a). In fact, the association of this H2 variant declined significantly for 7 HRGs 

but showed no change for any of the RPs. For H3K9Ac, levels significantly 

increase for 16 HRGs, but not for any of the RPs   Thus, an increase in H3K9Ac 

and decline in H2A.Z is a characteristic of HRGs and is absent from the 

opposingly regulated RPs. 

A genome browser was used to view the data for representative genes for 

the 2 h hypoxic stress and control samples (Fig 3f). Both ADH1 and PLANT 

CYSTEINE OXIDASE2 [PCO2]) showed evidence of upregulation in H3K9Ac, 

Ser2P, nRNA, polyA and TRAP data characteristic of HRGs. For both, the 

decrease in H2A.Z is evident (ADH1, -0.33 log2 FC; PCO2, -1.15 log2 FC). PCO2 

provides an example of an HRG with hypoxia-elevated H3K4me3 and H3K14Ac.  

Both of these genes show an increase in ATAC-seq reads near their TSS and 

are bound by HRE2. RPL37B is a typical RP, with relatively minor changes in all 

readouts. An example of a housekeeping gene, ACT2 had maintained H3K4me3, 

H3K9Ac, and H3K14Ac, along with a region of accessible chromatin flanking the 

TSS. Lastly, the heat stress-induced gene (HEAT SHOCK PROTEIN 70-4 

[HSP70-4]) provides an example of a gene with a marked increase in Ser2P 

association along the genic region, concomitant with an increase in nRNA but no 

elevation of polyA RNA. The intriguing patterns observed for the HRGs, RPs, 

HSP70-4 and other genes we surveyed led us to perform a more systematic 
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analysis to identify similarly modulated genes across the continuum from 

transcriptional elongation to translation.    

 

2.4.4. Distinct levels of gene regulation are observed for subsets of genes 

To further explore possible coordination of nuclear and cytoplasmic 

processes in response to hypoxia, the dynamics in transcript elongation (Ser2P), 

nuclear RNA, polyA mRNA, and ribosome-associated mRNA levels (TRAP) were 

analyzed in combination (Fig 3b).  A four-way comparison of elevated DRGs in 

these data determined that there are underappreciated levels of regulation in 

operation during hypoxia.  First, the varied numbers of DRGs were called for 

each readout: Ser2P-ChIP (974), nRNA-Seq (1,722), polyA (602) and TRAP-Seq 

(1,349).  Of these, only 216 genes were consistently elevated in all four assays of 

RNA and some were not observed in other readouts (Ser2P-ChIP [475]; nRNA-

Seq [890]; polyA [47], TRAP-Seq [592]). By contrast, a similar four-way analysis 

performed for the down DRGs (Fig. 3c) found the majority (72%) of the down 

DRGs in the polyA population were significantly reduced in at least one other 

dataset. Only 10 genes were significantly downregulated in all four readouts. 

These data are striking because Ser2P-ChIP (206) and polyA (291) identified the 

fewest and nRNA (2,608) and TRAP RNA (578) the most down DRGs.  

Consistent with the analysis of the HRGs and RPs, these data demonstrate that 

differential regulation in response to hypoxic stress includes processes 
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associated with nascent transcript elongation and transcript retention within or 

export from the nucleus.     

To resolve cohorts of genes with similar patterns of regulation, DRGs 

identified in at least one of the four (Ser2P, nRNA, polyA, TRAP) datasets were 

separated by partition around medoids (PAM) clustering and viewed in a 

heatmap of log2 fold-change values (2HS/2NS) (Fig 4a; Supplemental Data S1c).  

Gene Ontology (GO) term enrichment was evaluated for each cluster to identify 

co-regulated genes with similar roles (Supplemental Dataset 1b,c). This exposed 

a strong and coordinate regulation across readouts for three up-regulated (1, 2, 

3) and one down-regulated (16) cluster (Fig. 4a), pointing to coordinate 

homodirectional transcriptional and post-transcriptional control of expression of 

these genes.  The other clusters showed differences in dynamics for one or more 

of the readouts, indicating differential control occurs at a specific step, such as 

nuclear retention, cytoplasmic turnover or translation. To assist in identifying 

associations between the chromatin and RNA readouts evaluated, the average 

signal value for each data type across the genic region was determined for each 

cluster and plotted for the genic region, from -1 kb upstream to +1 kb 

downstream (Fig 4b; Supplemental Fig. 4).  For these same gene groups, the 

signal values for H3K9Ac and H3K14Ac were monitored across genes of each 

cluster for the 9HS and its control timepoint (Supplemental Fig. 5). These were 

collectively used to explore if dynamics in gene activity was coordinated or 

differentially regulated at a specific step in the nucleus or cytoplasm.   
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2.4.5. Identification of chromatin features associated with distinctions in 

abundance and translation of individual mRNAs 

The concerted upregulation of cluster 1-3 genes, which together included 

46 of the 49 HRGs, was accompanied by changes in chromatin including 

enhanced accessibility, increased H3K9Ac and decreased H2A.Z (Fig. 4b; 

Supplemental Fig. 4), as illustrated for the HRGs ADH1 and PCO2 (Fig. 3e). 

Genes in cluster 1 were the most significantly upregulated from transcriptional 

elongation through translation and were highly enriched for terms related to 

responses to decreased oxygen levels and hypoxia (p adj. < 6.73e-22). The 

decrease in H2A.Z on these genes was pronounced. Cluster 4 was 

predominantly upregulated at the level of nuclear RNA whereas cluster 5 

transcripts displayed increased translational status.   

A notable feature of clusters 1-5 was the increase in H3K9Ac that 

extended 5’ of the TSS and well into the 3’ portion of the gene body. This rise in 

H3K9Ac was the most dramatic for cluster 1 and the least dramatic for cluster 5, 

indicating this mark was correlated with with active transcription under hypoxic 

stress.  H3K9Ac drifted down for all of the down DRGs as H2A.Z levels rose 

(clusters 10, 12-16).  In animals, the H3K9Ac modification is promoted by the 

presence of H3K4me3 and stimulates the recruitment of the super elongation 

complex (SEC) for release of poised RNAPII complexes (reviewed by [4]). The 

elevation in Ser2P levels and increase in chromatin accessibility near the TSS of 
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these genes also supports the conclusion that the elevation of nRNA and polyA 

RNA for clusters 1-3 corresponds with hypoxia-responsive activation of 

transcription. Consistent with the more modest upregulation of nRNA and polyA 

RNA levels of genes in clusters 4 and 5, these displayed a slight decline in 

H3K4me3 and a limited increase in H3K9Ac. Moreover, all of the upregulated 

clusters except 5 had lower H2A.Z association on the gene body under hypoxia, 

with the reduction inversely proportional to the increase in transcript upregulation. 

In general, H3K14Ac levels rose as the stress was prolonged (Supplemental Fig. 

5), particularly for the upregulated clusters. Altogether, these data distinguish the 

histone marks of genes that are the most highly upregulated by hypoxic-stress.  

 Upregulation at predominantly one level of evaluation was evident for 

genes in clusters 6, 7, and 9. The first two were unusual in the pronounced 

upregulation of nRNA. But data for these genes was difficult to interpret because 

of high levels of Ser2P and similar low levels of most chromatin marks 

throughout these regions. On the other hand, cluster 9 was striking for the strong 

upregulation of Ser2P reads across the genic regions. Similar to cluster 1, these 

genes displayed increased chromatin accessibility near their TSS, but their 

histone features were unusual as the increase in H3K9Ac was accompanied with 

a drop in H3K4me3 not evident in the coordinately upregulated clusters 1-4. By 9 

h of stress cluster 9 was more similar to clusters 1-4 in its further elevation in 

H3K9Ac and H3K14Ac, chromatin accessibility, and elevation in polyA and TRAP 

RNA (Supplemental Fig. 5). Remarkably, both clusters 2 and 9 are significantly 
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enriched in GO terms associated with heat stress, oxidative stress, hydrogen 

peroxide, and reactive oxygen species (ROS). HSP70-4, a member of cluster 2 

(Fig. 3e), displayed high levels of Ser2P at 2HS with limited increases in mRNA 

abundance.  The transient delay in the elevation of many extreme stress genes 

in the nRNA and polyA suggests they may poised in an unusual manner or may 

be limited in termination until the stress exceeds a threshold or reoxygenation 

occurs.  

 Survey of the down DRGs revealed complex regulation at the level of 

histone modification and H2A.Z association, Ser2P levels, and within the nuclear 

and cytoplasmic RNA populations. By contrast to clusters 1-5 and 9, clusters 10-

16 were oppositely defined by a general downregulation in at least one RNA 

based assay, with Cluster 16 demonstrating the strongest downregulation with 

decreases observed in nRNA, polyA, and TRAP.  Concomitant with reduced 

levels of nRNA and polyA mRNA, these genes displayed increased H2A.Z and 

decreased H3K9Ac association at both 2HS and 9HS.  These results support the 

role of this H3 modification and H2 variant in the regulation of transcription in 

response to hypoxic stress (Fig 3c, d).  Interestingly, of the downregulated 

clusters only 15 and 16 were strongly enriched for GO categories (cluster 15: 

root development and regulation of growth (p adj. < 3.7e-8); cluster 16: regulation 

of transcription and RNA biosynthesis (p adj. < 7.78e-7)).  Unsurprisingly, these 

clusters with strong downregulation at the translational level were associated with 

energy intensive processes, possibly aiding energy conservation when ATP 
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production is less efficient.  Interestingly, despite an unchanging average of 

H2A.Z association, genes within clusters 11 and 13 exhibited variance with 

H2A.Z association, with both increased and decreased H2A.Z levels under 

hypoxic stress.  Additionally, cluster 11 and 13 genes displayed strong dynamic 

regulation within the nucleus.  In response to 2HS, a strong reduction in nRNA is 

observed, but responses to both prolonged stress and reoxygenation were 

distinct.  Under prolonged stress, downregulation of many genes within these 

clusters was still observed, but the nuclear levels of these transcripts rose by 

9HS, providing strong evidence that they continued to be transcribed during the 

stress.  Upon reoxygenation, cluster 11 and 13 transcripts were once again 

highly enriched within the nucleus.  Together these data uncover remarkable and 

underappreciated variation in nuclear transcript regulation, particularly of the 

down DRGs.   

 

2.4.6. ERFVII and Heat Shock Factor cis-elements are enriched in the 

coordinately upregulated and RNAPII paused gene promoters, respectively 

To further elucidate the regulation of individual clusters, the role of 

transcription factors and cis-regulatory elements was investigated within the 

promoters of genes within each cluster.  First, to identify the binding motif of the 

ERFVII HRE2, peaks identified from HRE2 ChIP-seq were used as input for motif 

discovery.  A multimeric 5’-GCC-3’ binding motif that was significantly 

overrepresented (p-value < 1e-351) was identified and used for downstream 
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analysis (Fig. 4c). The putative HRE2 binding site (HRE2 motif) was then 

compared against the promoter region encompassing 1500 bp 3’ and 500 bp 

downstream of the TSS for each gene within each cluster of Fig. 4a to identify 

the frequency of the motif presence.  Cluster 1, defined by the strongest 

coordinate upregulation, showed a 2-fold enrichment in presence of the GCC 

multimer, suggesting that HRE2 may bind within the promoter region of cluster 1 

genes (Fig. 4d).  Of these genes 34, showed significant HRE2 binding in vivo 

based on the HRE2 ChIP-seq (Supplemental Dataset 1d), as illustrated by ADH1 

and PCO2 (Fig. 3e). Interestingly, the HRE2 motif differed from the Hypoxia 

Responsive cis-Element (HRPE) shown to be necessary and sufficient to 

mediate transactivation by RAP2.12 or the other two constitutively expressed 

ERFVIIs (RAP2.2 and RAP2.3) in Arabidopsis protoplasts [30,31].  

ChIP-seq was also attempted for RAP2.12 but failed because of low yields 

of immuno-purified chromatin due to intrinsic low factor abundance, even when 

an N-terminally epitope tagged version of these proteins that is not an N-end rule 

target was used and seedlings were pretreated with the proteasome inhibitor 

MG132. A directed search for the HRPE motif in the promoter regions of the 

cluster genes confirmed that this sequence is also enriched within cluster 1 

genes (Fig. 4d). Taken together, these data suggest that genes within cluster 1 

may be under the regulation of HRE2 via a GCC-type motif similar to a typical 

ERF cis-element as well as the HRPE of the RAP-type ERFVIIs.  Transactivation 

of the LATERAL ORGAN BOUNDARY 41 (LBD41) promoter and a minimal 



 58 

promoter with three copies of the HRPE was more than 40-fold higher with 

RAP2.12 than HRE2 [30,31], supporting the conclusion that these ERFVIIs are 

not identical in function. 

The unusual pattern of Ser2P association in cluster 9 genes was 

correlated with the strong upregulation of GO terms associated with heat stress 

in several clusters (2, 3 and 9). We also noted strong upregulation of members of 

the heat shock factor (HSF) transcription factor family in clusters 2 and 3 

(HSFA2, HSFA4A, HSFA7A, HSFB2A).  To explore the involvement of HSFs in 

hypoxic responses, the binding motifs identified by DNA affinity purification and 

sequencing (DAP-seq) for each family member [52] was utilized in an identical 

enrichment analysis.  This determined that HSF cis-elements (HSEs) were 

slightly enriched in promoters of cluster 1-4 genes and highly enriched within the 

promoters of cluster 9 genes.  As cluster 9 is defined by a strong RNAPII 

engagement with limited polyA induction at 2HS, these HSF-regulated genes 

may be transcriptionally primed, possibly with termination of elongation occurring 

only if the stress is sufficiently prolonged or upon reoxygenation. 

 

2.4.7. Prolonged hypoxia reinforces H3 acetylation and perturbs circadian-

regulated genes and prolonged stress 

To better understand the chromatin and RNA dynamics that occur as 

hypoxic stress is prolonged, we compared the progressive changes in H3K9Ac 

and H3K14Ac along with nRNA and polyA RNA. These readouts were selected 
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due to the opposing trend in H3K9Ac and H3K14Ac in the upregulated HRGs 

and downregulated genes (Fig. 3a; Supplemental Figs. 3 and 4), and consistent 

with prior reports that these acetylated histones become more robust during 

longer exposure to various abiotic stresses [3,47,53,54]. As anticipated, most 

HRGs were upregulated at both 2HS and 9HS in nuclear and polyA RNA (Fig. 

5a).  Similar H3K9Ac enrichment was observed at 2HS and 9HS for the HRGs, 

whereas H3K14Ac enrichment was observed only at 9HS and was limited 

(Supplemental Fig. 1, 3).  Regulation of RPs was more nuanced at 9HS based 

on several criteria.  First, at 9HS, RP mRNAs increased in nRNA despite a 

general reduction in polyA at 9HS. This suggests that these transcripts are 

actively synthesized but retained within the nucleus as the stress was prolonged. 

In fact, most transcripts showed retention in the nucleus at 9HS (Supplemental 

Fig. 2) . Remarkably, the rise in RP accompanied an increase in H3K14Ac 

(Supplemental Fig. 1, 3).  This indicates that RPs transcripts are actively 

synthesized but are impaired in nuclear export, potentially replenishing transcript 

levels prior to reoxygenation when RP translation is restored [16,17,19].   

 Looking more globally, Fig. 5b was generated to compare trends in up- 

and down-regulated DRGs at 2HS and 9HS in the nRNA and polyA populations.  

As seen at 2HS, greater numbers of up and down DRGs were identified in nRNA 

at 9HS.  The large overlap between DRGs at the two time points demonstrated 

homodirectional regulation of many genes.  Notably, some that were upregulated 

in nRNA at 2HS became upregulated in polyA at 9HS.  The detection of many up 
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and down DRGs unique to the nRNA and polyA at 9HS indicates ongoing 

changes in regulation as the stress progressed.   

 Similar results were found when investigating genes with differential levels 

of H3K9Ac and H3K14Ac (Fig. 5c).  As observed for the HRG PCO2, levels of 

H3K9Ac and H3K14Ac tended to be higher at 9HS (Fig. 5a; Supplemental Figs. 1 

and 3).  This was quantified as an over three-fold increase in H3K9Ac up-DRGs 

at 9HS as compared to 2HS (1,243/352).  The upregulation in H3K14Ac was 

more pronounced after more prolonged stress, with two up-DRGs at 2HS and 

546 at 9HS.  The up-DRGs (295) with increases in both H3K9Ac and H3K14Ac 

suggests that some genes are targeted for H3 acetylation at multiple amino acid 

residues. Down-DRGs showed varied combination of change in both H3 

modifications. The RPs, for example, increased in H3K14Ac but had varied 

change in H3K9Ac (Fig. 5a; Supplemental Fig. 3; clusters 5 and 8). The down-

DRGs of clusters 2 and 14 showed a a drop in H3K9Ac and rise in H3K14Ac that 

resulted in a similar peak of both marks proximal to the TSS (Supplemental Fig. 

S4). This could indicate a pause in elongation is sustained on many down-DRGs. 

 Because prolonged hypoxic stress resulted in additional DRGs, PAM 

clustering was performed on the unified group of 4.124 DRGs from 2HS and 9HS 

(Fig. 5e; Supplemental Data S1c). The pattern of 16 clusters confirmed 

differential regulation in both nRNA and polyA RNA populations, identifying many 

with enriched or depleted nRNA at 9HS (clusters 4-5, 7-12, 15). We also 

confirmed a trend of increased for H3K9Ac and H3K14Ac for up the up-DRGs 
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clusters (1-7) and a decline in H3K9Ac for all but one strongly down-DRG cluster 

(clusters 10-12, 14-16). Evaluation of GO terms indicated that nuclear 

enrichment was enhanced for genes associated with translation and glucose 

metabolism (clusters 5 and 8), by contrast to ADP binding (cluster 7).  Cluster 6 

was notable for the enrichment in genes with circadian up regulation in the 

evening  (i.e. REVEILLE2/CIRCADIAN1 (CIR1) [At5g37260 and 

PSEUDORESPONSE REGULATOR 5 [AT5G24470]). Intriguingly, the greater 

abundance of these transcripts at 9HS was a consequence of disruption of their 

cycling. The high levels of H3K9Ac and H3K14Ac at 9HS corresponded with 

higher levels of their transcript in the polyA population (Fig. 5f). This suggests 

that for these circadian-associated genes their transcription continues or their 

turnover is inhibited in response to HS initiated at the end of the day and 

prolonged beyond the anticipated dawn. Amongst the down DRGs, levels of 

transcripts associated with photosynthesis (cluster 12) and root development 

(clusters 12, 14, and 15) displayed a coordinate decline in the RNA and polyA 

RNA populations. Altogether, these results demonstrate that responses to 

hypoxic stress are dynamically regulated at various levels of chromatin and polyA 

transcript production in response to short- and long-term stress. 
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2.4.8. Hypoxia stress recovery includes mobilization of nuclear-retained 

transcripts to the polyA and translating ribosome pool 

We decided to explore the relationship between nRNA and polyA RNA in 

response to reoxygenation to test the hypothesis that transcripts retained in the 

nucleus may exported and translated upon reoxygenation. This could be 

independent of or overlap with sequestration of a subset of mRNAs in UBP1C 

complexes until their translation is restored upon reoxygenation [16,19]  

Seedlings were aerated for 1 h (1R) following 2HS to investigate nuclear 

dynamics or 2 h (2R) to investigate translational dynamics.  Evaluation of log2 

fold change levels for nRNA, polyA and TRAP RNA revealed that RP mRNA 

levels declined within the nucleus concomitant with their increase in the polyA 

and TRAP RNA (Fig. 6a; Supplemental Fig. 2)). By contrast, HRG transcripts fell 

precipitously in the nRNA, polyA and TRAP populations upon reoxygenation.  

Interestingly, ADH1 abundance in the polyA pool at 2HS and 1R were similar, but 

lower in nRNA and TRAP (Fig. 6a and c), suggesting that this transcript remains 

stable and translated upon reoxygenation.  This contrasts to PCO2, which was 

dramatically downregulated in all RNA populations upon reoxygenation (Fig. 6c). 

 The three-way comparison of recovery-regulated DRGs in nRNA, polyA, 

and TRAP also showed that changes in nRNA and TRAP RNA was distinct from 

polyA for a large number of genes (Fig. 6b).  PAM clustering of the DRGs 

resolved a strong trend toward return to non-stress conditions for nRNA, polyA, 

and TRAP upon reoxygenation (Supplemental Data S1b, c).  Of the patterns 
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resolved by clustering, the shift from nuclear retention to polyA and translation 

observed for the 154 genes in cluster 8 genes was the most notable.  Of these 

genes, over 50% were member of a cluster with bias in nRNA accumulation at 

2HS (i.e., Fig. 4a, clusters 4, 6-9).  GO term enrichment of these included heat 

stress response (p adj. < 2.16e-22; i.e., HSP70-4 and HSP20 like, AT1G53540) 

(Fig. 6c), response to reactive oxygen species (< 4.95e-16), response to water 

deprivation (< 1.35e-08), response to unfolded protein (< 1.82e-07), cellular 

response to starvation (< 1.35e-07), ER nucleus signaling pathway (< 1.48e-07) 

and other stresses. This pattern of regulation suggests that retention of 

transcripts within the nucleus during hypoxic stress may allow for these genes to 

be rapidly exported and translated upon reaeration.  The reoxygenation analysis 

also considered dynamics in chromatin accessibility (Fig. 2b and e). We found 

that accessible regions near TSSs increased at the global level upon 

reoxygenation, with increases and decreases in over 2000 individual THSs 

relative to 2HS (Fig. 2c and e).  In summary, upregulation of transcripts in the 

polyA and TRAP RNA populations under reoxygenation included mobilization of 

transcripts apparently synthesized and retained the nucleus during the stress to 

the translationally active pool.  

 

2.5. Discussion 

This primary accomplishment of this genome-scale study is the 

demonstration that gene expression in response to hypoxia and reoxygenation is 
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regulated within the nucleus at pre- and co-transcriptional levels that influence 

the polyA transcriptome and ribosome-engaged translatome.  By use of eight 

genome-scale assays of chromatin and three RNA subpopulations evaluated by 

use of RNA-sequencing, evidence was obtained of poised gene regulation that 

influenced the transcriptome in a time dependent manner including: rapidly in 

response to hypoxia, as the duration of stress was prolonged, or once re-aeration 

occured. This study resolved hypoxia-responsive dynamics in the (1) position 

and degree of open chromatin near the TSS of genes, (2) post-translational 

methylation and acetylation of residues of Histone H3, (3) eviction of the histone 

variant H2A.Z, (4) engagement of RNAP II with the Ser2P modification of the 

CTD associated with elongation and gene transcript synthesis, and (5) 

abundance of transcripts within the nucleus, whether nascent or polyadenylated.  

These analyses of gene regulation expanded the number of coordinately-

regulated HRGs from 49 to over 200.  They also resolved modes of regulation 

that involve non-continuous regulation oft responses to hypoxia and 

reoxygenation. These included (1) ephemeral or anticipatory up-regulation 

associated with increased engagement of RNAPII-Ser2P without significant 

increases in polyA RNA until the stress was prolonged or reaeration occurred, 

and (2) a homeostasis response whereby genes associated with growth 

continued to be transcribed during the stress, but their transcripts were nuclear 

retained until the return to well-aerated conditions. In seeking common features 

co-regulated genes, we recognized enrichment of motifs associated with specific 
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transcription factor families and characteristic patterns of Histone H3 modification 

or H2A.Z eviction.  Although regions of accessible chromatin were modulated by 

the stress, variation in accessibility was not necessarily a clear predictor of 

dynamics in RNAPII engagement, nRNA or polyA transcript accumulation, 

suggesting that many promoter regions are actively remodeled in response to 

altered oxygen availability. Altogether, the data demonstrate gene regulatory 

control occurs at multiple levels that can function in concert to finely regulate both 

short- and long-term hypoxic stress and reoxygenation responses. 

 Global analyses revealed that hypoxic stress affects nucleosome 

dynamics at the levels of chromatin accessibility, histone methylation and 

acetylation, and through the histone variant H2A.Z.  Despite global dynamics 

observed for each factor (Fig. 2a), changes in H3K9Ac and H2A.Z were strongly 

correlated with RNAPII engagement (Figs. 3c and d) in response to short-term 

hypoxic stress.  These results suggest that regulation of H3K9Ac and H2A.Z 

occurs rapidly and have the greatest impact on gene regulatory control in 

response to short-term hypoxic stress.  In response to prolonged hypoxic stress, 

an intensification of H3K9Ac was observed, demonstrating that regulation of this 

modification occurs throughout the duration of the stress (Fig. 5c).  Conversely, 

H3K14Ac, which demonstrated limited dynamics in short-term hypoxic stress, 

displayed more pronounced regulation under prolonged stress, demonstrating H3 

modifications are temporally regulated throughout the stress.  Both H3K9Ac and 

H3K14Ac have a demonstrated role in the regulation of gene activity in abiotic 
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stresses [47,48,54], but may function to regulate unique subsets of genes.  

These results demonstrate that histone modifications are highly dynamic in 

hypoxic stress in a manner correlated with transcriptional activity   

 This study determined that HRGs are characterized by pronounced 

upregulation in transcription and polyA transcript accumulation that is 

accompanied by proportional translation. Prior studies have shown that these 

gene transcripts are well-translated during the stress because they avoid 

sequestration in UBP1C-containing cytoplasmic complexes associated with 

exclusion from translation and further stabilization or decay [17,19]. A 

characteristic of the genes that were highly upregulated from transcription to 

translation was a pronounced decline in H2A.Z that was broadly distributed along 

the gene body within 2 h of hypoxia (Fig. 4b; Supplemental Figs. 3 and 4). The 

role of H2A.Z in regulation of transcription is complicated. Its its presence within 

in the +1 nucleosome is associated with promotion or repression of transcription, 

whereas its distribution across the gene body is generally associated with 

nonproductive transcription [5,6]. The decline in this Histone 2A variant along the 

most upregulated genes was similar to that observed in response to heat stress 

for heat-induced mRNAs [5–7,44,45], suggesting that eviction of H2A.Z is 

important in upregulation in response to extreme stress responses. H2A.Z has 

been found to be associated with heat responsive genes under control 

conditions, whereby H2A.Z is evicted in response to heat stress [7].  It is 

hypothesized that this additional level of regulation allows for the rapid induction 
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of key TFs that trigger transcriptome-wide changes.  In response to hypoxia, 

three HRGs, one heat-stress and one oxidative-stress response gene encoding 

transcription factors showed significant reductions in H2A.Z (HRE2, LBD41, 

HSFB2B, ZAT10). For these and the majority of cluster 1-3 genes, the reduction 

in H2A.Z distributed broadly along the body of genes was accompanied by an 

increase in chromatin accessibility in the promoter proximal region and strong 

elevation of Ser2P and H3K9Ac along the gene body (Fig. 4b; Supplemental Fig. 

4), the later two indicative of an increase in active transcription.  In Arabidopsis, 

H2A.Z deposition is dependent on ACTIN-RELATED PROTEIN 6 (ARP6), a 

component of the PHOTOPERIOD-INDEPENDENT EARLY FLOWERING 1 

(PIE1) complex.  Despite disruption of H2A.Z deposition in an arp6 background, 

few hypoxia induced genes are mis-regulated, highlighting the necessity of 

hypoxia regulated transcription factor activity [45].  Many of the 200+ hypoxia-

upregulated genes had one or more cis-element within 500 bp of the TSS 

associated with regulation by hypoxia-stabilized ERFVII transcription factors and 

a number were bound by the ERFVII HRE2 (Fig. 4c). We propose that the 

combination of eviction of H2A.Z and ERFVII-regulated transcriptional activation 

increases the likelihood that newly synthesized transcripts are efficiently exported 

and translated under hypoxia. 

A second finding was that many genes associated with heat stress are 

transiently activated by hypoxic stress and reoxygenation.  The association of 

RNAPII-Ser2P on these transcripts was not necessarily accompanied by an 
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increase in nRNA or polyA RNA until the stress was prolonged or reaeration 

occured.  Previously, genes associated with heat stress were recognized as 

highly induced when Arabidopsis seedlings were rapidly transferred from aerated 

conditions to strict anoxia [55,56].  Pre-treatment of seedlings with heat stress 

conferred increased resiliency to anoxia, whereas loss-of-function mutants for 

HEAT SHOCK FACTOR A2 (hsfa2) or hsf1a hsf1b had reduced heat-dependent 

acclimation to anoxia [57]. This was interpreted as evidence of overlap between 

anoxic and heat stress mechanisms, since environments where heat stress 

precedes a severe limitation in oxygen are not known.  Remarkably, many genes 

related to heat stress showed a progressive or primed activation, as evidence by 

increased association of RNAPII-Ser2P without a concomitant elevation in polyA 

after short-term hypoxia (Fig. 3d, clusters 2 and 9).  These included HSFB2A, 

HSFA7A, and HSF4/TBF1. Of these, HSFB2A was primarily upregulated at the 

nuclear level at 2HS and at the polyA level at 9HS (progressive), whereas HSF4 

showed RNAP-Ser2P engagement at 2HS with limited polyA RNA accumulation 

until seedlings were reoxygenated (primed) (Fig. 5c, Fig. 6, c and d; 

Supplemental Fig. 5).  Heat stress cis-elements (HSEs) were enriched within the 

promoter regions of genes that displayed increased transcription without 

concordant increases in polyA (progressive or primed), suggesting that HSFs 

may poise their target genes during short-term hypoxic stress (Fig 4d).   

The progressive upregulation of heat-stress genes was pronounced for 

HSP70-4. This gene displayed a reduction in H2A.Z along the gene body 
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concomitant with highly increased RNAP II-Ser2P association and nRNA 

accumulation, despite limited upregulation of polyA RNA at 2HS. This suggests 

that the ARP6-dependent decrease in H2A.Z can take place in the absence of 

thermal regulation but may not be followed but fully productive expression. Based 

on the distribution of reads for Ser2P and nRNA along this gene, by 2HS there 

may be a lack of cleavage and polyadenylation of these nascent transcripts. 

Notably, the HSF70-4 mRNA which was exported was engaged in translation at 

2HS (Fig. 3e).  Yet, HSF70-4 transcripts in the nRNA and ribosome-associated 

fraction increased significantly by 9HS (Fig. 5c) and after reoxygenation (Fig. 6c), 

suggesting cells prepare in advance to produce this chaperone as cellular 

damage increases during the stress and upon recovery. Curtailment of 

production of this cytoplasmic chaperone as hypoxia begins could limit 

accumulation of an ATPase that would put demands on limited energy reserves. 

However, upon reoxygenation, the synthesis of HSP70 along with many other 

proteins associated with the unfolded protein response and protection from ROS 

could aid the return to homeostasis.  In animals, HSP70 prevents the formation 

of and promotes the disassembly of stress granules formed by nucleation of 

translationally repressed mRNAs bound by the assembly prone RNA binding 

proteins including T-Cell-Restricted Intracellular Antigen-1 and related proteins 

(TIA1/R) [58,59].  In response to heat stress, the formation of stress granules 

leads to increased production of HSP70, which function to disassemble these 

complexes as a potential feedback mechanism.  Arabidopsis UBP1 and RNA 
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BINDING PROTEIN 45/47 are the functional orthologs of TIA1/R [19].  Increased 

HSP70 synthesis could function analogously in the disassembly of mRNA-protein 

complexes that form to sequester transcripts during hypoxia, including mRNA 

protein complexes containing the UBP1C or CALMODULIN-LIKE 38 [19,37,60].  

 The investigation of the nucleosome dynamics of cluster 2 and 9 genes 

revealed that they undergo similar histone changes with one notable exception.  

All undergo a general loss of H2A.Z within the gene body in conjunction with 

increased H3K9Ac levels near their TSS.  Intriguingly, cluster 9 showed a loss of 

H3K4me3 proximal to the TSS, that was not evident for cluster 2 or other highly 

upregulated genes.  It can be hypothesized that the distinction in H3K4me3 

regulation observed for cluster 2 and 9 may distinguish genes with RNAPII-

Ser2P that is conditionally productive versus non-productive, respectively.  The 

enrichment for HSF binding motifs in cluster 2 and 9 genes suggests that 

members of this family regulate these genes.  Previously, upregulation under 

heat stress of transcriptional activator HSFA2 (Cluster 2) but not HSFB1 (Cluster 

9) was shown to be dependent on recruitment of ANTI-SILENCING FUNCTION 1 

(ASF1A/B), which promotes with H3K56 acetylation and was associated with 

RNAPII binding along the gene body [61].  The combination of histone 

modifications could reflect distinctions in HSFs or histone chaperone activities 

that influences RNAPII on these genes.  An important question is whether 

different HSFs may recruit different chromatin remodelers or histone modification 

enzymes. We predict that recruitment of specific transcription factors influences 
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chromatin modifications or accessibility that has ramifications on RNAPII CTD 

modifications or rates of elongation that tune timing and activity of cohorts of 

stress responsive genes. Such a scenario may be responsible for the 

progressive upregulation of cluster 2 genes or the more primed upregulation of 

the cluster 9 genes. A key question for future studies is whether or not the 

nRNAs, such as that of HSP70-4, that accumulates in the nRNA is fully spliced 

and polyadenylated.  

 This study included analysis of the cis-element target of ERFs. 

Enigmatically, ChIP-seq of the hypoxia-induced ERFVII HRE2 led to the identity 

of a multimeric GCC cis-element that did correspond to the HRPE element found 

to evolutionarily conserved in HRGs and sufficient for transactivation in 

protoplasts [30]. The HRE2 binding motif strongly resembled the double GCC 

motif of the Ethylene Binding Protein (EBP) box cis-element first defined for 

EREBP2 of Nicotiana tabacum [62]. Strikingly, RAP2.3 was shown to bind the 

ACID INSENSITIVE 5 (ABI5) promoter in the region of its two EBP boxes and 

transactivation of the ABI5 promoter was demonstrated in protoplasts by all three 

constitutively expressed ERFVIIs (RAP2.2/2.3/2.12), in an EBP box-dependent 

manner [32]. On one hand, HRE2 may only bind to a multimeric GCC motif, as it 

was not effective at activation via the HRPE in protoplasts [30]. Yet the 

cumulative evidence indicates the ERFVIIs may activate HRPE and GCC motifs 

in planta. The predicted HRPE contains includes 5’-GCC-3’ followed a potential 
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5’-GCC-3’; perhaps more significantly, the 33bp sequence used to define the 

HRPE contained a tandem 5’-GCC-3’.    

 In mammalian systems, it is understood that in response to hypoxia 

regulation of histone modifications and transcriptional activity occurs. The 

similarity to plants is remarkably analogous.  Hypoxic-responsive genes are 

activated by the two-subunit Hypoxia Inducible Factor (HIF) transcription factor 

complex, that includes the oxygen- destabilized HIF1A subunit [63].  Although 

like the three RAP/ERFVIIs, this is a constitutively synthesized protein; it is the 

oxygen-dependent activity of prolylhydroxlases that govern the modification of 

HIF1a that triggers its oxygen-dependent turnover. In animals, the chromatin 

landscape is additionally regulated through chromatin accessibility [64] and the 

post-translational modification of histones [65] in an oxygen sensitive manner.  It 

has been shown that HIF signaling itself directly mediates histone modification of 

target genes through the interaction with chromatin modifying enzymes [66].  

Additionally, several histone modifying enzymes are directly targeted by HIF 

transcriptional activation, and HIF1A expression itself is regulated by histone 

acetylation [67], confirming the integration of epigenetic regulation.  The analogy 

of low-oxygen stabilized transcriptional regulators and their coordination with 

chromatin modifications hints that mammals and plants have evolved convergent 

mechanisms of hypoxia signaling.  Indeed, this extends beyond transcriptional 

regulation as cytoplasmic sequestration and selective translation of mRNAs is 

also observed in these two kingdoms [16,17,68,69].   
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This study reveals additional levels of gene regulation that occur in 

response to hypoxia stress in Arabidopsis.  Despite prior understanding of 

genome-wide hypoxic responses at the level of polyA transcriptome and 

translatome, additional factors affecting gene regulation were elucidated to yield 

a more comprehensive understanding of hypoxic stress responses.  Most 

notably, this study demonstrates that aspects of RNA regulation become evident 

when technologies such as INTACT and TRAP are applied that enable 

contrasting total nuclear, polyadenylated and translated mRNAs.  The 

illumination of poised RNAPII and nuclear retention of mRNAs raises the 

question whether these phenomena might be more widespread.  It is possible 

that the pronounced integration of nuclear and cytoplasmic gene regulation or the 

anticipatory regulation involving poised or stalled RNAPII or nucleus-retained 

polyadenylated mRNA may occur in other abiotic and/or biotic stress responses.  

Importantly, a previous unidentified heat response was observed strictly within 

the nucleus, suggesting that conserved stress responses may be additionally 

regulated in other stresses.   

 

2.6. Conclusions 

This study provides a deep investigation into nuclear gene regulatory 

processes in hypoxic stress and reveals distinct regulation within the nucleus that 

fine tunes cellular and physiological acclimation to transient deficiencies in 

oxygen availability.  We determined that rapid regulation of chromatin occurs in 
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response to short-term hypoxic stress but continues to be regulated as the stress 

is prolonged.  Concordant regulation from chromatin organization, to 

transcriptional activity, polyadenylated mRNA accumulation, and translation is 

observed for subsets of hypoxia up-regulated genes, while more discontinuous 

upregulation in mRNA production, export to the cytoplasm and recruitment to 

ribosomes is observed for other subsets of genes.  These findings identify new 

mechanisms relevant to low oxygen stress survival and other environmental 

challenges. The datasets generated in this study provide a resource for genome-

scale chromatin accessibility, histone modifications, RNAP II engagement, 

nuclear transcript accumulation data for Arabidopsis seedlings grown under 

controlled conditions.  
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Fig. 2.1. Multiscale chromatin and mRNA gene regulatory analyses of control 
(normoxic), hypoxic and re-oxygenated seedlings of Arabidopsis.  a Schematic 
diagram of experiments performed.  Seven-day-old seedlings were subjected to 
control (normoxic) conditions (2NS), 2 or 9 h hypoxic stress (2HS, 9HS), or 2h 
hypoxic stress followed by 1 or 2 h reoxygenation (1R, 2R).  Arrows indicate time 
of harvest.  Gene regulation was evaluated by chromatin immunopurification 
(ChIP) and to monitor specific forms of Histone 2 and Histone 3 (H2A.Z, 
H3K4me3, H3K27me3, H3K9Ac, H3K14Ac) and binding regions of the group VII 
Ethylene Response Factor (ERF) transcription factor HYPOXIA RESPONSIVE 
ERF 2 (HRE2).  Accessible chromatin was identified by Tn5 transposase 
insertion (ATAC).  Nuclei extraction was by Isolation of Nuclei in TArgeted Cell 
Types (INTACT). The Ser2 phosphorylated form of RNA Polymerase II (RNAPII 
Ser2P) was obtained by ChIPmentation. Ribosome-associated mRNA was 
obtained by Translating Ribosome Affinity Purification (TRAP).  b Demonstration 
of reproducibility of individual replicates of genome-scale data related to nascent 
transcription (Ser2P) and RNA (nuclear [nRNA], polyadenylated mRNA [polyA], 
ribosome-associated polyadenylated mRNA [TRAP]) by use of t-Distributed 
stochastic neighbor embedding (t-SNE). c Violin plots displaying genome-wide 
abundance (reads per kilobase per million reads [RPKM]) of histone and mRNA-
related outputs for the control (2NS) and short-term hypoxic (2HS) treatments.  
Mean ± SD are depicted within violins in dark gray. RPKM data for the previously 
defined 49 core hypoxia responsive up-regulated genes (HRGs) [18] are plotted 
as orange dots.  The HRG, ALCOHOL DEHYDROGENASE 1 (ADH1), is plotted 
in red and tracked between datasets (red dashed line).   
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Fig. 2.2. Genome-wide survey of chromatin-level dynamics in response to 
hypoxic and reoxygenation treatments.  a Average distribution of four Histone 3 
modifications and a Histone 2A variant under control (2NS) and short-term 
hypoxic (2HS) conditions spanning the region 1 kb upstream of the transcription 
start site (TSS) to 1 kb downstream of the transcription end site (TES) for protein-
coding genes.  The y-axis corresponds to signal value. b Average distribution of 
chromatin accessibility spanning 1 kb upstream of the TSS and 1 kb downstream 
of TES for protein-coding genes as determined by use of ATAC-seq. The mean 
widths: 2NS 155 bp, 2HS 161 bp, 1R 172, 9NS 160, 9HS 157. c Number of 
transposase (Tn) hypersensitive sites (THS) genome-wide for each condition.  d 
Genomic distribution of THS on defined genomic features for each condition.  e 
Volcano plots comparing fold change and -log10 p-value of THSs recognized 
under both conditions in four treatment comparisons.  Number of differentially up- 
and down-regulated shown (|Log2 fold change| > 1; p-value < 0.05.).  
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Fig. 2.3. Short term hypoxic stress promotes pronounced changes in chromatin, 
transcription and nascent transcripts that are not uniformly reflected in transcript 
steady-state abundance or translation. Comparison of genome-wide data for 
chromatin and RNA for 2 h hypoxic stress (2HS) relative to the normoxic control 
(2NS).  a Violin plots of log2 fold change (2HS/2NS) of Histone, Ser2P and 
mRNA outputs.  The 49 core Hypoxia-Responsive Genes [18] are plotted as 
orange dots with ADH1 depicted in red and tracked between datasets (red 
dashed line).  Cytosolic ribosomal proteins (RPs) are plotted in blue, with 
RIBOSOMAL PROTEIN 37B tracked between datasets (blue dashed line).  Mean 
± SD are depicted within violins in dark gray.  b Number of differentially regulated 
genes (DRGs) in response to hypoxic stress (|Log2 fold change| > 1; FDR < 0.05) 
identified in each of the four readouts related to RNA: Ser2P ChIP, nRNA, polyA 
RNA, and TRAP RNA.  Arc of circle circumference indicated by the thick grey line 
represents the DRGs in each of the four readouts, with up-regulated (UP) and 
down-regulated (DOWN) gene data presented in independent circles. Genes 
consistently differentially regulated in 2 to 4 readouts were tabulated (number in 
parentheses) and depicted by shading within the circle. Genes differentially 
regulated in only one readout are represented by the grey line.  c Comparison of 
Log2 fold change (2HS/2NS) between H2A.Z on the gene body and Ser2P on the 
gene body.  d Comparison of Log2 fold change (2HS/2NS) between H3K9Ac and 
Ser2P on the gene body and polyA mRNA abundance. For c and d, HRGs are 
plotted in pink and RPs in blue; the Pearson’s coefficient of determination is 
shown.  e Genome browser view of normalized read coverage on selected genes 
for the chromatin, RNAPII, HRE2 and RNA outputs for 2NS and 2HS samples. 
The maximum read scale value used for chromatin and RNA outputs is the same 
for individual genes. Transcription unit is shown in grey with the TSS marked with 
an arrow. 
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Fig. 2.4. Multi-scale evaluation of differential regulation of subsets of protein-
coding genes in response to hypoxic stress identifies coordination of chromatin, 
transcription and post-transcriptional upregulation in the most strongly 
upregulated genes.  a Heatmap showing similarly regulated genes based on four 
assays of gene activity.  Partitioning around medoids (PAM) clustering of 3,042 
DRGs; 16 clusters.  Selected enriched Gene Ontology terms are shown at right 
(p adj. < 1.37E-06), |FC| > 1, p adj. < 0.05. Clusters displaying increased or 
decreased translational status (ribosome-associated [TRAP] relative to total 
abundance [polyA]) are shown.  b Average signal of various chromatin and RNA 
outputs for genes of indicated clusters plotted from 1 kb upstream of the TSS to 1 
kb downstream of the TES. Signal scale of graph differ.  c Binding motif 
prediction based on peak regions of HRE2 binding to chromatin after 2 h hypoxic 
stress, compared to the HRPE motif that is necessary and sufficient to 
transactivate gene activation by ERFVIIs in protoplasts [30].  d Frequency of 
occurrence in the 16 gene clusters in panel a of the HRE2 motif, HRPE motif and 
ten Heat Shock Response Factor (HSF) transcription factors identified through 
use of DNA affinity purification and sequencing (DAP-seq) on chromatin by [52]. 
  



 91 

 
 
 
  



 92 

Fig 2.5. Prolonged but sublethal hypoxic stress promotes Histone 3 
modifications, impacts nuclear RNA and polyA RNA abundance. Comparison of 
genome-wide data for chromatin and RNA for 2 h (2HS) and 9 h (9HS) hypoxic 
stress relative to normoxic control (2NS and 9NS).  a Violin plot of log2 fold 
change in acetylation of Histone 3 at two sites, nRNA and polyA RNA.  Values for 
individual hypoxia-responsive genes are plotted in orange, with ADH1 depicted in 
red and data connected with a dashed red line.  Cytosolic ribosomal proteins are 
plotted in blue, with RIBOSOMAL PROTEIN 37B depicted in dark blue and data 
in replicates connected with a dashed blue line.  Mean ± SD are depicted within 
violins in dark gray.  b Number of up- and down- DRGs for the 2HS/2NS and 
9HS/9NS comparisons for RNA and chromatin outputs (|Log2 fold change| > 1; 
FDR < 0.05).  The number of distinct readouts with which DRGs overlap and 
interactions between different comparisons and outputs is depicted:  c Genome 
browser view of data for representative genes including 
REVEILLE2/CIRCADIAN1 (CIR1) [At5g37260].  d Heatmap showing similarly 
regulated genes based on change in nRNA and polyA RNA levels after the two 
durations of hypoxic stress.  Partitioning around medoids (PAM) clustering of 
4,124 DRGs; 16 clusters.  Gene Ontology enrichment examples provided for 
select clusters (p adj. < 0.05).  f Average signal of chromatin and RNA readouts 
for genes of indicated clusters. 
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Fig. 2.6. Dynamic responses to reoxygenation include changes in chromatin and 
RNA populations.  Comparison of genome-wide data for chromatin and RNA for 
2 h hypoxic stress (2HS) and reoxygenation (1R or 2R) relative to the normoxic 
control (2NS). a Violin plots of log2 fold change.  Values for individual hypoxia-
responsive genes are plotted in orange, with ADH1 depicted in red and data in 
replicates connected with a dashed red line.  Cytosolic ribosomal proteins (RPs) 
are plotted in blue, with RIBOSOMAL PROTEIN 37B depicted in dark blue and 
data in replicates connected with a dashed blue line.  Mean ± SD are depicted 
within violins in dark gray.   b Overlap in DRGs in the reoxygenation up- and 
down- DRGs (Reoxygenation / Hypoxia) in comparisons for RNA and chromatin 
outputs (|Log2 fold change| > 1; FDR < 0.05).  c Genome browser views of data 
for representative genes.  d Heatmap showing similarly regulated genes based 
on change in nRNA, polyA RNA and TRAP RNA levels contrasting 2HS and 
reoxygenation. Partitioning around medoids (PAM) clustering of 4,784 DRGs; 16 
clusters.   Gene Ontology enrichment examples provided (|Log2 fold change| > 1, 
FDR < 0.01, p adj. < 0.05.  e Average signal of chromatin and RNA genomic 
readouts for genes of indicated clusters. 
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Supplemental Fig. 2.1.  Dynamics in histones and RNA populations of the core 
Hypoxia Responsive Genes (HRGs) and cytosolic ribosomal protein (RP) genes.  
Box plots of log2 fold change assayed for, a short term (2 h) hypoxic stress 
compared to control (2HS/2NS) for data from nine assays; b short term (2 h) and 
long term (9 h) hypoxic stress compared to control (2HS/2NS, 9HS/9NS) for data 
in four assays and reoxygenation for 1 h or 2 h following 2 h HS (R/2HS) for data 
in three assays.  ADH1 is depicted as a red dot and RPL37B is depicted as a 
dark blue dot.  Range of dataset and upper and lower quantiles are depicted 
within each boxplot. 
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Supplemental Fig. 2.2.  Comparison of change in nuclear- and ribosome-
associated mRNA abundance relative to change in polyA RNA abundance 
reveals differential regulation of nuclear retention and translation in response to 
hypoxic stress and reoxygenation.  The change in nuclear status (nRNA relative 
to polyA RNA) and translational status (TRAP RNA relative to polyA RNA) was 
plotted for, a short term (2 h) hypoxic stress compared to control (2HS/2NS); b 
long term (9 h) hypoxic stress compared to control (9HS/9NS); and c 
reoxygenation for 1 h or 2 h following 2 h HS (R/2HS). The 49 Hypoxia 
Responsive Genes (HRG) are plotted in pink and the 223 cytosolic ribosomal 
proteins are plotted in cyan. Genes with significant increase (green) or decrease 
(purple) in nuclear status or translational status are shown; (|Log2 fold change| > 
1; p-value < 0.05).   
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Supplemental Fig. 2.3. Histones and chromatin accessibility of Hypoxia 
Responsive Genes (HRG) and cytosolic Ribosomal Protein (RP) genes are 
distinctly regulated by short term (2HS) and prolonged (9HS) hypoxic stress 
when compared to control samples (2NS and 9NS).   Average signal of various 
chromatin outputs for 49 HRGs and 223 RPs plotted from 1 kb upstream of the 
TSS to 1 kb downstream of the TES. 
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Supplemental Figure 2.4.  Distinctions in histones across genes that are co-
regulated at the RNA level in response to hypoxic stress. Average signal of all 
chromatin and RNA outputs for clustered genes identified from the 2 h hypoxic 
stress comparison (2HS/2NS) in Fig. 4a.  Signal values are plotted from 1 kb 
upstream of the TSS to 1 kb downstream of the TES. Signal scale of graphs 
differ. 
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Supplemental Fig. 2.5. Average signal of chromatin and RNA data for co-
regulated gene clusters identified from the 2 h hypoxic stress comparison 
(2HS/2NS) in Fig. 4a in response to prolonged hypoxic stress (9HS/9NS).  Signal 
is plotted from 1 kb upstream of the TSS to 1 kb downstream of the TES. Signal 
scale of graphs differ. 
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Supplemental Fig. 2.6. Average signal of chromatin and RNA data for co-
regulated gene clusters identified from the 9 h hypoxic stress comparison 
(9HS/9NS) in Fig. 2.5.e.  Signal is plotted from 1 kb upstream of the TSS to 1 kb 
downstream of the TES. Signal scale of graphs differ. 
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Supplemental Fig. 2.7. Average signal of chromatin and RNA data outputs for 
co-regulated gene clusters identified from the reoxygenation comparison 
(1R/2NS) shown in Fig. 2.6.d.  Signal is plotted from 1 kb upstream of the TSS to 
1 kb downstream of the TES. Signal scale of graphs differ. 
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Supplemental Fig. 2.8.  Identification of genes with up or down-regulated 
transcripts under reoxygenation.  Overlap of differentially regulated genes (|Log2 
fold change| > 1, FDR < 0.01) identified in the nRNA, polyA, and TRAP 
populations under reoxygenation by comparison to short term hypoxic stress 
(2HS) and nonstress (2NS).  reoxygenation regulated genes are specified by the 
overlap of genes differentially regulated in both comparisons ((R/2NS), (R/2HS)). 
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Chapter 3 

 

Molecular characterization of SUBMERGENCE 1A and C stability and 

binding in Arabidopsis 

 

3.1. Abstract 

Plant responses to hypoxia are mediated through the presence and 

activity of group VII ETHYLENE RESPONSE FACTORS (ERFVIIs).  These 

transcription factors (TFs) include the rice gene, SUBMERGENCE 1A (SUB1A), 

that confers tolerance to complete submergence in rice.  The Arabidopsis 

ERFVII, HYPOXIA RESPONSIVE ERF 2 (HRE2) is strongly upregulated and 

associated with plant survival of hypoxic stress.  The turnover of Arabidopsis 

ERFVIIs is promoted in an oxygen-dependent manner by the Cys-Arg branch of 

the N-end Rule Pathway of Targeted Proteolysis (Cys-Arg/NERP), requiring 

cysteine as the second residue of the protein (NH2-MC).   HRE2 and SUB1A are 

NH2-MC ERFVIIs but SUB1A is unusual as it is not a NERP substrate based on 

an in vitro assay..The related rice protein SUB1C does not have the NH2-MC 

feature.  Cys-Arg/NERP turnover of SUB1A has not been tested in planta.  In the 

present study, in vivo stability of SUB1A was evaluated in Arabidopsis in the 

presence and absence of a required Cys-Arg/NERP component and hypoxic 

stress.  Additionally, genome-wide binding profiles were generated for the 

ERFVIIs SUB1A, SUB1C, and HRE2.  Comparative bioinformatic analyses of 
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these data was performed and contrasted with chromatin landscape, RNA 

polymerase II (RNAPII) engagement and gene transcript abundance data.  When 

ectopically expressed in Arabidopsis, SUB1A abundance is enhanced in the 

absence of the Cys-Arg/NERP E3 ligase and proteasome inhibition.  SUB1A and 

SUB1C binding to chromatin is highly similar and regulated in an oxygen-

dependent manner.  Notably, genes that were up- and down-regulated at the 

steady-state mRNA level by hypoxic stress displayed distinctions in the position 

of SUB1A, SUB1C and HRE2 binding to genic regions.  HRE2 bound to the 

promoter regions of many hypoxia-responsive genes, whereas SUB1A and 

SUB1C were dynamically associated with promoter and transcribed regions, in a 

manner suggesting that these ERFVIIs interact with DNA as well as chromatin-

associated proteins or RNAPII.  The findings of this study provide a framework 

for follow-up experiments to further elucidate the roles and regulation of ERFVIIs. 

 

3.2. Introduction 

As sessile organisms, plants face challenges that can be avoided by 

mobile organisms.  To survive successfully to reproduction, plants require the 

ability to adapt to and endure daily and seasonal variations in the environment.  

Plants have evolved a complex and highly tuned capacity to respond to sub-

optimal environmental conditions through short- and long-term   responses at the 

epigenetic, transcriptional, post-transcriptional, and post-translational levels.   

These lead to differential regulation of a wide array of metabolic acclimations as 
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well as alterations in development that benefit survival and fecundity under 

chronic stress.  Under conditions of acute stress, plants often limit growth to 

facilitate survival until more favorable conditions arise. Thus, mechanisms for 

endurance of transient to prolonged acute stress, as well as return to normal 

growth, are important for the survival and reproduction of plants. 

  Changes in environmental events and patterns pose a difficulty for plant 

survival.  Increases in weather extremes such as periods of water and 

temperature extremes lead to significant losses of crops and disturbance of 

native ecosystems.  Flooding, which can include waterlogging of the root system 

or the partial to complete submergence of above ground organs, is an 

agronomically important event that leads to significant agricultural losses[1].  

Waterlogging and submergence present numerous physiological difficulties, 

including low oxygen (hypoxia or anoxia), due to a ~10,000 fold decrease in gas 

diffusion.  In the case of submergence, reduced carbon dioxide diffusion and 

lower light availability limit photosynthesis.  Entrapment of the gaseous 

phytohormone ethylene is also a consequence of decreased gas diffusion.  Both 

scenarios limit the availability of chemical energy for growth. 

Crops, with few exceptions, are generally not suited for growth in water 

inundated environments. Species such as rice (Oryza sativa) that survive 

prolonged waterlogging display a number of developmental adaptations that 

enhance aeration of submerged organs[2]. Without aeration, roots of many 

species rapidly become oxygen deprived necessitating consumption of 
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carbohydrates for ATP production via energy-inefficient anaerobic metabolism.  

Rice employs two general strategies of to survive submergence: escape and 

quiescence[2,3].  The escape strategy leads to rapid growth and energy 

consumption to allow for elongation growth of aboveground organs to above 

water levels to resume normal aerobic metabolism and foster growth.  This 

strategy is most effective when the plants endure a slowly progressing flood.  

Conversely, the quiescence strategy is effective when vegetative stage plants 

are completely submerged by a rapidly established but transient flood. These 

cultivars dampen overall cellular carbohydrate consumption and anaerobic 

energy metabolism, allowing plants to survive by limiting growth, until the flooding 

event subsides. There is also natural genetic variation in survival of complete 

submergence by Arabidopsis thaliana, which limits elongation growth to the leaf 

petiole under submergence [4,5]. 

The transition to low oxygen conditions that is associated with 

submergence and waterlogging stress requires plant cells to shift from aerobic to 

anaerobic metabolism [6].  Cellular deficiency of oxygen is also characteristic of 

highly dense organs and zones of active cell division [2,7]. When oxygen 

availability is insufficient to maintain the activity of cytochrome c oxidase as the 

final electron acceptor in the electron transport chain, plant cells utilize other less 

efficient metabolic routes to produce ATP [8].  Under submergence, decreased 

light availability also inhibits photosynthetic rates and the production of 

carbohydrates that may be consumed within leaf tissue or mobilized to sink 
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tissues such as the shoot meristem and roots.  A switch from anabolism to 

catabolism also occurs to utilize and recycle nutrients and reserves for necessary 

but energy intensive processes such as transcription and translation.  In many 

instances, including Arabidopsis thaliana rosette leaves, catabolism of carbon 

reserves is facilitated by an induction of α-amylases to hydrolyze starch.  Carbon 

status additionally affects the hypoxic responses at the transcriptional level, 

whereby hypoxic responses are dampened in carbon depleted Arabidopsis 

seedlings [9].   The induction of genes related to autophagy also contributes to 

the degradation and recycling of organellar (i.e., plastid) and cytosolic 

constituents [10–13]. 

In mammals, low oxygen responses are mediated through the conditional 

stabilization of specific transcription factors (TFs).  Under normoxia (normal 

aeration; ~21% O2), Hypoxia-inducible factor 1-alpha (HIF1α) is degraded as a 

result of hydroxylation of specific proline residues by PROLYL-HYDROXYLASE 

DOMAIN ENZYMES 1/2/3, resulting in HIF1α targeting for ubiquitination by the 

E3 ligase von Hippel-Lindau protein (VHL1) and subsequent degradation by the 

26S proteasome [14].  In an analogous manner, plant low-oxygen responses are 

mediated by the stabilization of TFs under oxygen-deficient conditions, 

specifically by members of the Ethylene Responsive actor (ERF) superfamily 

group VII (ERFVIIs) [15–18]).  The large family of ERF of plants can be regulated 

by ethylene and are frequently associated with stress responses [19,20]. These 

proteins are characterized by the presence of one or more conserved AP2/ERF 
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DNA binding domain, with the sub-families characterized by the presence of 

other less conserved regions [19]  Of the 9 reported domains identified for the 

ERFVIIs, an N-terminal motif (CVII-1) was identified as present in most but not all 

sub-clade members of rice and all five ERFVIIs of Arabidopsis. This element was 

later defined as critical to the regulation of the stability of these protein by the 

Cys-Arg/N-end rule pathway of targeted proteolysis (NERP) [15–18]. 

The Cys-Arg/NERP targets proteins that contain specific N-terminal amino 

acid motifs (degrons) for degradation via the 26S proteasome in Arabidopsis, 

barley (Hordeum vulgare) and most likely all land plant species [21]. This 

requires one or multiple enzymatic steps.  Arabidopsis ERFVIIs are characterized 

by the presence of a cysteine following the N-terminal methionine.  This NH2-MC-

peptide motif is converted in an oxygen-dependent manner to a degron that 

leads to ubiquitylation and turnover.  First, METHIONINE AMINOPEPTIDASE 1/2 

(MAP1/2) cleaves the N-terminal methionine exposing the cysteine residue, 

which is oxidized by molecular oxygen or nitric oxide (NO).  This process is 

catalyzed by PLANT CYSTEINE OXIDASE 1/2 (PCO1/2) [17,18].  The N-

terminal oxidized cysteine (Cys-sulfinic acid) is the substrate of ARGINYL 

TRANSFERASE 1/2 (ATE1/2), which efficiently transfers an arginine residue 

from a tRNAArg to the N-terminus of the protein, making the protein a substrate of 

the E3 ligase PROTEOLYSIS 6 (PRT6) for ubiquitination and subsequent 

proteasome-mediated degradation.  Based on our understanding from 

Arabidopsis, oxygen-dependent Cys-Arg/NERP regulation limits ERFVII 
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accumulation when oxygen is available and allows for ERFVII accumulation 

under low oxygen conditions [22]. When present these TFs activate the 

conditional activation of genes necessary for anaerobic metabolism, including 

ALCOHOL DEHYDROGENASE 1 (ADH1) and PYRUVATE DECARBOXYLASE 

(PDC) gene family members [23]. 

In Arabidopsis, submergence survival, hypoxia tolerance and anaerobic 

germination can be modified by manipulation of the expression of the ERFVIIs 

[15,16,24,25]. In addition to regulating genes associated with anaerobic 

metabolism, these TFs also appear to play a role in responses to abscisic acid, 

salinity as well as developmental processes [26–31][32]. 

ERFVIIs with the characteristic NH2-MC terminus are encoded in 

Arabidopsis, rice and other land plant genomes, indicating that the presence and 

regulation predates the monocot/dicot divergence.  ERFVIIs of rice control 

submergence survival strategies.  For example, the submergence quiescence 

strategy is mediated by the ERFVII SUBMERGENCE1A (SUB1A) [33–35]. The 

ERFVIIs SNORKEL1 and SNORKEL2 are necessary for the deepwater rice 

submergence-escape response [36,37].  Key to the escape response is the 

localized biosynthesis and response to gibberellins (GA) [38]. The presence of 

the submergence tolerance conferring allele of SUB1A is sufficient to 

differentially regulate a large number of genes that influence key processes 

including carbohydrate mobilization, anaerobic metabolism during submergence, 

and reactive oxygen species generation and photosynthetic recovery upon 
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reaeration [34,39–41].  One of the genes that is directly or indirectly regulated by 

SUB1A is its paralog SUB1C.  

Previous experiments have demonstrated the role of the Cys-Arg/NERP in 

ERFVII degradation both in vitro and in vivo [15,16].  In a rabbit reticulocyte in 

vitro transcription/translation system, the five Arabidopsis MC-ERFVIIs were 

degraded due to the presence of NERP factors in the translation extract.  When 

the N-terminal CVII-1 motif was selectively mutated to change Cys2 to Ala (C2A 

mutation), these TFs became stabilized in vitro, as demonstrated by increased 

protein abundance of C2A-ERFVIIs compared to the native MC-ERFVIIs.  This 

was confirmed in vivo for HYPOXIA RESPONSIVE ERF71/73 (HRE1/HRE2), 

with greater accumulation of the C2A-mutated version of these proteins when 

overexpressed in Arabidopsis [15,16]. The E3 ligase PRT6, that recognizes 

specific Cys-Arg/NERP degrons, was shown be required for turnover of MC-

ERFVIIs. For example, MC-HRE2 was stabilized in the prt6 mutant background 

[15,16].  Consistent with the model that MC-ERF turnover by Cys-Arg/NERP 

becomes limited as oxygen levels decline [1,21], MC-HRE2 levels increased in 

seedlings under hypoxic-conditions [15,16]).  Together, these results 

demonstrate Cys-Arg/NERP regulates ERFVII protein accumulation.  

Gibbs et al. (2011) also found that the rice MC-ERFVII SUB1A was not 

degraded in vitro in the presence of oxygen, despite possessing an N-terminal 

MC.  SUB1C lacks a NH2-MC terminus and is stable in the cell-free system.  This 

led to the hypothesis that SUB1A regulation is uncoupled from Cys-Arg/NERP.  
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An alternative hypothesis is that SUB1A is a poor substrate of Cys-Arg/NERP.  

Yet when 35S:FLAG-SUB1A was expressed in Arabidopsis, the N-terminally 

FLAG-tagged protein appeared to be degraded in a proteasome-dependent 

manner, as demonstrated by the dramatic increase in FLAG-SUB1A detected in 

seedlings treated with the proteasome inhibitor MG-132 as compared to mock 

treated plants [42].  Thus, SUB1A may be unstable even when its native N-

terminus is blocked from Cys-Arg modification by addition of an epitope tag.  

The ectopic expression of 35S:FLAG-SUB1A did not confer submergence 

tolerance to rosette-stage Arabidopsis, yet it recapitulated several phenotypes 

seen in response to submergence in Sub1 rice [42]. These phenotypes included 

the constitutive elevation of ADH1 mRNA, increased ABA and decreased GA 

sensitivity, and modulation of two genes associated with floral induction.  Ectopic 

expression of 35S:FLAG-SUB1A and 35S:FLAG-SUB1C was also associated 

with rosette leaf phenotypes.  These findings support the hypothesis that SUB1A 

influences transcription in Arabidopsis.  Consistent with this, chromatin 

immunopurification-sequencing (ChIP-seq) performed with 35S:FLAG-SUB1A 

ectopically expressed in Arabidopsis identified regions with the promoters of 

PCO2, HYPOXIA RESPONSE ATTENUATOR 1 (HRA1), and LOB DOMAIN-

CONTAINING PROTEIN 41 (LBD41) as SUB1A binding sites (Pena-Castro, 

unpublished). Strikingly, PCO2 and HRA1 negatively regulate low oxygen 

responses by promoting ERFVII turnover or limiting ERFVII ability to promote 

gene transcription [17,43,44].  
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The Arabidopsis ERFVIIs directly regulate the transcription of about 25 of 

the 49 so called core hypoxia responsive genes (HRGs) that are upregulated 

across cell-types.  This is mediated through an evolutionarily conserved cis-

element called the hypoxia-responsive promoter element (HRPE) [45].  The 

constitutively expressed ERFVIIs RELATED TO APETALA2 2/3/12 

(RAP2.2/3/12) were demonstrated to transactivate HRG promoters containing 

the HRPE as well as a synthetic HRPE in a protoplast transactivation assay.  

Direct interaction between RAP2.2 and RAP2.12 with HRPE containing 

promoters was demonstrated in vivo through quantitative PCR of chromatin 

obtained by immunoprecipitation (ChIP), demonstrating the ability of these TFs to 

specifically bind the HRPE.  Other ChIP-qPCR results have revealed RAP2.3 

interaction with subsets of genes containing GCC-box like and EBP box motifs, 

revealing that ERFVII regulation is not relegated to HRPE containing genes, and 

that ERFVII regulation affects other biological processes [46,47].  Despite the 

limited understanding of direct ERFVII interactions, genome-wide binding 

dynamics by ChIP-seq have not been resolved for any ERFVII in Arabidopsis.  

Genome-wide binding profiles for any of the SUB1A or other SUB1 family 

ERFVIIs in rice are similarly unresolved, due to low abundance when N-

terminally tagged SUB1A even when the gene is constitutively expressed, and 

mRNA levels are highly elevated (Fukao and Bailey-Serres, unpublished). 

Here, we further explore the turnover of SUB1A and analyze the DNA 

targets of Cys-Arg/NERP-resistant versions of HRE2, SUB1A and SUB1C in 
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Arabidopsis. We find that SUB1A levels increase in the prt6 mutant background, 

indicating that its stability is influenced by the Cys-Arg/NERP.  We provide 

evidence through chromatin immunopurification-sequencing (ChIP-seq) of 

enriched binding of HRE2 and SUB1A/C to promoters of the most highly 

upregulated hypoxia-responsive genes.  SUB1A/C bound 5’ of the transcription 

start site (TSS) of many genes upregulated by hypoxia, but also at high levels 

within the transcribed regions of upregulated genes under non-stressed growth 

conditions, whereas HRE2 bound primarily within 500 bp 5’ of the TSS of 

upregulated genes and within the transcribed regions of downregulated genes 

under hypoxia. These observations suggest that these ERFVIIs may interact with 

DNA as well as chromatin-associated proteins or possibly RNAPII.  

 

3.3. Materials and methods 

 

3.3.1. Genetic material 

The following Arabidopsis thaliana Col-0 genotypes were used: 

p35S:His6FLAG-SUB1A and p35S:His6FLAG-SUB1C [42]; p35S:SUB1A-

3XFLAG, p35S:SUB1C-3XFLAG, p35S:SUB1A-3XFLAG prt6, and p35S:SUB1C-

3XFLAG prt6.  The N-terminal tag was M(H)6(G)3DYKDDDDK(G)7. The C-

terminally tagged constructs were identical to N-terminally tagged constructs, 

with the exception that the SUB1A and SUB1C cDNAs were recombined into 

pGATA-FH [39] to place the sequence (G)7DYKDDDDK(G)3(H)6, at the the C-
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terminus of the protein. The prt6-1 allele was introduced by crossing. Confirmed 

homozygous genotypes were used for all experiments. 

 

3.3.2. Growth and Treatment Conditions 

Arabidopsis seeds were surface sterilized by incubation in 70% (v/v) EtOH 

for 5 min, followed by incubation in 20% (v/v) bleach, 0.01% (v/v) TWEEN-20, 

followed by three washes in ddH2O for 5 min, in triplicate.  Sterilized seeds were 

placed onto 1x MS media (1.0x Murishige Skoog (MS) salts, 0.4% (w/v) Phytagel 

(Sigma-Aldrich), and 1% (w/v) Suc, pH 5.7) in 9 cm2 Petri dishes and stratified by 

incubation at 4oC for 3 d in complete darkness.  Following stratification, plates 

were placed vertically into a growth chamber (Percival) with 16h light / 8h dark 

cycle at ~120 μmol photons·s-1·m-2, at 23 oC for 7 d.   

 

3.3.3. Seedling Treatments 

For hypoxic stress, seedlings were removed from the growth chamber at 

Zeitgeber time (ZT) 16 and were subjected to hypoxic stress in sealed chambers 

into which humidified argon gas was passed at a rate of 3.33 mL / sec, in 

complete darkness for 2 h at 24 oC. The chamber set-up was as described by 

[66].  Oxygen partial pressure in the chamber was measured with the NeoFox 

Sport O2 sensor and probe (Ocean Optics).   Stable hypoxia (1% O2) was 

achieved within 15 min of the initiation of treatment.  Control samples were 

placed in an identical chamber that was open to ambient air under the same light 
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and temperature conditions.  For MG-132 treatment, the roots of seedlings were 

flooded with 10 mL 100 µM Calpain inhibitor IV (American Peptide), 1% (v/v) 

DMSO. The solution was not removed when seedlings were transferred to 

chambers for the non-stress (mock) and hypoxic stress treatments.  Tissue was 

rapidly harvested into liquid N2 and stored at -80 oC.    

 

3.3.4. Immunopurification of protein 

Seedlings were grown on Petri dishes and treated as described above.  

Total protein was extracted from 500 µl packed pulverized tissue thawed to 4oC 

in 1 mL of extraction buffer (50 mM Tris-HCl, pH 7.5, 2.5 mM EDTA, pH 8.0, 150 

mM NaCl, 10% (v/v) glycerol, 0.1% (v/v) IGEPAL, 1 mM DTT, 25 mM beta-

glycerophosphate, 1X Plant Protease Inhibitor Cocktail [Sigma]). The extract was 

filtered through one layer of Miracloth (Calbiochem, La Jolla, CA) and centrifuged 

at 16,000g for 10 min at 4oC.  The concentration of the supernatant protein was 

determined by Bradford assay with a bovine serum albumin standard [67].  Equal 

protein concentrations were normalized to 1 mL with extraction buffer.  Per 

sample, 20 µL Anti-FLAG M2 magnetic beads (Sigma) were pre-washed in 

extraction buffer and added to the normalized protein extract.  Samples were 

rocked for 2 h at 4oC.  The beads were magnetically collected and the 

supernatant was aspirated and washed three times with 1 mL of extraction buffer 

for 5 min at 4oC with rocking.  Following the final wash, the supernatant was 

aspirated and the immunoprecipitated protein was eluted in 100 µL of extraction 
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buffer containing 400 ng/µL 3X FLAG peptide (Sigma) for 30 min at 4oC with 

rocking.  Following incubation, the beads were magnetically collected and the 

supernatant containing the eluted proteins was transferred to a new tube.  The 

eluted fraction was then concentrated by adding 5 µL StrataClean (Agilent) and 

vortexing for 1 min.  The concentrated protein was then collected by 

centrifugation at 2,000g for 1 min at 4oC, after which the supernatant was 

aspirated and the concentrated protein fraction was re-suspended in 10 µL of 2x 

Laemmli buffer (4% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) 2-mercaptoethanol, 

0.004% (w/v) bromophenol blue, 0.125 M Tris-HCl, pH 6.8). 

 

3.3.5. SDS-PAGE and Immunoblot Analysis 

Immunoprecipitated samples were electrophoretically separated by SDS-

PAGE on 12% (w/v) polyacrylamide gels and transferred to a nitrocellulose 

membrane (GE Healthcare Biosciences).   Membranes were blocked with 5% 

(w/v) skim milk in PBST (3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 

mM NaCl, pH 7.4, 0.1% (v/v) TWEEN-20) for 1 h at room temperature while 

rocking.  Membranes were washed three times in PBST and incubated with a 

1:1000 dilution of anti-FLAG HRP (Sigma) for 1 h at room temperature while 

rocking.  Membranes were washed three times in PBST for 5 min at room 

temperature. Visualization of immuno-interaction was by use of Luminata 

Crescendo Western HRP substrate (Millipore) and exposure to X-ray film. 
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3.3.6. Chromatin Immunopurification (ChIP)  

ChIP was performed according to [68] with minor modifications. Seedlings 

were grown as described above were pre-treated with 10 mL of 100 μM Calpain 

inhibitor IV (MG-132; American Peptide) and 1% (v/v) DMSO for 2 h prior to the 

hypoxia treatment. Following hypoxia treatment, seedlings were immediately 

cross-linked in 1% (v/v) formaldehyde nuclei purification buffer (NPB: 20 mM 

MOPS, pH 7.0, 40 mM NaCl, 90 mM KCl, 2 mM EDTA, 0.5 mM EGTA) in a 

dessicator under house vacuum for 10 min. The reaction was quenched by 

addition of 1.875 mL 5 M glycine to reach a concentration of 125 mM followed by 

vacuum infiltration for 5 min. After 3 rapid washes in 30 mL ddH2O, seedlings 

were blotted dry and pulverized under liquid N2. To isolate nuclei, 0.5 g tissue 

was thawed to 4°C in 10 mL NPB that additionally contained 0.5 mM spermidine, 

0.2 mM spermine, and 1X Plant Protease Inhibitor Cocktail (Sigma-Aldrich 

P9599). Nuclei were pelleted by centrifugation in 4°C at 1200g for 10 min, 

resuspended in 120 µL NPB, and lysed by the addition of 120 µL 2X nuclei lysis 

buffer (NLB: 100 mM Tris, pH 8.0, 20 mM EDTA, 2% [w/v] SDS, and 2X Plant 

Protease Inhibitor Cocktail) by vortexing for 2 min at 23-25 oC. The chromatin 

was sheared into 200 to 600 bp fragments by sonication (Diagenode, Denville, 

NJ) with 40 cycles of 30 s ON and 30 s OFF at 4°C. The sample was cleared by 

centrifugation at 16,000g at 4°C for 2 min and the supernatant was diluted ten-

fold with dilution buffer (DB: 16.7 mM Tris, pH 8.0, 167 mM NaCl, 1.1% (v/v) 

Triton X-100, 1.2 mM EDTA).  The chromatin fraction was precleared by 
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incubation with uncoupled Protein G Dynabeads (ThermoFisher) for 30 min 

followed by collection of the supernatant. For SUB1A, SUB1C and HRE2, 1 mL 

of the input chromatin was incubated with 3 µL of anti-FLAG (F1804, Sigma) 

overnight while rocking at 4oC.  Protein G Dynabeads (30 µL) were washed in 

DB, added to the chromatin fraction and allowed to incubate for 2 h while rocking 

at 4oC.  Beads were magnetically captured and washed sequentially in 1 mL for 5 

min with four buffers: low NaCl2 wash buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 

0.1% [w/v] SDS, 1% [v/v] Triton X-100, 2 mM EDTA), high NaCl2 wash buffer (20 

mM Tris, pH 8.0, 500 mM NaCl2, 0.1% [w/v] SDS, 1% [v/v] Triton X-100, 2mM 

EDTA), LiCl wash buffer (10 mM Tris, pH 8.0, 250 mM LiCl, 1% [w/v] sodium 

deoxycholate, 1% [v/v] Nonidet P-40, 1 mM EDTA), and standard TE buffer (10 

mM Tris, pH 8.0, 1 mM EDTA).  The beads were then washed twice with 10 mM 

Tris, pH 8.0 and resuspended in 25 µL of tagmentation reaction mix (10 mM Tris, 

pH 8.0, 5 mM MgCl2, 10% [w/v] dimethylformamide) containing 1 µL of Tagment 

DNA Enzyme (NExtera DNA Sample Prep Kit, Illumina) and incubated at 37oC 

for 1 min.  Beads were washed twice with low NaCl2 wash buffer and then once 

in standard TE buffer.  The chromatin was eluted from the beads by heating for 

15 min at 65°C in elution buffer (EB: 100 mM NaHCO3 and 1% [w/v] SDS) and 

reverse cross-linked by the addition of 20 µL 5 M NaCl and incubation at 65°C 

overnight.  Following reverse cross-linking, 0.8 units Proteinase K (New England 

Biolabs) was added and the sample was incubated at 55°C for 15 min. The final 
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tagged ChIP-DNA sample was purified using Qiagen MinElute columns 

according to the manufacturer’s instructions and eluted with 14 µL of EB. 

 

3.3.7. Library Preparation 

ChIPmentation library preparation for short-read sequencing (ChIP-seq) 

was performed according to [69], with minor modifications. Final library 

enrichment was performed in a 50 µL reaction containing 12 µL ChIP DNA, 0.75 

µM primers, and 25 µL 2X NEBNext PCR Master Mix.  To determine the 

appropriate amplification cycle number, a qPCR reaction was performed on 1 µL 

of tagmented ChIP DNA in a 10 µL reaction volume containing 0.15 µM primers, 

1X SybrGreen (ThermoFisher), and 5 µL 2X NEBNext PCR Master Mix (New 

England Biolabs) with the following program: 72oC for 5 min, 98oC for 30 s, 24 

cycles of 98oC for 10 s, 63oC for 30 s, 72oC for 30 s, and a final elongation at 

72oC for 1 min.  Libraries were amplified for n cycles, where n is equal to the 

rounded up Cq value determined in the qPCR reaction.  Amplified libraries were 

purified and size selected using SPRI AMPure XP beads (Beckman).  AMPure 

XP beads were added at a 0.7:1.0 bead to sample ratio, and the remaining DNA 

was recovered by the addition of AMPure XP beads at a 2.0:1.0 bead to sample 

ratio and eluted in 13 µL of EB.  Quantification of the final libraries was performed 

with Quant-iT PicoGreen (ThermoFisher), and library fragment distribution was 

evaluated by use of the the Agilent 2100 Bioanalyzer using the high sensitivity 
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DNA chip.  Final libraries were multiplexed to >5 nM final concentration and 

sequenced on the HiSeq 3000/4000 at the UC Davis DNA Technologies Core. 

 Julian Peña Castro constructed ChIP multiplex DNA libraries according to 

[70], which includes an amplification step. ChIP was performed on tissue treated 

in the same manner and immunopurified according to [71], including Col-0.  

Control samples included a Col-0 ChIP sample and a Col-0 genomic DNA 

sample.   Four pooled libraries were barcoded and sequenced by synthesis in 

single-read format following manufacturer protocols (Illumina) at the Genomics 

Core Facility, University of California Riverside. 

 

3.3.8. Bioinformatic Analyses 

Bioinformatic analyses performed for SUB1A and SUB1C ChIP-seq 

datasets was identical to the analyses performed for HRE2 ChIP-seq data in 

Chapter 2 

 

3.4. Results 

 

3.4.1. SUB1A accumulation is promoted in the proteolysis 6 mutant that is 

deficient in oxygen-dependent N-end rule mediated degradation in planta 

To test the hypothesis that SUB1A is not a substrate of oxygen-dependent 

Cys-Arg/NERP regulation, the accumulation of C-terminally tagged SUB1A was 

evaluated using Arabidopsis lines expressing p35S:SUB1A-3xFLAG-6xHis in the 
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wildtype Col-0 and the prt6 mutant background.  We first confirmed by qRT-PCR 

that SUB1A-FLAG transcript abundance was indistinguishable in extracts of 7-d-

old seedlings of both genotypes (Fig. 1a).  Then, SDS-soluble protein from the 

same tissue was used for SUB1A-FLAG immunopurification with an anti-FLAG 

antibody, followed by SDS-PAGE fractionation and immunoblot detection with the 

same antiserum.  In p35S:SUB1A-3xFLAG-6xHis Col-0 seedlings, SUB1A-FLAG 

protein was undetectable (Fig. 1b). By contrast, low levels of a doublet of FLAG-

tagged protein with an apparent molecular mass of 37 kDa accumulated in 

p35S:SUB1A-3xFLAG-6xHis prt6 seedlings. The calculated molecular mass of 

FLAG-tagged SUB1A is 34.2 kDa.  We also explored whether inhibition of the 

proteasome enhanced accumulation of C-terminally tagged SUB1A, as reported 

for N-terminally tagged SUB1A [42]. Treatment of seedlings with MG-132 

enhanced levels of the 37 kDa SUB1A-FLAG in both Col-0 and prt6 background. 

When MG-132 was used a second FLAG-tagged protein of ~55 kDa was 

detected in both genetic backgrounds. The increase in this protein was 

proportional to the level of the 37 kDa protein. The presence of the doublet and 

higher molecular mass isoforms indicates that SUB1A may be post-

translationally modified or may form stable complexes with other proteins. To 

determine if SUB1A-FLAG levels are modulated by oxygen availability, the 

abundance and apparent molecular mass of this protein was evaluated in 7-d-old 

seedlings treated under non-stress (+ O2) hypoxic stress (- O2) conditions for 2 h, 

in the presence or absence of MG-132. This revealed higher SUB1A-FLAG 
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accumulation in aerated seedlings, which was promoted by the proteasome 

inhibitor without any change in transcript accumulation (Fig 1c, d). These 

analyses confirmed that SUB1A accumulation is influenced by the Cys-

Arg/NERP E3 ligase PRT6, proteasome activity and oxygen availability when 

ectopically expressed in seedlings of Arabidopsis. 

  

3.4.2. Genome-wide investigation of SUB1A and SUB1C binding sites 

Preliminary experiments determined that levels of chromatin associated 

with ERFVIIs is very low. Two approaches to compensate for low abundance 

input into a ChIP-seq library construction pipeline are the  (a) amplification of the 

DNA of the purified immunoprecipitated chromatin prior to library construction or 

(b) use of Tn5 insertion to integrate an adapter that facilitates library construction.  

Here, both methods of low input ChIP-seq library preparation were performed, 

with use of Tn5 (ChIPmentation) yielding results without evidence of amplification 

bias.  The greater ChIP-seq yields from ChIPmentation [48] may be attributed to 

fewer cleanup and purification steps, that are inherently associated with sample 

loss. As ChIPmentation relies on Tn5 insertion into any region of the 

immunopurified DNA that is accessible (i.e., not bound by a protein or 

nucleosome). These two strategies yield very similar peaks for histone marks 

and transcription factors [48].  

ChIP-Seq was performed to compare and contrast the binding targets of 

SUB1A, SUB1C, and HRE2 when each was expressed under the control of a 
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35S promoter in Arabidopsis seedlings. The SUB1A/C constructs were N-

terminally FLAG-tagged and the HRE2 construct encoded the native NH2-MC 

ERFVII with a C-terminal HA tag. Thus, in all cases turnover by NERP was not 

possible. Preliminary experiments determined that SUB1A/C and HRE2 protein 

levels under non-stress and hypoxic stress conditions were insufficient for 

capture of sufficient chromatin for ChIP unless seedlings were pre-treated with 

MG-132. Therefore, the ChIP was carried out on seedlings that were pretreated 

for 2 h with 100 µM MG-132 prior to the non-stress control or 2 h hypoxic-stress 

treatment. Samples were subsequently crosslinked with formaldehyde and ChIP 

was performed. The SUB1A/C ChIP-seq datasets for the non-stress conditions 

were independently generated by Julian Peña-Castro by use of the library 

amplification method. The SUB1A/C and HRE2 ChIP-seq for hypoxic stress 

tissue was generated by use of the ChIPmentation method. HRE2 binding was 

only evaluated in hypoxic stressed samples as this is a hypoxia-upregulated TF 

[15,49]. All samples yielded >5 million reads that mapped to the Arabidopsis 

genome. 

The mapping of ChIP-seq reads to the genome identified extensive 

binding of the three ERFVIIs to genic regions with a threshold of RPKM > 5 (n > 

15,600). Because the high number of reads could reflect association of these 

TFs with histones or other chromatin-associated proteins, we compared the 

genome-wide read distribution of these TFs to the regions associated with 

modified histone H3s, H2A.Z and RNAPII with the Ser2P modification, as defined 
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with seedlings grown and treated in the same experimental system (Chapter 2). 

This comparison was accomplished by use of t-Distributed Stochastic Neighbor 

Embedding (t-SNE) analysis and provided a number of insights (Fig. 2).  First, 

the SUB1A and SUB1C ChIP-seq data grouped together under non-stress and 

stress conditions (Fig. 3a, b), indicating similar binding of both factors to 

chromatin. Second, the binding of these TFs to chromatin was altered by hypoxia 

(Fig. 3c, d).  Looking more closely, the RPKM values for binding of SUB1A/C to 

the genic regions of HRGs was highly similar under the two conditions 

(Pearson’s correlation: non-stress, R = 0.95; hypoxic stress, R = 0.88). Third, 

HRE2 binding to chromatin grouped separately from that of SUB1A and SUB1C 

but near all RNAPII samples in the t-SNE analysis (Fig. 2). When only 

considering the HRGs, there was a modest correlation between HRE2 and 

SUB1A/C binding under the two conditions (R = 0.45; R = 0.58) (Fig. d,e).  

At the global scale, a peak in SUB1A and SUB1C reads was present 

within 500 bp 5’ of the TSS under non-stress conditions and became more 

associated with the gene body region in response to hypoxia (Fig. 4a). HRE2 

binding under hypoxia was also generally enriched within gene bodies.  Next, 

peak calling was performed using HOMER to better define the regions of TF 

binding relative to annotated genes (Fig. 4b). SUB1A and SUB1C peaks 

predominated 5’ of the TSS and 3’ of the TES of genes under non-stress 

conditions and hypoxic stress conditions. In response to hypoxia, both TFs 

displayed a shift in binding into the gene body.  The profile of the location of 
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peaks of these two TFs was remarkably similar under both conditions.  By 

contrast, HRE2 binding under hypoxia was both highly enriched just 5’ of the 

TSS and as a broad peak between the TSS and TES. As observed for both 

SUB1A and SUB1C, read number dropped precipitously at the TES and then 

rose gradually in the 3’ genic region. These results suggest that regions bound 

by SUB1A and SUB1C may be similar and altered in response to hypoxic stress. 

To investigate the relationship between location of ERFVII binding and 

gene transcription, binding profiles across genic regions were generated for three 

subgroups of genes: the 49 HRGs (Mustroph et al., 2009), the 216 genes found 

to co-regulated at the level of RNAPII-Ser2P association, nuclear, 

polyadenylated and polysomal RNA accumulation (Chapter 2) and the hypoxia 

down-regulated genes (log2 fold change in polyA+ mRNA <1, p < 0.05) (Chapter 

2) (Fig. 5a-c). SUB1A and to a lesser extent SUB1C binding was enriched within 

the promoter region of the HRGs under non-stress conditions, with a rise in 

association within the gene body region under hypoxic stress (Fig. 5a). HRE2 

binding was enriched near the TSS of the HRGs. The binding of these TFs to 

individual genes confirmed these patterns but also illustrated the gene-specific 

nature of these interactions (Fig 5e). For example, the core HRGs ADH1, LBD41 

and PCO2 all showed pronounced 5’ HRE2 binding (Fig. 6a-c). Of these three 

genes, only LBD41 and PCO2 displayed a clear peak in SUB1A and SUB1C 

binding in their 5’ flanking reg under control conditions. The binding of SUB1A 

was also evident in the 3’ regions of these genes. In response to hypoxic stress, 
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SUB1A/C binding was pronounced along the body of all three HRGs.  

Interestingly, HRE2 demonstrated the strongest enrichment in promoter region 

binding for many HRGs (Fig. 5d). The 5’ binding coincided with the hypoxia-

inducible region of open chromatin and upregulation from RNAPII-SerP 

engagement through translation in Col-0 (Fig. 6a-c).  Notably, 1,040 of 1,804 of 

the genes with a peak 5’ of the TSS for HRE2 also had a peak for SUB1A. 

Binding of SUB1C was generally lower, but detectable in 226 of the 1,804 genes 

bound by HRE2 and SUB1A.  

Extending the analysis to the 216 co-regulated HRGs revealed a different 

pattern of binding for HRE2, SUB1A and SUB1C (Fig. 5b and f; 6d-e).  SUB1A 

and SUB1C binding was highly enriched within the body of these genes 

particularly under non-stress conditions, as opposed to HRE2 binding, where 

peaks were evident in the promoter of a subset of genes as shown by 

comparison across EXORDIUM-LIKE1 and CALMODULIN-LIKE 12/TOUCH3 

(Fig 6). By contrast to the HRGs, the 5’ peak was lower and the binding within 

the gene body was greater. The distinction between the binding profiles of the 49 

HRGs and the 216 co-regulated HRGs (containing 37 core HRGs) could reflect 

differences in regulation between subsets of hypoxia-inducible genes as well as 

differences in the mode of binding to chromatin.  

To complete this survey we generated binding profiles for the 297 genes 

that were significantly down-regulated at the polyA+ mRNA level in response to 

hypoxic stress (Chapter 2).  Overall, the levels of binding of the three ERFVIIs to 
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these genes was significantly lower than for the upregulated genes (Fig. 5c and 

f). Intriguingly, SUB1A bound to the 5’ and/or 3’ portions of a number of these 

genes under non-stress conditions, whereas SUB1C binding was limited. In 

response to hypoxic stress, levels of binding to the gene body region increased.   

By contrast to the other two gene groups examined, there was no peak in HRE2 

association within the promoter region, but there was association within the gene 

bodies of the down-regulated genes.  Together, these results demonstrate that 

binding profiles of SUB1A and SUB1C are dynamically regulated in response to 

hypoxic stress, with respect to binding to chromatin regions of both the promoter 

and transcribed regions of genes. HRE2 primarily bound to promoters of up-

regulated genes and displayed occupancy along the transcribed regions of both 

up and down-regulated genes.   

 

3.5. Discussion 

The major finding of this study is that the stability and binding of rice 

SUB1A and SUB1C to chromatin is regulated when ectopically expressed in 

seedlings of Arabidopsis.  Previously, SUB1A was distinguished from HRE2 and 

the other four ERFVIIs of Arabidopsis by its resilience to Cys-Arg/NERP in a cell-

free transcription and translation system, despite the conservation of the CVII-1 

motif at its N-terminus [15]. Mutation of the N-terminus of the Arabidopsis 

ERFVIIs, from NH2-MC to NH2-MA, is sufficient for their stabilization in the in vitro 

system and in planta unless the Cys-Arg/NERP is disrupted by mutation of a key 
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component such as the E3 ligase PRT6 [15,16]. By use of ectopic expression of 

MC-SUB1A with a C-terminal FLAG tag in Arabidopsis we determined its 

accumulation is increased in prt6 seedlings  SUB1A-FLAG is also shown to be 

highly unstable under control and stress conditions due to proteasomal activity.   

 

3.5.1. SUB1A accumulation is highly unstable and influenced by the Cys-

Arg/NERP and other factors when ectopically expressed in Arabidopsis 

These in planta results contrast with the reproducible observation that 

SUB1A is not an in vitro NERP target [15,50]  This could be due to the presence 

of factors or protein-protein interactions in Arabidopsis that are absent in the 

rabbit reticulocyte in vitro system.  First, SUB1A-FLAG expressed in Arabidopsis 

may be posttranslationally modified or interact with other proteins in a manner 

that exposes the N-terminus or ubiquitylation site for Cys-Arg/NERP-mediated 

degradation. The interacting proteins could include Cys-Arg/NERP machinery 

absent from the in vitro system,TFs or other proteins. Intriguingly, SUB1A that is 

tagged with His6-FLAG at its N-terminus or 3xFLAG at its C-terminus displays 

distinctions in apparent molecular mass that differ from the calculated mass of 

the tagged protein (33.0 and 34.2 kDa, respectively). Immunoblot analysis of 

SUB1A-FLAG resolved proteins with apparent molecular masses of 50 and 37 

kDa (Fig. 1 c, d), whereas FLAG-SUB1A migrated with an apparent molecular 

mass of 46 kDa [42].  SUB1A reportedly is post-translationally phosphorylated by 

MAP kinase 3 in rice [51].  The SUB1A interactome defined by yeast 2-hybrid 
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analysis includes at least one putative transcription factor of rice [52].  ERFVIIs 

additionally interact with other TFs, a chromatin remodeler and membrane 

associated proteins in Arabidopsis [16,32,43,46].  The observed variation in 

apparent molecular mass of SUB1A-FLAG is suggestive of posttranslational 

modifications including phosphorylation or ubiquitylation (i.e., the doublet at 37 

kDa and higher molecular mass isoform at 50 kDa), although the latter typically 

results in multiple higher molecular mass forms. The 50 kDa isoform could reflect 

a stable interaction with another protein that is not dissociated by standard SDS-

PAGE methods. This is not unusual for homo- and heterodimeric interactions of 

transcription factors. These interactions could also contribute to the pattern of 

SUB1A accumulation. For example, if the interaction is with a NERP-regulated 

Arabidopsis ERFVII, stabilization of that protein with MG-132 or in the prt6 

background could enhance accumulation of SUB1A.  The variation in SUB1A 

levels and electrophoretic migration might also be related to the recently 

discovered pathway of selective autophagy that is integrated upstream of PRT6 

in the Cys-Arg/NERP [53].   

We also observed higher SUB1A-FLAG accumulation under non-stress 

conditions, which is counterintuitive if its stability is controlled by the oxygen or 

NO-requiring Cys-Arg/NERP.  Based on the pronounced effect of inhibition of the 

proteasome on accumulation of N- or C-terminally tagged SUB1A under both 

non-stress and hypoxic stress conditions it is clear this protein is highly unstable 

in vivo in Arabidopsis. This is consistent with the low abundance of SUB1A in rice 
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expressing pZmUBI1:TAP-SUB1A at sufficient levels to provide submergence 

tolerance (T. Fukao and J. Bailey-Serres, unpublished). We propose that the 

decline in abundance of SUB1A-FLAG under hypoxia could reflect the ~50% 

global reduction in protein synthesis in Arabidopsis seedlings exposed to hypoxic 

stress for 2 h [54–56].  A preliminary analysis confirmed that SUB1A-FLAG 

mRNA levels decreased in polysomes following 2 h of hypoxic stress in 

35S:SUB1A-FLAGHis6 seedlings despite unchanged levels of SUB1A-FLAG 

mRNA (data not shown).  

These findings demonstrate that SUB1A accumulation is influenced by the 

E3 ligase PRT6 and proteasomal activity, but additional research is required to 

better understand the observed variations in SUB1A electrophoretic mobility and 

their relationship to function and turnover in a physiological context. Arabidopsis 

provides a platform for such studies, but ultimately evaluation in rice is needed.   

 

3.5.2. SUB1A and SUB1C have conserved targets of chromatin binding that 

can overlap with binding of the endogenous hypoxia-induced HRE2 in 

Arabidopsis seedlings 

This study revealed that SUB1A and SUB1C bind to similar regions of the 

Arabidopsis genome and that their binding is influenced by hypoxic stress (Fig. 2. 

a-d; Fig. 6).  The promoter regions of the 49 HRGs displayed peaks of SUB1A 

and SUB1C binding under non-stress conditions.  These were largely absent 

under hypoxic stress, with the association shifted into the transcribed regions of 
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these genes.  Nonetheless, for some genes the binding of SUB1A and SUB1C 

within promoters overlapped with that of HRE2 under hypoxic stress (Fig. 6; 

LBD41, PCO2).  The 216 genes that display concerted co-expression from 

Ser2P to translation defined in Chapter 2 (including 37 HRGs) showed a 

prevalence of SUB1A and SUB1C binding within their transcribed region under 

both non-stress and hypoxic stress conditions (Fig. 5 a, b).  HRE2 binding in 

gene bodies was evident on these genes but to a lesser extent.  Contrastingly, 

HRE2 binding showed increased prevalence within the gene bodies of down-

regulated genes under hypoxia. The binding of these constitutively expressed 

and MG-132 stabilized TFs in promoter regions of HRGs is consistent with a role 

in transcriptional regulation, whereas the binding within transcribed regions is 

more enigmatic.  These results hint that the ERFVIIs are multifunctional. This 

could be driven by conditionally influenced dynamics in post-translational 

modifications or protein-protein interactions. 

Although not frequently reported, binding of TFs within gene bodies of 

target genes has been demonstrated for other TFs.  In mammals, CCCTC-

binding factor (CTCF) is an insulator TF that facilitates enhancer interactions that 

can lead to either activation or repression of target genes [57].  CTCF functions 

in the formation of chromatin loops that are thought to facilitate efficient 

transcription through the reuse of RNAPII following transcriptional termination.  

CTCF has been found to interact with various proteins, including: other TFs, 

histone modifying enzymes, and chromatin remodelers.  CTCF is additionally 
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regulated in a cell-type specific manner, which may be attributed to the wide 

range of CTCF protein interactions and functions [58].  Reflective of its varied 

roles in transcriptional and chromatin regulation, CTCF is predominantly 

associated with gene bodies and intergenic regions (42%, 42%), with relatively 

limited association with promoter regions of genes (16%).  Mammalian PRDI-BF1 

and RIZ homology domain containing 5 (Prdm5) also binds to gene bodies.  

Similar to CTCF, Prdm5 is associated with both transcriptional activation and 

repression, as well as cell-type specific expression [59,60]. Prdm5 binding is 

most strongly associated within gene bodies (39%), promoter (29%) and 

upstream regions (14%).  In contrast to CTCF, Prdm5 association within gene 

bodies is attributed to its role in the maintenance of transcriptional elongation.  

Prdm5 directly interacts with RNAPII, with decreased levels of RNAPII observed 

within gene bodies in the absence of Prdm5.  Together, CTCF and Prdm5 

demonstrate distinct roles for TF binding within gene bodies of target genes.  

Finally, mammalian HIF1α, mentioned previously for its oxygen-regulated 

turnover, is known to modulate transcription as well as chromatin accessibility 

[61] and histone post-translational modification [62] via interactions with 

chromatin remodelers and histone modifying enzymes. These interactions would 

be anticipated to increase association of HIF1α within transcribed regions.    

There is growing evidence that SUB1A and other ERFs interact with 

proteins that bind to promoter and other genomic regions. A yeast two-hybrid 

screen for SUB1A and SUB1C interactors of rice identified two common 
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interactors and numerous protein-specific interactors [52].  One SUB1A/C 

interactor, SUB1A binding protein 18 (SAB18) is closely related to Arabidopsis 

HRA1, a hypoxia inducible Trihelix-domain TF encoded by an HRG that 

negatively regulates transcription of many of the 49 HRGs by controlling the 

function of at least the constitutively expressed ERFVII RAP2.12 in Arabidopsis 

[43,44].  This attenuation function may be driven by protein-protein interactions 

as HRA1 binds to only a handful of promoter regions under hypoxia based on 

ChIP-seq data from seedlings produced in the same system as this dataset 

([43,44]). HRA1 and SAB18 contain a Swi3, Ada2, N-Cor, and TFIIIB (SANT) 

domain, known to function in chromatin remodeling and the post-translational 

modification of histones in other organisms [63].  Intriguingly, the Arabidopsis 

ERFVIIs RAP2.2, RAP2.3, and RAP2.12 physically interact with the SWI/SNF 

chromatin remodeler BRAHMA (BRM) in yeast 2-hybrid and bimolecular 

fluorescence complementation assays, with pleiotropic phenotypes observed in 

higher order erfvii brm mutants [32].  These results hint that ERVIIs may 

influence the activity of chromatin remodelers.  Interaction with a chromatin 

modifying enzyme specifically in hypoxic stress could explain the observation of 

SUB1A/C association within gene bodies of target genes. 

 Altogether, the results of this study demonstrate that when heterologously 

and constitutively synthesized in Arabidopsis, SUB1A protein abundance is 

limited by the proteasome and is influenced by Cys-Arg/NERP activity and 

hypoxic stress.  This is in contrast to in vitro findings, suggesting that in planta 
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dynamics associated with SUB1A stability are more complex.  Additionally, 

genome-wide in planta chromatin binding profiles revealed a strong similarity in 

SUB1A and SUB1C binding of promoter and transcribed regions, the latter akin 

to distributions of histone modifying enzymes and chromatin remodelers.  These 

results can be explained by the possible interaction of SUB1A/C with chromatin 

modifying complexes in a hypoxia-dependent manner.  A preliminary proteomic 

assessment of proteins that are co-immunopurified with SUB1A-FLAG showed 

significant association with histone H4, H2A, and H2A.X (data not shown, 

unpublished).  Although the immunopurification method used was not ChIP, the 

co-purification of SUB1A and histones was not unexpected.  However, not all 

Histone subunits were recognized among the co-purified proteins. Further 

molecular studies are required to validate the hypothesis that the SUB1s 

participate in processes other than transcriptional activation.  A first step towards 

understanding this would be to comparatively profile chromatin accessibility and 

histone modifications in SUB1A/C and HRE overexpression lines (i.e., H3K9Ac, 

H3K4me3), coupled with RNA-seq analysis under the two conditions. The 

availability of other Arabidopsis ERFVII overexpression and mutants would prove 

valuable for further study. If evidence of differential histone modifications mutants 

of specific histone modification enzymes can be tested at phenotypic, epigenetic 

and transcriptomic levels. If chromatin accessibility is distinctly regulated in these 

lines, this can be further evaluated by SUB1A/C binding and function in mutant 

backgrounds for remodelers such as BRAHMA.   
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 The observation that SUB1A and SUB1C binding is associated with 

promoter regions of target genes in control conditions, whereas binding migrates 

into transcription units of genes is similar to binding dynamics of CTCF and 

Prmd5. These TFs are associated with an array of gene regulatory functions and 

promote both transcriptional activation and repression, based on the presence of 

interacting proteins.  It is enticing to hypothesize that the SUB1s are similarly 

capable of orchestrating varied gene regulatory activities.  Support for this 

hypothesis may be evidenced from the identification that the SUB1A-1 allele 

specifically confers submergence tolerance to rice.  In submergence intolerant 

rice cultivars, the presence of SUB1A-2, SUB1B, and SUB1C is not sufficient to 

confer the quiescence survival strategy.  SUB1A-1 contains a MPK 

phosphorylation domain that is absent in the SUB1A-2 allele [33,51].  It is 

possible that SUB1A phosphorylation or other post-translational modifications 

facilitate protein-protein interactions not achieved by SUB1A-2, SUB1B, or 

SUB1C.  The ability of SUB1A-1 to interact with evolutionarily conserved partners 

would be consistent with the findings that SUB1A-1 binding is dynamically 

regulated in Arabidopsis. Yet an equally possible alternative hypothesis is that 

SUB1A-1 and SUB1A-2 are functionally equivalent but provide different levels of 

protection from submergence due to the timing, level, or location of their 

expression [33,34,64].  The similarity in SUB1A and SUB1C binding is also 

notable. These proteins possess all of the same conserved motifs found in 

ERFVIIs, with the exception of the absence of the N-terminal domain associated 
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with Cys-Arg/NERP regulation [15,19], yet the proteins only share 77% amino 

acid similarity [33]. The challenging question remains whether SUB1A and 

SUB1C chromatin binding and activities are indeed similar within rice plants 

under submergence, as indicated when heterologously expressed in Arabidopsis.  

The present findings suggest that regulation of SUB1A accumulation and 

function is multifaceted.  The possibility that this factor influences the chromatin 

landscape may help to explain why the addition of SUB1A to a rice cultivar is 

sufficient to influence myriad aspects of the response to submergence and 

desubmergence recovery [34,35,40,41,65].  Future studies should proceed 

towards direct monitoring of SUB1A function in regulation of the epigenome and 

transcriptome dynamics in rice, despite the challenges associated with the high 

instability and low abundance of this agriculturally relevant protein.  
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Figure 3.1.  Rice SUB1A and SUB1C are unstable proteins when constitutively 
expressed in Arabidopsis.  a. Western immunoblot detection of p35S:SUB1A-
FLAG and p35S:SUB1C-FLAG in Arabidopsis Col-0 background.  p35S:SUB1A-
FLAG transcript accumulation is similar in b. Col-0 and prt6 genetic backgrounds 
and d. in response to hypoxic stress.  Transcript accumulation was normalized to 
PP2A.  Mean values from two biological replicates with two technical replicates ± 
standard error are depicted.  SUB1A-FLAG accumulation is limited by 
PROTEOLYSIS 6 (PRT6), proteasomal activity, and hypoxic stress when 
ectopically expressed in Arabidopsis.  c. Western immunoblot with anti-FLAG 
antiserum of anti-FLAG immunoprecipitated protein isolated from seedling 
extracts of wildtype (Col-0), a transgenic expressing C-terminally epitope tagged 
SUB1A (35S:SUB1A-FLAG) in the wildtype or prt6 mutant (35S:SUB1A-FLAG 
prt6).  e. Western immunoblot of anti-FLAG immunoprecipitated protein isolated 
from Col-0, 35S:SUB1A-FLAG.  Plate-grown 7-d-old seedlings were mock 
treated (-) or treated with 100 µM MG-132 (+) to inhibit proteasome activity for 2 
h under normoxia (+O2) or hypoxia (-O2).  Proteins were separated by 12% SDS-
PAGE. Detection with anti-FLAG identified SUB1A protein migration at 37 and 
~55 kDa. The predicted molecular mass of SUB1A-FLAG is 34.2 kDa. 
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Figure 3.2. Global-scale evaluation of genomic regions bound by the ERFVII 
transcription factors SUB1A, SUB1C and HRE2 in Arabidopsis seedlings reveals 
a high similarity between the binding of SUB1s under non-stress (NS) and 
hypoxic stress (HS) conditions.  t-Distributed Stochastic Neighbor Embedding (t-
SNE) of chromatin immunopurification-sequencing (ChIP-seq) outputs including 
three ERFVII transcription factors, H2A.Z binding, Histone H3 modifications and 
Ser2P engagement (Chapter 2).  All samples for transcription factor ChIP-seq 
were performed on seedlings pre-treated with MG-132 for 2 h. Samples for 
histone readouts were not. Genic regions bound by ectopically expressed 
SUB1A-FLAG and SUB1C-FLAG group under control (2NS) and hypoxic-stress 
conditions. Genic regions bound by C-terminally tagged HRE2 under hypoxic 
stress group with regions with the H3K14ac mark.  
  



 154 

 
  



 155 

Figure 3.3. Scatterplot of reads (per kilobase per million reads; RPKM) values 
along gene bodies for SUB1A and SUB1C binding under a. non-stress (NS) and 
b. hypoxic stress (HS).  RPKM values along gene bodies were compared in NS 
and HS for c. SUB1A and d. SUB1C.  RPKM values were also compared 
between HRE2 and e. SUB1A and f. SUB1C.  All genes with RPKM > 5 for either 
protein were plotted. Yellow dots correspond to the 49 core hypoxia response 
genes. The genome wide Pearson correlation coefficient is depicted as a blue 
line and indicated in black text.  The Pearson correlation coefficient for the 49 
HRGs is displayed as orange text. 
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Figure 3.4.  Genome-wide distribution of SUB1A and SUB1C binding sites 
(peaks) and read distribution is influenced by oxygen availability.  a. Profiles of 
genome-wide binding of SUB1A and SUB1C to genic regions (n=27,457).  Reads 
are plotted from 1 kb upstream of the transcription start site (TSS) to 1 kb 
downstream of the transcription end site (TES) of all annotated protein-coding 
genes. The average signal is displayed on the y-axis for each dataset.  b. 
Genomic distribution of peaks identified using the peak calling software HOMER 
on defined genomic features for each condition (non-stress, NS; hypoxic stress, 
HS) and dataset (SUB1A, SUB1C, HRE2). Percentage of reads are shown 
relative to their position upstream or downstream of the transcription start site 
(TSS) as percentage values.  
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Figure 3.5. Binding profile along genic regions of three ERFVIIs under non-
stress (NS) and hypoxic stress conditions (HS) in Arabidopsis seedlings.  Binding 
profiles are depicted a. for the core hypoxia response genes upregulated across 
cell-types (HRGs; n=49); b. for all genes coordinately upregulated by hypoxic 
stress based on RNAPII-Ser2P, nuclear RNA, polyA+ and polysome-associated 
RNA (co-regulated HRGs; n=216), which include 37 core HRGs; and c. for the 
significantly downregulated polyA+ mRNAs (n=297).  Data are plotted from 1 kb 
upstream of the transcription start site (TSS) to 1 kb downstream of the 
transcription end site (TES) of all annotated protein-coding genes. Upper panel: 
the signal is displayed on the y-axis. Lower panel: the orange bar at the bottom 
of each heat map represents the transcribed region and the signal scale is 
indicated to the right of each heat map.    
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Figure 3.6. Genome browser view of normalized read coverage on selected 
genes for HRE2, SUB1A and SUB1C, as well as histone, RNAPII, and three 
distinct RNA outputs (Chapter 2) for 2NS and 2HS samples. The maximum read 
scale value used for chromatin and RNA outputs is the same for individual 
genes. Transcription unit is shown in grey with the TSS marked with an arrow.  
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Chapter 4 

 

General conclusions 

A rapid or severe decline in cellular oxygen content (hypoxia) presents an 

abiotic stress that drastically limits the efficiency in cellular ATP production 

through aerobic respiration and limits plant growth and ultimately challenges 

survival.  Hypoxia can be a consequence of changes in the external environment, 

such as flooding, or intrinsic to a developmental zone such as a meristem with 

high metabolic activity.  In response to external hypoxia, the progression to 

controlled anaerobic metabolism is associated with stabilization of group VII 

ethylene responsive factor (ERFVII) transcription factors associated with 

upregulation of genes encoding enzymes required for anaerobic metabolism (i.e., 

ADH1, PDC1), as well as proteins associated with curtailment of ERFVII activity 

(PLANT CYSTEINE OXIDASE 1/2 (PCO1/2), HYPOXIA RESPONSE 

ATTENUATOR1 (HRA1)).  Whereas HRA1 restricts transcriptional activation by 

ERFVIIs, the PCOs are oxygen-dependent enzymes that catalyze the 

modification of ERFVIIs that leads to their turnover by the proteasome [1,2]. 

Hypoxia is also a component of normal plant development, acting as a cue to 

stabilize constitutively synthesized ERFVIIs that function in apical hook 

maintenance, de-etiolation, root bending, and likely other processes in 

Arabidopsis [3,4].  The process of ERFVII stabilization/destabilization by low 

oxygen availability may be the plant’s [2,5–7]. 
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Plant strategies to minimize energy consumption to endure periods of 

energy deficiency, such as transient hypoxia, include selective mRNA translation.  

Arabidopsis seedlings display a ~50% reduction in cellular ATP content that is 

matched by a similar reduction in translational activity under hypoxia relative to 

non-stress conditions, as mRNA translation is an energy intensive process [8,9].  

This is likely an indirect response to hypoxia mediated through the low energy 

signaling network involving the conserved sucrose-non-fermenting-1-related 

protein kinase-1 and target of rapamycin kinases [10].  Yet, the translational 

response does not affect all mRNAs similarly. Translation of most of the highly 

hypoxia-induced mRNAs is maintained whereas many mRNAs are routed to 

translationally inactive cytoplasmic ribonucleoprotein complexes until reaeration. 

Hypoxic stress also promotes intron retention and modulates the functional role 

of upstream open reading frames on the translation of downstream coding 

regions [9].  These findings of post-transcriptional regulation [11], particularly the 

pronounced homodirectional elevation and selective translation of the 49 core 

hypoxia responsive gene (HRG) mRNAs, led to the hypothesis that nuclear 

processes may predispose HRGs for effective expression from transcription 

through translation. This hypothesis was a major motivation for this dissertation 

research.     

To investigate this hypothesis at the global scale, regulation within the 

nucleus was profiled at the level of chromatin and nuclear RNA of Arabidopsis 

thaliana seedlings (Chapter 2), taking advantage of a number of high-resolution 
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next-generation sequencing technologies (Chapter 1).  From these experiments, 

it was determined that hypoxia rapidly and reversibly modulates regions of 

chromatin that are not bound by nucleosomes. These accessible regions were 

predominantly 5’ and 3’ of active transcription units. Hypoxia also promotes 

modification of the tails of Histone H3, alterations in the presence of the Histone 

H2 variant H2A.Z, and the binding of at least one of the five Arabidopsis 

ERFVIIs.  Additionally, hypoxia influenced elongation of RNA Polymerase II 

(RNAPII), assayed by the presence of the elongating Ser2P modified RNAPII to 

transcribed regions, and the detection of protein-coding gene transcripts in the 

nucleus.  Based on the mapping of these readouts to genes, the nuclear RNA 

included nascent pre-mRNA undergoing transcription and co-transcriptional 

processing to fully processed mRNAs. This approach recognized transcripts that 

were nuclear-enriched or nuclear-depleted, as compared to the polyadenylated 

transcriptome.  The results revealed that multifaceted gene regulatory responses, 

from chromatin to translation, occurs in response to hypoxia in Arabidopsis.  In 

revelation of these additional levels of gene regulation, additional processes can 

be investigated to yield a more comprehensive roadmap of gene regulation. 

         Chromatin regulation occurs via the activity of chromatin modifying 

enzymes and complexes.  Based on the findings that RNAPII-Ser2P association 

is correlated with increased H3K9Ac and loss of H2A.Z in response to hypoxia, 

chromatin modifying complexes must be recruited to hypoxia regulated genes.  

Similar to HIF1α regulation, it can be hypothesized that ERFVIIs similarly interact 
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with chromatin modifying enzymes to facilitate transcriptional activation as well 

as epigenetic modifications.  It has been reported that ERFVIIs form homo- and 

hetero-dimers (Ming Che Shih, personal correspondence).  Various ERFVII 

dimer configurations could allow for specific interactions between distinct 

chromatin modifying complexes.  The finding that ERFVII HRE2 binding is 

associated within the promoter regions of hypoxia induced genes, whereas 

HRE2 binding occurs within gene bodies of hypoxia downregulated genes may 

support this interaction of differential ERFVII activity (Chapter 3, Fig. 5).  Based 

on these findings, it can be hypothesized that ERFVIIs can transiently lead to 

transcriptional activation via promoter interaction but may have long lasting 

regulatory effects via the recruitment of chromatin modifying enzymes to target 

genes. An alternative hypothesis is that ERFVII binding within gene bodies 

reflects interaction with RNAPII. If this is the case then these proteins could be a 

talisman that fosters post-transcriptional regulation that leads to efficient export 

and ultimately selection for translation.  

         The work from this study additionally demonstrated that global chromatin 

accessibility was affected in response to hypoxia.  In response to 2 h hypoxic 

stress (2HS), a general increase in chromatin accessibility was observed in genic 

regions near the TSS and TES, with a greater increase observed following 1 h 

re-oxygenation (1R) following 2HS.  In response to hypoxia, a global increase in 

chromatin accessibility, if associated with productive transcription, would be 

counterproductive to the energy conservation processes seen for translation.  A 
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possible explanation for the increase in chromatin accessibility is the priming of 

genes necessary for re-oxygenation and recovery.  This is supported by the 

finding that subsets of genes with unchanged polyadenylated mRNA abundance 

are regulated within the nucleus at the levels of chromatin accessibility, RNAPII-

Ser2P association, and nRNA abundance (Chapter 2, Fig. 4a, Supplemental Fig. 

4; Clusters 6, 7).  Another subset of genes is associated with increased RNAPII-

Ser2P association but unchanged nRNA and polyadenylated RNA accumulation 

(Cluster 9).  The poising (or priming) of recovery-specific genes for rapid 

transcriptional activation can further be supported by the identification of genes 

specifically upregulated in response to re-oxygenation, with limited dynamics 

observed in non-stress (2NS) and 2HS (Supplemental Fig. 8).  Chromatin 

accessibility was additionally regulated between the end of the day and an one 

hour extension of night in non-stress conditions (2NS and 9NS).  This is 

consistent with the observation that global chromatin accessibility is circadian 

regulated in mammalian systems [12].  Interestingly, the comparison of 9NS to 

9HS revealed that prolonged hypoxia resulted in decreased chromatin 

accessibility.  The activity of chromatin remodeling enzymes is ATP dependent, 

thus it can be hypothesized that the reduced chromatin accessibility is due to 

reduced activity of these complexes as ATP becomes extremely limited under 

prolonged hypoxic stress as the plant nears lethality.  

         This dissertation also revealed that active transcription, nuclear RNAs and 

the polyadenylated transcriptome are distinctly regulated under control and 
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stress conditions. Profiling of RNAP-Ser2P association and nRNA revealed 

aspects of gene regulation not apparent in the transcriptome.  Despite the close 

relatedness of RNAPII-Ser2P association and snRNA accumulation, subsets of 

genes displayed distinct regulation between these two readouts of nuclear 

activity.  For example, RNAPII-Ser2P engagement was observed without a 

concomitant increase in nRNA, and conversely nRNA accumulation with no 

apparent RNAPII-Ser2P association.  It can be hypothesized that polymerase 

stalling and nuclear retention of mRNAs are responsible for the observed 

differences between RNAPII-Ser2P and nRNA, respectively.  A deeper 

investigation of RNAPII activity may reveal polymerase dynamics modulated 

under hypoxic stress.  Examination of other RNAPII CTD phospho-isoforms, 

including Ser5P, Tyr1P, and Thr4P may yield additional insights related to 

transcriptional initiation and repression, or promotion of transcriptional 

termination, respectively, that may be associated with the observed distinctions 

between RNAPII-Ser2P and nRNA [13].  Further dissection of transcription can 

be achieved through global nuclear run-on sequencing (GRO-seq).  GRO-seq 

entails nuclear run-on transcription of isolated nuclei with use of labeled 

nucleotides to investigate active transcription and identify nascently transcribed 

RNAs.  When applied to Arabidopsis, GRO-seq revealed a correlation between 

nascent transcription and steady state mRNA accumulation (R=0.57) [14].  A 

comparison between GRO-seq and the RNAPII-Ser2P and nRNA datasets 

generated in this study may provide greater resolution between RNAPII 
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engagement and termination of transcription. Yet, even with these technologies it 

may be difficult to resolve distinctions in elongation rate.  

         There remains opportunities for identification of other nuclear regulatory 

processes that contribute to hypoxic responses.  It has been demonstrated that 

noncanonical alternative polyadenylation is enhanced by hypoxic stress in 

Arabidopsis [15].  The observation that alternative polyadenylation was 

associated with changes in mRNA stability and translation suggests that this 

mechanism functions as an additional level of gene regulation.  Alternative 

splicing and retention of introns is also active during hypoxia [9]. The data 

generated in this study provide the opportunity to evaluate intron retention in the 

nRNA, polyadenylated and polysomal RNA populations under nonstress and 

hypoxic conditions. Might intron retention be associated with nuclear retention of 

pre-mRNAs prior to re-oxygenation or is primarily driving mRNA turnover via 

nonsense mediated decay?  In mammalian cells, intron retention in response to 

hypoxia function to inhibit translation [16].  Thus, the combinatorial role of 

alternative splicing and noncanonical polyadenylation may function in concert to 

finely regulate hypoxia responses.  Although not as well studied, there is 

evidence for a regulatory role of the three-dimensional organization of chromatin 

in gene regulation in Arabidopsis [17,18].  Chromosome territories within the 

nucleus can impact the binding of TFs and transcriptional activation of target 

genes.  Changes in chromosomal organization occurs in response to abiotic 
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stresses in Arabidopsis, and thus may be similarly affected in response to 

hypoxia [19,20]. 

 The presence of evolutionarily conserved TFs necessary for hypoxic 

responses may hint at the presence of additional mechanisms that facilitate 

successful hypoxia responses.  The identification of enhanced translation of 

subsets of mRNAs in hypoxic stress with unchanging mRNA levels, in spite of 

~50% global reduction in translation, demonstrates that genes associated with 

hypoxia responses are regulated distinctly from global dynamics.  Thus, there 

remains the potential for TF specific responses that promotes efficient 

transcription and ultimately translation of target genes in response to stress.  In 

yeast, it was demonstrated that in response to starvation and heat stress, 

promoter sequence and TF specificity allows for efficient transcription, rapid 

nuclear export, and efficient translation of stress responsive genes [21,22].  

Additionally, the rate of transcription has a demonstrated role in mRNA regulation 

and fate [23].   

Based on the findings of this dissertation, support for the hypothesis that 

transcriptional activation can be coupled with efficient post-transcriptional 

processes leading to productive translation under hypoxia is exemplified by the 

216 co-regulated HRGs.  Strong transcriptional to translational regulation was 

characterized by increased chromatin accessibility, enhanced H3K9Ac, and 

reduced H2A.Z association.  Over 25% (58) of the co-regulated genes were 

associated with HRE2 binding within the promoter region.  Enrichment of the 
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hypoxia responsive promoter element (HRPE) or GCC box within the promoters 

of the most highly co-regulated genes may be important for efficient transcription 

and translation.  Further dissection of the hypothesized role of cis-element and 

TF specificity in efficient gene regulation could utilize synthetic promoter 

elements (i.e. 3xHRPE or 3xGCC box) in transgenic plants of distinct genotypes 

(i.e., mutant or overexpression of specific TFs) to investigate transcriptional 

activity and ribosome association.  An outstanding question is whether the rice 

SUB1A and SNORKEL1/2 ERFs, which engender effective strategies for flooding 

tolerance, mediate epigenetic as well as transcriptional regulation.  Altogether, 

findings of this dissertation identified intermediary gene regulatory processes 

within the nucleus that function in hypoxia responses.  Novel distinctions in 

ERFVII stability and genome-wide binding dynamics were described. 
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Figure 4.1. Overview of histone modifications and the histone variant H2A.Z in 
response to short term hypoxic stress in Arabidopsis.  The abundance of three 
histone modifications (H3K4me3, H3K9Ac, and H3K14Ac), and the histone 
variant H2A.Z along the gene unit is depicted for three subsets of genes: genes 
induced by hypoxia with increased polyA mRNA accumulation, poised genes 
induced within the nucleus with unchanged polyA mRNA accumulation, and 
downregulated genes with decreased polyA mRNA accumulation in response to 
hypoxia. 
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Figure 4.2. Overview of H3K9Ac and H3K14Ac dynamics in response to short 
and long term hypoxic stress in Arabidopsis.  The abundance of H3K9Ac and 
H3K14Ac along the gene unit is depicted for three subsets of genes: genes 
induced by hypoxia with increased polyA mRNA accumulation, constitutively 
expressed Ribosomal proteins with unchanged polyA mRNA accumulation, and 
genes related to heat stress with unchanged polyA mRNA accumulation in 
response to short term hypoxia. 
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